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Abstract

2.3.7.8-Tetrachlorodibenzo-p-dioxin (TCDD) partia lly  b locks the 
incorporation of either 5-bromodeoxyuridine (BrdU) or [3H]-methyl 
thymidine into the DNA of primary rat hepatocytes stimulated to divide by 
epidermal growth factor (EGF). Flow cytometry was used to measure the 
incorporation of BrdU in DNA by differential staining with propidium iodide 
and fluorescein-labelled antibodies to BrdU residues. Pretreatment for 
3 hr with TCDD (40 nM) caused a twofold reduction in the level of BrdU 
incorporated into F344 primary rat hepatocytes maximally stimulated with 
EGF (20 ng/ml). A similar effect was seen when the incorporation of 
labelled thymidine was measured. Using this latter technique a dose 
response curve for the action of TCDD was obtained; the ED50 dose of 
TCDD was 40 pM. Three structural analogues of TCDD, namely
2.3.7.8-tetrabromodibenzo-p-dioxin, S.S’^ ^ ’-tetrachloroazoxybenzene, 
and 1,2,3,4-tetrachlorodibenzo-p-dioxin, were examined in this system, 
and had ED50 values which were ranked in the same order as the known 
differences in their in vivo toxicity. There was no effect of either pertussis 
toxin or the glucocorticoid, dexamethasone, in this system. Insulin, 
vasopressin and a-thrombin proved unable to influence the inhibition of 
DNA synthesis induced by TCDD. However a phorbol ester (400 nM), 
antagonised the effect of TCDD.

The effect of TCDD and exogenous EGF on the development of the 
neonatal kidney in BALB/C, C57BL710, DBA/2 and hybrid B10D2/f1 mice 
was examined. Animals were dosed with either TCDD (20 ^g/kg, s.c.) or 
fifteen, daily doses of EGF (0.5 ^g/g, s.c.) from day 1 post partum. 
Various growth and developmental changes, eye-opening, incisor 
eruption, and weight gain, were measured. Both TCDD and EGF induced 
precocious eye-opening and incisor eruption compared to control 
animals, while TCDD inhibited weight gain. Histological analysis of the 
kidneys showed a progressive TCDD-related agenesis and 
hydronephrosis. Mice treated with EGF did not show these lesions.
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Chapter 1 
Introduction

1.1 Epidermal growth factor

1.1.1 Discovery and source

Epidermal growth factor was first described more than twenty-five years ago 

(Cohen, 1962). Its discovery, which was accidental, and subsequent 

experimental use has stimulated a general interest in the study of cellular 

growth and differentiation. The use of EGF as a tool has opened many 

avenues of research into both the physiological role, and the mechanism of 

action of growth factors.

Rita Levi-Montalcini and Stanley Cohen were looking for growth and 

development factors using snake venom phosphodiesterase treatment of 

samples to remove any action due to nucleic acids (Levi-Montalcini and 

Cohen, 1960). The snake venom itself seemed to possess a nerve growth 

factor-like activity. A natural extension of this work was to look at the 

sub-maxillary glands of laboratory animals. Examination of the male mouse 

sub-maxillary glands revealed the presence of a large amount of a similar 

factor, for reasons which remain unclear. This factor, called epidermal 

growth factor (EGF), was detected following injection of extracts of the 

sub-maxillary glands into new-born mice, causing precocious eye-opening 

and incisor eruption. Subsequently the EGF protein was isolated (Cohen, 

1962).

-  12 -
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Human EGF was not positively identified until the mid-seventies, when it was 

detected (Starkey et al, 1975) and isolated from human urine (Cohen and 

Carpenter, 1975). During experiments into the control of gastric acid 

secretion Gregory and co-workers (1975) demonstrated that the hormone 

urogastrone, being purified from the urine of pregnant women for use as a 

possible cure for experimentally induced ulcers in dogs, and human EGF 

were one and the same. They also provided the primary amino-acid 

structure (Gregory et al, 1975). EGF still remains the single most effective 

cure for these ulcers in dogs, however, problems concerning its delivery 

and possible cancer implications have halted its development as a 

therapeutic agent against ulcers in man(Waterfield, 1989).

EGF is synthesised in the sub-maxillary glands of adult mice, although this 

is not the only source, as removal of these glands results in unchanged 

serum levels. The concentration of EGF in male mouse sub-maxillary glands 

is high compared to that in females. In mature male mice concentrations 

may reach 1 /*g/mg salivary gland tissue (Byyny etal, 1974), which is almost 

0.5 % of the protein content (St. Hilaire and Jones, 1982), whereas in female 

mice the levels are approx. 70 ng/mg tissue.

EGF and related proteins have been found in various tissues and body 

fluids; the sub-maxillary glands, duodenal Brunner’s glands, saliva, gastric 

juices, plasma, milk and urine (Carpenter and Cohen, 1979; St. Hilaire and 

Jones, 1982). The plasma levels in the two sexes are essentially the same 

and range between 4-150 ng/ml (Carpenter and Cohen, 1979; Moore, 

1978). These plasma levels are not related to sex, sleep/wake activity, or 

feeding (Hirata et al, 1980). However, for EGF levels in the urine, neither 

pregnancy nor the use of oral contraceptives can be associated with a rise 

in excreted EGF (Dailey, 1978). EGF protein and mRNA have been
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detected in the rodent kidney using EGF antibodies and a preproEGF cDNA 

probe, but despite this extensive distribution of EGF its expression in adult 

normal rat liver was not detected (Rail et al, 1985).

1.1.2 EGF structure

The structure of EGF was reported in conjunction with a two-step 

purification procedure (Savage etal, 1972). In its active state EGF is a heat- 

and acid-stable, nondialyzable single 6045 Da polypeptide chain consisting 

of 53 amino acid residues which is trypsin-, chymotrypsin- and 

pepsin-resistant (St. Hilaire and Jones, 1982). The amino acid sequences of 

mouse (Carpenter and Cohen, 1979), rat (Simpson etal, 1985), and human 

(Gregory, 1975) EGF have been elucidated. Six cysteine residues form three 

intramolecular disulphide linkages which are essential to biological function 

(Taylor et al, 1972).

Complementary DNA clones (Gray et al, 1983; Scott et al, 1983) have 

demonstrated the primary structure of the mouse EGF messenger RNA. 

The sequence of a 128 kDa precursor protein, of approximately 1200 amino 

acids, is coded for in the 4.7 kilobase mRNA. The active EGF molecule 

corresponds to residues 977-1029. There are seven regions upstream of 

the active EGF sequence which share considerable sequence homology 

with EGF, these may correspond to other biologically active peptides (Gray 

etal, 1983).

EGF is stored in granules in the tubular duct cells of the submaxillary gland 

(Murphy etal, 1980) in the form of a high molecular weight complex, approx 

74kDa, which consists of two molecules of EGF and two molecules of 

binding protein (29,300 Da). EGF is liberated from this complex by the 

action of a terminal arginine esteropeptidase, the activity for which lies within

-  14 -
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the binding protein (Taylor et al, 1970; Frey et al, 1979). EGF is also found 

in the submaxillary gland as a 9,000 Da precursor which can only be 

converted to its active form by the action of the binding protein protease.

1.1.3 Biological activity

The physiological role of EGF remains elusive, despite intense scientific 

investigation. Although the mitogenicity of EGF is its most frequently 

reported activity it has other actions thought to be unrelated to mitogenic 

responses i.e. the inhibition of gastric acid secretion. Receptors for EGF 

have been localised both on cells which are rapidly proliferating and on 

those which are essentially non-proliferating.

The main biological effect of EGF in vivo is to promote the proliferation of the 

basal layer of various epithelial cells of ectodermal origin (Cohen and Taylor, 

1974). This effect has been observed in foetal, neonatal and adult tissues 

(Cohen and Elliot, 1963).

In foetal tissues, where differentiation and cell growth are occurring 

continuously, studies were performed to examine the action of EGF. 

Infusion of EGF into 24 day old rabbit foetuses accelerates maturation of the 

lungs (Catterton et al, 1979). In sheep foetuses exposed, by continuous 

infusion, for a 15 day period (110-125 days of gestation) gross 

morphological changes were observed. Skin wrinkling, shedding of wool 

fibres, oedema of skin, ears and scrotum were some of the major changes 

seen. A significant increase in weight was recorded for the adrenal and 

thyroid glands and the liver, however a reduction in weight was seen in the 

thymus. A softening of the skull was also observed, but this is probably 

related to the ability of EGF to induce bone resorption (Thorburn et al, 1981; 

Raisz etal, 1980).
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EGF can inhibit the degeneration of the epithelial cells of the palate medial 

edge, either by promoting hyperplasia and preventing cell death or by a 

mechanism which does not involve stimulation of the cells, but can 

nevertheless promote survival and prevent cell death. These two different 

effects seen in mouse palatal shelf cultures depend on the time of exposure 

to EGF (Tyler and Pratt, 1979; Pratt, 1987).

It is, however, possible that these effects are not entirely caused by EGF 

itself. A suggested foetal form of EGF has been isolated and characterised. 

Transforming growth factor-alpha (a-TGF) is structurally similar to EGF and 

binds with high affinity to the EGF receptor. a-TGF has been detected in the 

embryo, and a-TGF mRNA, but not EGF mRNA, is expressed in some foetal 

tissues and the placenta (Derynck, 1988; Burgess et al, 1988). It is not 

possible yet to say whether EGF or a-TGF is necessary in the normal 

development of the foetus but research is continuing to answer this 

question.

In the neonatal mouse daily s.c. dosing with EGF causes precocious 

eye-opening and incisor eruption (Cohen and Elliott, 1962; Madhukar etal, 

1984), and inhibition of hair growth (Moore et al, 1981; Madhukar et al, 

1984). These effects are further discussed later in this thesis.

EGF is active in vivo in most adult animals studied. Experiments perfusing 

EGF into sheep demonstrated that EGF halts hair follicle development 

making it easier to remove the fleece, but leaving a redundant shearer with 

a naked and potentially sunburnt sheep (Thorburn etal, 1981). Most data 

are available for the standard laboratory rodents, rats and mice. In these 

species exposure to exogenous EGF can cause a fatty infiltration of the liver, 

inhibition of body weight gain, serum hypertriglyceridaemia (Heinberg et al,
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1965), promotion of skin cancer (Rose etal, 1976), enhanced proliferation 

of epidermal cells (Cohen and Elliott, 1962; Cohen, 1965), and inhibition of 

gastric acid secretion (Bower etal, 1975; DeLarco and Todaro, 1978).

EGF has been shown to be mitogenic in numerous cultured cell systems of 

both ecto-, meso-, and endodermal origins (Carpenter and Cohen, 1979). In 

epidermal keratinocyte cultures, which are of ectodermal origin, EGF 

stimulates cellular proliferation, keratinization and enhanced production of 

squame (Rheinwald and Green, 1977). Fibroblasts (especially 3T3 cells) are 

amongst the commonest cells of mesodermal origin to be studied in relation 

to the action of EGF. These cells are used extensively in the study of the 

subcellular changes which occur after the main ligand/receptor binding 

event.

Other mesodermal cells reported to respond to EGF are granulosa cells, 

corneal endothelial cells, vascular smooth muscle cells and chondrocytes 

(Gospodarowicz et al, 1978). Amongst endodermal cells in which EGF is 

active are thyroid cells (Westermark et a l , 1983), and of particular interest 

here, hepatocytes (McGowan etal, 1981; Richman etal, 1976; Enat etal, 

1984).

1.1.4 EGF and the liver

EGF is the only fully characterised hepatotrophic factor (Luetteke and 

Michalopoulos, 1988), although its expression is not detectable in this 

organ. This suggests that any EGF actions in the liver are derived from EGF 

circulating in body fluids. Supraphysiological intraportal doses of 

125l-labelled EGF are completely cleared by the liver within a single pass and 

a steep portal-to-central lobular concentration gradient exists (St. Hilaire et 

al, 1983). This effective hepatic sequestration accounts in part for the finding
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that in normal adult rats stimulated by EGF via continuous intraperitoneal or 

intraportal infusion DNA synthesis and mitosis occurred in the liver but not 

in any other tissues examined (Bucher etal, 1978). This action was greatly 

augmented by combination with insulin.

The regenerative response of the liver following partial hepatectomy is a 

system where it is postulated that EGF has a role. This idea is supported by 

its avid uptake from the bloodstream, its stimulatory action on hepatocytes 

both in vivo and in vitro, and possibly by the down-regulation of EGF 

receptors and a parallel decrease in the receptor-dependent tyrosine 

phosphorylation associated with regenerating liver (Earp and O’Keefe, 

1981; Rubin etal, 1982).

1.1.5 EGF in hepatocyte cultures/Mechanism of action

Following perfusion of an adult rat liver to liberate viable parenchymal 

hepatocytes, the cultures, in suitable medium, have a short life-span of 7-10 

days. If EGF is incorporated into the medium, the life-span can be extended 

to upwards of 30 days, this was previously only obtainable by the use of 

complex support material i.e. collagen-coated plates (Jansing and 

Samsonoff, 1984). In primary cultures of hepatocytes studies have shown 

that DNA synthesis induced by EGF is dose dependent (1-100 ng/ml), and 

peaks within the second to third day of continuous exposure (Richman et al, 

1976; Enat et al, 1984). The action of EGF is synergistic with other 

hormones which also act on hepatocytes i.e. insulin, glucagon, 

vasopressin, the mechanism by which this synergism occurs is not known.

EGF interacts in a specific, saturable manner with high-affinity receptors on 

the surface of responsive cells. The presence of high-affinity binding sites 

for EGF has been demonstrated both in isolated rat liver membranes
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(Cohen and Savage, 1974) and isolated adult rat parenchymal hepatocytes 

(Moriarity and Savage, 1980). The hepatic EGF receptor has been purified 

and characterised as a 170 kDa integral plasma membrane glycoprotein 

with intrinsic tyrosine kinase activity (Cohen et al, 1982). The receptor has 

three distinct domains: an extracellular domain which contains the 

EGF/ligand binding site, a transmembrane region, and an intracellular 

domain which possess kinase activity. Both EGF and a-TGF bind to the EGF 

receptor with high affinity, but what happens after the ligand/receptor 

binding event is as yet unknown. The most popular notion suggests that 

following EGF binding to the external domain, there is a conformational 

change in the receptor structure which causes dimerisation and brings 

together the two intracellular tyrosine kinase regions. These enzymatically 

active regions phosphorylate each other and somehow activate a 

mechanism of signal transduction that involves interactions with protein 

kinase C, inositol phosphates, and changes in intracellular calcium 

concentrations (Schlessinger, 1988; Waterfield, 1989).

EGF has been implicated in tumourigenesis for several reasons. It is an 

effective promoter of papillomas in Swiss Webster and C3HeB/FeJ mice 

treated by s.c. injection following 3-methylcholanthrene initiation (Rose etal, 

1976). But EGF was found not to be a carcinogen, as no papillomas were 

produced in mice exposed to EGF alone (Cohen and Savage, 1975). It is the 

EGF receptor which has provided the most interest to recent researchers.

The EGF receptor was fully characterised by genetic engineering 

techniques in 1984 (Ullrich et al, 1984) and in the same year a striking 

structural homology with the v-erbB oncogene was reported (Downward et 

al, 1984). This oncogene is a protein from a cancer virus, the avian 

erythroblastoma virus, it acts by introducing a truncated version of the EGF
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receptor, which is active in the absence of ligand, into cells, which then lose 

control over their ability to proliferate (Waterfield, 1989). It was later deduced 

that the virus had acquired the gene, far back in evolutionary terms, and 

genetic rearrangements had produced this truncated tumourigenic form 

(Khazaie etal, 1988).

Despite these problems there are possible diagnostic and clinical 

applications for EGF. It is being evaluated as aid to the repair of skin burns 

and of damaged tympanic membranes in the ear, and in the treatment of 

glaucoma.
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1.2 TCDD and the polychlorinated dioxins

1.2.1 Sources of dioxins in the environment

Polychlorinated dibenzodioxins (PCDDs) and their related compounds i.e. 

polychlorinated dibenzofurans (PCDFs), polychlorinated azobenzenes 

(PCABs), polychlorinated azoxybenzenes (PCAOBs) can be found as 

unwanted contaminants in previously widely used commercial products 

(Taylor, 1979; Figure 1.1).

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, Figure 1.2) was the major 

PCDD contaminant of 2,4,5-trichlorophenol, which is a precursor for 

products such as herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), with 

levels in the low ppm range. However the most contaminated products were 

the technical pentachlorophenols with levels as high as 1000 ppm, mostly 

due to octachlorinated dioxins but also a multitude of lower chlorinated 

congeners. PCDFs have been found in technical grade chlorinated phenols 

and a number of polychlorinated biphenyl (PCBs) formulations, and PCABs 

and PCAOBs have been detected in 3,4-dichloroaniline (Rappe, 1984).

However not all TCDD-related polyhalogenated compounds are solely 

contaminants, both the PCBs and polychlorinated naphthalenes (PCNs) are 

or have been used commercially. The usage of PCBs is considerably less 

now than in the early seventies, when they were components in hydraulic 

fluids, heat transfer fluids, plasticisers, adhesives, inks and carbonless copy 

papers amongst other things. PCBs are still used only in such closed 

systems as electrical components i.e. transformers and capacitors, due to 

their high electrical resistivity and favourable dielectric constants. The use of 

PCNs has declined due to toxic responses associated with occupational 

exposure, but they are still used in some closed systems due to their
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exposure, but they are still used in some closed systems due to their 

cheapness. PCNs in the form of ‘Halowaxes’ have been used in gas masks, 

the ship building industry, as fire and water insulators for detonators and 

later for insulating electrical copper coils. Exposure to PCNs and to PCBs 

has been associated with chloracne, digestive disturbances, haematuria, 

weight loss and in some fatal cases, acute yellow atrophy of the liver 

(Kimbrough, 1980)

As detection methods have become more sensitive, it was discovered that 

PCDDs are more abundant than was at first thought, and they appear to be 

ubiquitous throughout nature. In 1977 it was reported that both PCDDs and 

PCDFs could be detected in the airborne fly ash which collects in the 

electrostatic precipitator of municipal waste incinerators (Olie et al, 1977). 

Further investigation revealed that all the stereoisomers of PCDDs and 

PCDFs were produced, including TCDD. These residues are probably 

formed by the incomplete combustion of organic compounds (Hay, 1981). 

It has been suggested that the PCDDs/PCDFs are formed de novo, with 

plastic material, i.e. polyvinylchloride, or bleached paper, as the main 

chlorine source (Rappe, 1987).

In a study performed in Switzerland analysing fly ash from a municipal waste 

incinerator, levels of total dioxins reached 0.2 ppm, which is equivalent to 

1-100 g of TCDD per year from an average size incinerator (Rappe, 1987). It 

has also been shown that PCDDs may be formed in trace amounts in other 

combustion processes, often in the absence of organic chlorine, e.g. fossil 

fuel power stations, internal combustion engines, and cigarette smoke 

(Bumbetal, 1980; Liberti etal, 1980; Rappe, 1987).
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1.2.2 The toxicity of TCDD

Dioxin toxicity was observed in chickens as early as 1958, although, the 

causitive agent was unknown at the time. Over a million chickens in the USA 

died as a result of eating feed-meal mixed with a contaminated fat residue 

obtained from the degreasing of animal hides. The contamination was found 

to be due to high levels of chlorinated dioxins, particularly the 

hexa-substituted chlorinated dioxin (Cantrell et al, 1969; Campbell and 

Firestone, 1971; McConnell, 1980). This, linked with occupational 

exposures due to explosions at chemical plants producing chlorinated 

phenols, demonstrated that a new group of toxicants was being produced 

which had possible health inplications for man

In studies using laboratory animals TCDD (the most potent of the dioxins) 

has established itself as an extremely potent toxin and teratogen, and has 

been described as one of the most toxic synthetic chemicals known 

(Kimbrough, 1974). In vivo TCDD produces a wide spectrum of toxic 

responses, this wide variety of effects makes it difficult to specify a target 

organ or biochemical process which, when damaged, causes lethality. 

Many of the lesions are species specific, or confined to one or two species, 

however the most consistently expressed lesions are thymic involution and 

weight loss. The acute oral LD50 ranges from 0 .6 -1 1*g/kg in the guinea-pig 

to 5500 ^g/kg in the hamster, with rat, monkey, rabbit and mouse lying in 

between. This large variation in toxicity is not attributable to appreciable 

differences in the rate of metabolism of TCDD. Hamster and guinea-pig 

whole body half-lives have only a three-fold difference whereas their LD50 

values differ by three orders of magnitude (Poland et al, 1983). No 

quantitative data is available for human exposure to TCDD. TCDD exposure 

is generally limited to industrial accidents with coexposure to other
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chemicals, and accurate estimates of the levels of exposure are difficult to 

obtain.

The fate of TCDD in biological systems was first investigated in rodents 

(Vinopal and Casida, 1973; Rose et al, 1976) where it was shown that 

radioactivity in the liver following exposure to 14C-TCDD was due to 

unchanged TCDD. Poland and Glover (1979) demonstrated that 99.9 % of a 

dose of 3H-TCDD was extractable from the liver of rats. In the liver and 

adipose tissue of hamsters 97 % of a dose of either 3H-TCDD or 14C-TCDD 

was present as extractable, unchanged dioxin (Olsen etal, 1980).

The first reports of metabolic products being identified occurred in 1979, 

with isolation of supposed glucuronide metabolites from the bile (Poiger and 

Schlatter, 1979; Ramsey etal, 1979). The chemical nature of the excretion 

products in the urine, bile and faeces of hamsters treated with 3H-TCDD or 

14C-TCDD has been examined (Olsen et al, 1983). Analysis of the 

rad ioactiv ity  in the bile and urine by high-perform ance liquid 

chromatography (HPLC) and thin-layer chromatography (TLC) revealed the 

presence of several polar metabolites. No radioactivity was found to 

correspond to unchanged TCDD. Further analysis showed that the majority 

of the excreted radioactivity was in the form of glucuronide conjugates 

derived from hydroxylated intermediates, in agreement with previous work 

(Olsen etal, 1980; Neal etal, 1981). In contrast, the faeces contained 25-45 

% unchanged TCDD 4-9 days after an i.p. dose of radiolabelled TCDD. Rats 

and guinea-pigs, as with hamsters, excreted only TCDD metabolites in the 

urine and bile, however there were species differences between the types of 

products excreted (Neal et al, 1984). The assumed site of TCDD 

metabolism in the liver is in hepatic microsomes, primarily by enzymes of the 

mixed function oxidase/microsomal monooxygenase system.
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One of the most thoroughly investigated biochemical effects of TCDD is its 

ability to induce the aryl hydrocarbon hydroxylase (AHH) enzyme of the 

hepatic microsomal monooxygenase system (cytochrome Pi-450, Poland 

and Glover, 1975). This response is mediated through its reversible binding 

to a cytosolic protein which acts as a saturable receptor for TCDD, related 

compounds and some polycyclic aromatic hydrocarbons. This interaction 

with the TCDD receptor occurs in the same manner as a steroid hormone 

binds to its receptor. This receptor has been designated the Ah receptor (for 

Aryl hydrocarbon hydroxylase) and is the gene product of the Ah locus.

In inbred strains of mice the presence of an active receptor denotes 

responsiveness to enzyme inducers, non-responsive strains either contain 

less receptor or a mutated receptor. Responsiveness, in terms of inducibility 

of specific P-450 species, is inherited in a simple autosomal dominant 

manner and was firs t reported in mice stra ins trea ted w ith 

3-methylcholanthrene (Nebert and Gelboin, 1969). It has been shown that 

mice strains which are responsive in terms of the Ah locus are more 

sensitive to the toxic effects of TCDD than mice which are non responsive 

(Poland and Glover, 1980).

The binding affinity of many halogenated aromatic hydrocarbons has been 

examined in mice and found to correlate closely with their in vivo toxic 

response (Poland and Knutson, 1982). The TCDD-induced toxic responses 

in inbred strains of mice e.g. thymic involution, and teratogenicity have been 

shown to segregate with the Ah locus (Poland and Glover, 1980).

The effect of TCDD treatment on inbred strains of mice is investigated later 

in this thesis with respect to a previously poorly described kidney lesion.
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1.2.3 TCDD mutagenesis/oncogenesis

Experiments using bacterial mutagenesis assays have been performed for 

TCDD as well as other congeners. These have used both the Ames histidine 

auxotroph revertant test in strains of Salmonella typhimurium and an 

antibiotic-dependent revertant test in Escherichia coli strain Sd-4, with 

contradictory results.

Initial experiments performed by Hussain and co-workers (1972) 

demonstrated prophage induction in E. coli strain K-39, a non dose-related 

reversion of streptomycin dependence in strain SD-4 and, in Ames test 

experiments, the results showed an increased mutational rate causing a 

reversion to histidine independence. The authors suggested that this was 

probably due to a frame-shift mutation, similar to that induced by acridine 

mustard. Using the same strains this Ames test result was later confirmed 

by other workers (Sieler et al, 1973). Subsequent studies however reported 

TCDD to be non-mutagenic in an Ames test system but these experiments 

used different strains of S. typhimurium (Nebert et al, 1976). Results by 

McCann (quoted in Wassom et al (1978)) showed TCDD to be 

non-mutagenic in an Ames test system both with and without metabolic 

activation. Gilbert and co-workers (1980) found TCDD non-mutagenic in 

eleven different strains of S. typhimurium. Geiger and Neal (1981) reported 

TCDD non-mutagenic in six strains.

The conclusion to be drawn from these more or less contradictory reports 

is that TCDD is not a mutagen.

TCDD has been reported to be non-genotoxic in sister chromatid exchange 

experiments in Rhesus monkeys (Lim etal, 1987), and in mice bone marrow 

chromosomes (Meyen et a/,1985). TCDD will however increase sister
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chrom atid exchange in vitro  when followed by exposure to 

^-naphthoflavone. This is due to the potent enzyme inducing ability of 

TCDD, and the consequent enhanced metabolism of ̂ -naphthoflavone.

TCDD induces no chromosomal aberrations in bone marrow cells derived 

from male rats dosed either orally or by intraperitoneal injection (Green and 

Moreland, 1975), and no dominant lethal mutations in Wistar rats dosed 

orally for one week and examined 35-days post treatment (Khera and 

Ruddick, 1973).

The covalent binding of TCDD to rat liver DNA is at least 4-6 orders of 

magnitude less than is observed for most chemical carcinogens and is 

equivalent to one molecule of TCDD bound to the DNA in every 35 diploid 

cells (Poland & Glover, 1979). TCDD however, has been shown to be 

carcinogenic in both mice and rats when administered chronically. In a small 

study Van Miller et al (1977) presented data which suggested that TCDD 

induced a carcinogenic response in the liver and lungs of rats.

A larger, subsequent study (Kociba et al, 1978) reported that the chronic 

dosing of rats with a high dose of TCDD, 0.1 ^g/kg/day for two years, 

increased the incidence of hepatocellular carcinomas and squamous cell 

carcinomas of the lung, hard palate/nasal turbinate or tongue but 

decreased the incidence of tumours of the pituitary, uterus, mammary 

gland, pancreas and adrenal medulla. The rats in this group did however 

suffer multiple toxicological effects. In the same study rats given

0.01 fig/kg/day for two years exhibited a lesser toxicity and showed no 

increased incidence of malignant neoplasm, although hepatocellular 

(preneoplastic) nodules were seen (Kociba etal, 1978).
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A National Toxicology Program study (1982) demonstrated that in 

Osbourne-Mendel and Sprague-Dawley rats given TCDD by gavage at 0.07 

and 0.01 //g/kg day respectively, there was a significantly increased 

incidence of hepatocellular carcinoma in both sexes at the highest dose. In 

male rats thyroid tumours were increased and, in females subcutaneous 

fibrosarcomas were also increased at this dose.

In a companion study by the National Toxicology Program (1982) using 

male and female B6C3/f1 mice, TCDD induced significant increases in the 

incidence of hepatocellular carcinomas at the highest dose for both males 

and females (0.5 and 2 ^g/kg/wk respectively). This was supported by 

experiments also using B6C3/f1 mice (Della Porta et al, 1987). These 

workers demonstrated that neonatal B6C and B6C3/f1 mice dosed once 

weekly by i.p. injection, of TCDD at 60/*g/kg bw for 5 weeks from day 10 of 

life, and then observed until sacrifice at 78 weeks had an increased 

incidence of hepatocellular adenomas. Hepatocellular carcinomas were 

observe with increased incidence at 30 and 60 ng/kg bw in B6C3/f1 males 

but not in females nor in B6C animals. Mice dosed chronically, 0.7 ^g/kg 

weekly for one year, were reported to have twice the incidence of liver 

tumours as a control group. This dose appears to be a threshold level in 

these experiments, as a higher dose group, 7 //g/kg, suffered a severely 

reduced lifespan (424 days compared to 588 for a control group) due to 

severe chronic ulcerous skin lesions (Toth eta l, 1979).

The in vivo oncogenesis studies have found positive results at doses where 

overt toxicity was also exhibited and it is possible that in these cases TCDD 

was acting as a promoter to tissues which were already initiated in some 

way due to the toxic damage, as suggested by Van Miller et al (1977). This
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theory is partially supported by some elegant experiments by Pitot and 

co-workers (1980).

Using a system designed to be as close as possible to the chronic dosing 

study of Kociba and co-workers (1978), TCDD was administered chronically 

by oral bimonthly dosing, equivalent to 100 ng/kg/day, to partially 

hepatectomised rats previous initiated for liver tumours by using a single low 

dose of diethylnitrosamine. Within 28 weeks there was an increased number 

of enzyme altered foci and hepatocellular carcinomas. These occurred at a 

higher incidence and in a shorter time as compared to the experiments of 

Kociba and co-workers (Kociba etal, 1978).

TCDD has also been investigated in the mouse skin tum our 

initiation/promotion system and found to be:

i) Only a very weak initiator when followed 12-0-tetradecanoyl 

13-phorbol acetate (TPA, DiGiovanni etal, 1977).

ii) An inactive cocarcinogen with dimethyl benzanthracene (DMBA, 

DiGiovanni etal, 1977).

iii) An inhibitor of DMBA or benzo[a]pyrene initiation (Cohen et al, 1979).

Considering the apparent lack of TCDD covalent binding to DNA, it is 

thought unlikely that TCDD is acting as a tumour initiator (in the sense of a 

initiator as an agent which induces a permanent DNA change) but more 

likely it is acting as a promoter. From the experiments demonstrating that 

oncogenesis occurs at doses which cause organ toxicity, the ability of 

TCDD to induce a battery of enzymes, and the work of Pitot and co-workers 

(1980), it would appear likely that the main mechanism of TCDD 

carcinogenesis is non-genetic and probably promotional.
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1.2.4 TCDD: a mechanism of action

The mechanism for the action of the dioxins is as yet unknown, but it is 

possible to put forward a mechanism which goes part of the way to explain 

the diverse effects of this group of compounds. The initial model proposed 

by Poland’s group in the early eighties (Poland and Knutson, 1982), and 

refined by subsequent authors (Greenlee etal, 1985; amongst others) is still 

valid.

The Ah locus codes for a receptor which is a stereospecific recognition site 

for TCDD and other ligands. The receptor-ligand complex interacts with a 

nuclear acceptor site to regulate the coordinate expression of a gene 

battery coding for several enzymes, some of which can be identified i.e. 

cytochrome Pi-450, ornithine decarboxylase, and uroporphyrinogen 

decarboxylase. Results from experiments in human keratinocyte cell lines 

(Greenlee et al, 1987) suggest that the ligand-receptor complex also 

stimulates the expression of regulatory proteins which, either alone, or in 

association with the ligand-receptor complex again or other regulatory 

factors, alter the expression of another gene battery. These genes may 

code for proteins essential for the control of cell growth and/or differentiation

i.e. EGF receptor and glucocorticoid receptor. The overall result is that in 

some tissues TCDD appears to ‘reprogramme’ the normal cellular controls 

via an attack on its highly sensitive regulatory mechanisms.
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1.3 The interactions of TCDD and EGF

Some of the more obvious effects of excess EGF in mouse neonates are 

precocious eye-opening and incisor eruption (Cohen, 1962); by 

comparison, in BALB/c pups suckling dams exposed to 10 //g/kg TCDD, 

and therefore presumably exposed via the maternal milk, both events 

occurred at an earlier time than for control animals (Madhukar et al, 1984). 

Other similarities in the toxic effects of TCDD and EGF are highlighted in 

Table 1.1

In 1982 Ivanovic and Weinstein published results demonstrating that various 

inducers of cytochrome Pi-450 inhibited the binding of EGF in C3H10T1/2 

cells by reducing the number of receptors on the cell surface. In this system 

inhibition of EGF binding appeared to correlate with Ah receptor binding 

affinity, and the authors tentatively speculated that the tumour promotional 

ability of some polycyclic aromatic hydrocarbons, and possibly TCDD, may 

be in some way related to binding to the Ah receptor.

The precise mechanistic interactions between TCDD and EGF have been 

vigorously investigated in rodent liver plasma membrane preparations by 

Matsumura’s group, and in normal and transformed epidermal cell cultures 

by Greenlee and co-workers. These are the only two models where 

extensive research has been carried out.

The effect of TCDD on the binding of EGF to its receptor was first reported 

by Matsumura and co-workers in 1984. It had been observed previously, by 

these investigators and others, that TCDD caused changes in plasma 

membrane protein and enzyme profiles (Brewster et al, 1982); Peterson et 

al, 1979).
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Table 1.1 Some similarities of action between TCDD and EGF. 

(Adapted from Matsumura eta l, 1984)

EFFECTS SPECIES REFERENCES 

EGF TCDD

In vivo

Inhibition of body weight gain mouse/rat 1/2 3/4

Inhibition of hair growth 

Precocious eye-opening and

mouse 1 5

incisor eruption mouse 6 5

Serum hypertriglyceridaemia rat 2 7

Development of fatty liver mouse/rat 2 8

Inhibition of gastric secretion rat 9 10

Skin cancer promotion mouse 11 12

In vitro

Inhibition of terminal 

differentiation

keratinocyte

cultures

13 14

Phosphorylation of the EGF 

receptor

Rat liver

plasma membrane

15 5

1: Moore e ta l, 1981; 2: Heinberg eta l, 1965; 3: Poland and Knutson, 1982; 

4: Schwetze ta l, 1973; 5: Madhukar e ta l, 1984; 6: Cohen and Elliot, 1962; 

7: Albro etal, 1978; 8: Gupta et al, 1973; 9: Bower etal, 1975; 10: Norback 

and Allen, 1973; 11: Rose etal, 1976; 12: Poland etal, 1982; 13: Rheinwald 

and Green, 1977; 14: Knutson and Poland, 1980; 15: Carpenter et al, 1978;
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The initial experiments were designed to investigate the effect of TCDD on 

various hepatic plasma membrane-bound enzymes derived from male 

Sprague-Dawley rat hepatocytes.

In rats dosed with TCDD at 25 /*g/kg i.p. 10 days before membrane 

preparation TCDD was found to significantly lower the activity of various 

hepatic plasma membrane enzymes i.e. Na-K-ATPase, Mg-ATPase and 

Ca-ATPase, but it increased the activity of both cAMP stimulated and 

non-stimulated protein kinases (Matsumuraetal, 1984a).

A subsequent experiment examined the effect of TCDD on the binding 

characteristics of various plasma membrane receptors. TCDD at a dose of 

25 ^g/kg i.p. was shown to cause significant reductions in the binding 

affinities of radiolabelled concanavalin A, glucagon, and insulin for their 

receptors; however its effect on EGF binding was the most sensitive marker 

of TCDD exposure (Matsumura et al, 1984b). TCDD had no effect on the 

binding of radiolabelled prostaglandin Ei to its receptor.

Further studies revealed that the reduction in EGF binding, in hepatocyte 

plasma membrane preparations 10 days after dosing, occurred at doses as 

low as 1 ng/kg (i.p.). This compares with an intraperitoneal LD50 in the male 

rat of approx. 50 /ug/kg. Scatchard plot analysis of EGF binding for these 

experiments demonstrated a biphasic relationship, as shown previously for 

other Ah receptor agonists (Ivanovic and Weinstein, 1982). The authors 

suggested that this was due to the number of high and low affinity receptors 

being reduced without any apparent changes in receptor affinity (Madhukar 

etal, 1984).
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Various xenobiotics were examined and it was shown that only TCDD 

(25^9/kg) and Aroclor 1242 (350 mg/kg) dosing led to a significant 

reduction in levels of EGF binding, 10 days after dosing (Matsumura et al, 

1984b). Chemicals which were inactive at doses high enough to cause 

toxicity were DDT, phenobarbital, Firemaster BP-6, 3,3’,4,4’-tetrachloro- 

biphenyl and, surprisingly 3-methylcholanthrene which had been positive 

previously in the experiments of Ivanovic and Weinstein (1982) showed no 

effect.

In hepatic plasma membranes prepared from TCDD responsive inbred 

strains of mice the same effect of TCDD intoxication, using doses of 

115/<g/kg i.p., is observed as seen with the rat membranes. With 

non-responsive strains there is only a slight reduction in the binding of EGF 

as compared to the reduction observed in membranes derived from 

responsive mouse strains. This suggests that the Ah locus gene product, 

the Ah receptor is influencing the effect of TCDD (Madhukar etal, 1984).

Changes in the EGF receptor were examined by incubating control and 

TCDD-treated (25 ng/kg i.p.) rat hepatic plasma membranes with 32P-ATP, 

this showed that the intensities of autoradiograms of a number of protein 

bands taken from TCDD-treated samples were higher than in the controls. 

Among the bands exhibiting higher phosphorylation were two at 170-175 

kDa, which correspond to the EGF receptor and its degradation product 

(Madhukar etal, 1984).

Treatment of normal human epidermal cells or transformed keratinocyte cell 

lines, specifically SCC-12F, for 72 hours with TCDD (100 nM) results in a 

concentration-dependent decrease in the number of high affinity receptors. 

This reduction in high affinity receptors is associated with enhanced terminal

-  36 -



Chapter 1

differentiation (Osbourne and Greenlee, 1985). This inhibition has been 

shown to have structure specificity, as 2,7- dichlorodibenzo-p-dioxin even at 

ten times the dose of TCDD (1000 nM) is ineffective. Again, this argues for 

there being an Ah receptor mediated mechanism (Hudson et al, 1985) 

rather than a non-specific effect due to differences in solubility.

Benz[a]pyrene, which also binds to the Ah receptor, reduces EGF binding 

but only transiently, (90 % recovery within 48 hr of benz[a]pyrene removal), 

this is due to extensive metabolism. By contrast TCDD is poorly metabolised 

and therefore is present in a high enough concentration to maintain 

occupancy of the receptor (reduction in EGF receptor binding is still 40 % of 

control up to 10 days after TCDD removal from the culture medium (Hudson 

etal 1985). Interestingly, TCDD is a potent skin toxin in vivo (Caramaschi et 

al, 1981; Del Como et al, 1982), while benz[a]pyrene only induces 

hyperkeratinisation when repeatedly applied at doses four orders of 

magnitude higher than optimal for TCDD (Greenlee etal, 1987).

The experiments by Greenlee’s group, looking at the effect of TCDD in vitro 

in cells of epidermal origin, are directed at determining a possible 

mechanism for the tumour promotional effect of TCDD in the skin. This may 

possibly give some insights into the aetiology of the chloracne skin lesion in 

man.

The reasoning behind the experiments reported in this thesis is somewhat 

similar. The only convincing carcinogenesis data for TCDD derives from a 

rodent liver system where it appears that TCDD’s action is most likely 

promotional (Kociba et al, 1978). Primary rat hepatocytes were used 

because, compared to cell lines, they are more representative of the 

hepatocyte in situ. The short duration of the experiments means that the cell
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still maintain vestiges of a normal phenotype, and the absence of serum for 

all but the three hour plating down/cell attachment period means that the 

stimulatory effects are due to EGF. So the experiments described here were 

designed to answer the question “What effect does TCDD preincubation 

have on primary rat hepatocyte mitogenesis following EGF exposure ?”.
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General materials and methods

2.1 Precautions taken in the handling of dioxins

As reported in the introduction, and throughout the published literature, 

TCDD is extremely toxic in vivo (Kimbrough, 1974), although human toxicity 

is not well documented (WHO Report, 1987). Consequently special 

handling precautions were taken, above those dictated by good laboratory 

practice. Stock solutions of dioxins or analogues (see below) were prepared 

by Dr. J. B. Greig in the Medical Research Council hazardous material suite. 

Subsequent dilutions were performed in a laminar-flow sterile cabinet, 

dedicated to hazardous and radioactive materials, using plastic pipettes 

which afterwards were carefully bagged and incinerated at high temperature 

with afterburner, to ensure degradation of the dioxin. Plastic tissue culture 

dishes, gloves, and any contaminated tissues were treated the same way.

Dioxin-containing medium, washings and excess diluted solutions were 

collected and disposed of directly into an outside drain, with copious water. 

This method of disposal does not represent a significant danger to the 

environment, a maximum of 500 ml/week of liquid waste containing approx. 

7 fig TCDD, (equivalent to 350 ̂ g per annum) is negligible compared to the 

1.5 kg TCDD per annum produced by the incineration industry (1989 

Department of the Environment report on “Dioxins in the Environment”). 

After making some simple assumptions we are able quantify, in general 

terms, a possible level of exposure to the experimenter.
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For a typical experiment using 20 p\ of the 40 iM  stock solution, and 

assuming worst case exposure of 1 % via aerosols and splashes, the 

amount of TCDD to which the worker would be exposed to:

322 x 20 x 40/100 = 2600 pg per experiment

Weight of Jeremy Mills: approx 77 kg

Exposure = 2600/77 = 34 pg/kg bw/experiment

The D. of E. report suggests that human guidelines, based on animal no 

observed effect levels (NOELs), should be for carcinogenicity = 10 pg/kg 

bw/day, and for immunotoxicity = 60 pg/kg bw/day. Thus, at a rate of two 

experiments per week, a worst case exposure of 68 pg/kg bw/week is not 

greatly different to the government recommendations, which implies no 

elevated risk to the experimenter.

2.2 Methods for the synthesis of the dioxins and
analogues used in the experiments described later.

2,3,7,8-tetrachlorodibenzo-p-dioxin had been prepared by the chlorination 

of dibenzo-p-dioxin (Greig etai, 1973). 2,3,7,8-tetrabromodibenzo-p-dioxin 

had been synthesised by Dr.J.B. Greig according to the method of Gilman 

and Dietrich (1957). 1,2,3,4-tetrachlorodibenzo-p-dioxin was prepared from 

catechol (Fluorochem Ltd) and pentachloronitrobenzene (Lancaster 

Synthesis Ltd), with potassium carbonate and acetone catalysis under 

nitrogen, according to the method of Pohland and Yang (1972). The 

product was freed of contaminating nitro compounds by reduction with 

nascent hydrogen from magnesium turnings and iodine in refluxing
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methanol, extracted with n-hexane (Fisons Ltd), washed with aqueous 

hydrochloric acid (HCI, 1.2 M) and recrystallised from acetone. Purity was 

checked by gas chromatography (gc, retention time = 10.2 mins, see 

Figure 2.1).

a.S’.M ’-tetrachloroazoxybenzene as a mixture with the corresponding azo 

compound was prepared by the reduction of 3,4-dichloronitrobenzene 

(Koch-Light Laboratories Ltd, Colnbrook, UK) with aluminium lithium 

hydride (BDH Ltd) according to Corbett and Holt (1963). The product was 

extracted with n-hexane, washed into aqueous HCI (250 ml, 1.2 M), and the 

hexane layer dried over anhydrous sodium sulphate before evaporation 

under reduced pressure (Buchi Rotavapor). The mixture was separated by 

chromatography on neutral alumina (Macherey Nagel, Duren, West 

Germany) with hexane eluent. Fractions containing the azoxybenzene 

(identified by gas chromatographic comparison with an authentic sample 

from Dr. A. Poland) were combined and the material was crystallized from 

acetone. Purity was checked by gc (retention time = 10.0 mins, see Figure. 

2.2).

Positive ion mass spectral analysis confirmed the structure of the material 

and gave a molecular ion at m/z 334, corresponding to Ci2H635CUN20, with 

isotopic peaks at 336, 338, 340, 342, in the ratio of 551 : 696 : 344 : 78 : ?, 

compared with the ratio predicted for a tetrachloro compound of 551 : 719 : 

352 .77 \ 6. (see Figure 2.3)
i

Gas chromatography conditions: 25 m x 0.32 mm SE52, coated, fused 

silica column, temperature program: 100°C for 1 min, increasing at
I
i 30°C/min until 300°C, held at 300°C for 10 mins, detection system: FID,
|
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ci

ci

Figure 2.1 Trace obtained for the gas chromatographic analysis of

1,2,3,4-tetrachlorodibenzo-p-dioxin. The conditions were as 

described above, section 2.2

attenuation: x7, input pressure: 0.85 kg/cm2, injection: 1:10 split at 

200 ng/ml, puts 20 ng onto the column, chart speed: 10 mm/min.
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Figure 2.2 Gas chromatography trace for 3,3’,4,4’-tetrachloro- 

azoxybenzene. The conditions for this analysis were as reported in 

section 2.2.
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Figure 2.3 Mass spectrum for 3,3’,4,4’-tetrachloroazoxybenzene. 

The molecular ion (arrow) was at m/z=334, with the most abundant 

fragment at m/z=145
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2.3 Abbreviations

Ah aryl hydrocarbon hydroxylase gene

AHH aryl hydrocarbon hydroxylase

B10D2/F1 F1 hybrid mouse from C57BL/10 dam with DBA/2 sire

BrdU 5-bromodeoxyuridine

b.w. body weight

DM BA dimethyl benzanthracene

DMSO dimethyl sulphoxide

DRE dioxin-responsive element

EC50 concentration needed to give a fifty percent effect

EGF epidermal growth factor

EROD 7-ethoxyresorufin O-deethylase

FCS foetal calf serum

FITC fluorescein isothiocyanate

gc gas chromatography

G-protein GTP-binding protein

GRE glucocorticoid-responsive element

HBSS Hank’s balanced salt solution

HCDF 1,2,3,4,7,8-hexachlorodibenzofuran

hsp90 heat shock protein

i.p. intraperitoneal

3-MC 3-methylcholanthrene

NOELs no observed effect levels

PBS phosphate buffered saline

PCBs polychlorinated biphenyls

PeCDF 2,3,47,8-pentachlorodibenzofuran

PI propidium iodide

ppm parts per million
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RIA radio-immunoassay

s.c. sub-cutaneous

SDS sodium dodecylsulphate

SEM standard error of mean

2,4,5-T 2,4,5-trichlorophenoxyacetic acid

<x-TGF transforming growth factor-alpha

TBDD 2,3,7,8-tetrabromodibenzo-p-dioxin

TCAOB S ^ ’^ ^ ’-tetrachloroazoxybenzene

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

1,2,3,4-TCDD 1,2,3,4-tetrachlorodibenzo-p-dioxin

TPA 12-O-tetradecanoylphorbol 13-acetate

WHO World Health Organisation

WME Williams medium E

UNITS

kg kilogram

g gram

mg milligram

/*Q microgram

ng nanogram

pg picogram

M molar

mM millimolar

micromolar

nM nanomolar

pM picomolar

fM femtomolar

I litre

ml millilitre
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fi\

mmol

kDa

kBq

MBq

TBq

kilobecquerel

megabecquerel

terabecquerel

microlitre

millimole

kilodalton

2.4 Preparation of solutions

2.4.1 Dioxins and analogues

Stock solutions of TCDD and TBDD were prepared in DMSO and/or

1,4-dioxan at a concentration of 40 /*M. TCAOB and 1,2,3,4-TCDD were 

prepared in 1,4-dioxan at concentrations of 400 fM  and 4 mM respectively. 

All these solutions were prepared by Dr. J. B. Greig using analytical grade 

DMSO (AnalaR, BDH Ltd) and 1,4-dioxan previously cleaned by passing 

through a basic aluminium oxide column.

2.4.2 Tissue culture medium

Complete Williams medium E (Williams and Gunn, 1974)

Williams medium E (Gibco) 500 ml

Foetal calf serum (Gibco) 25 ml

Gentamycin from 10 mg/ml stock (Gibco) 2.5 ml

Insulin from 200 fM  stock (Sigma) 5 ml

Dioxin/analogue-containing Williams medium E

Complete Williams medium E 20 ml

dioxin/analogue stock solution 20 (A
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For the determination of dose response curves individual solutions were 

made by serial dilution.

Control Williams medium E

Complete Williams medium E 200 ml

DMSO/1,4-dioxan 200 n I

All media were prepared under sterile conditions, using sterile stock 

solutions, and used within 7 days of preparation. Storage was at 4°C.

2.4.3 Perfusion media

Hank’s balanced salt solution

10x concentrated HBSS (Mg2+-,Ca2+-free, Gibco) 50 ml

Sodium bicarbonate (7.5 % solution, Gibco) 8.8 ml

Sterile filtered water up to 500 ml

This was prepared freshly, under sterile conditions, immediately before use.

Collagenase solution

Collagenase

(Clostridiopeptidase A, EC 3.4.24.3., Boehringer)

HBSS prepared as above

Cellular wash (after perfusion)

Foetal calf serum 

HBSS as prepared above

Centrifugation medium

Serum-free Williams medium E (as above) 200ml

2 ml 

50 ml

20-30 mg 

50 ml
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2.4.4 BrdU incorporation experiments 

Bromodeoxyuridine solution

BrdU (Sigma) 10 mg

Sterile PBS 10 ml

This 1 mg/ml sterile stock solution was stored refrigerated and 61 fA added 

to each 20 ml tissue culture giving a final concentration of approx. 30

Epidermal growth factor solution

EGF (Sigma) 0.1 mg

Sterile PBS 10 ml

From this 10 /*g/ml stock solution aliquots were frozen at -20°C and diluted 

into serum-free WME to give a final concentration of 20 ng/ml

2.4.5 Cytometric analysis solutions

RNase solution

RNase (EC 3.1.27.5., Sigma) 100 mg

PBS 50 ml

Triton X-100 solution

Triton X-100 (Sigma) 0.1 ml

PBS 50 ml

Pepsin solution

Pepsin (EC 3.4.4.1., BHD Ltd) 200 mg

HCI1M 50 ml
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Antibody binding

a) preincubation solution (Solution A)

Tween 20 0.5 ml

Normal goat serum 0.5 ml

PBS up to 100 ml

b) binding solution

i) anti-BrdU antibody solution

Solution A 1 ml

Antibody 5 n\

This antibody was a gift from Dr. C. Dean, ICR, Sutton.

ii) anti-rat IgG FITC-conjugate solution

Solution A 1 ml

Antibody (Sigma) 10 n\

Propidium Iodide Solution

Propidium Iodide (Sigma) 10 mg

Sterile PBS 10 ml

This 1 mg/ml stock solution was stored refrigerated and aliquots diluted to 

10^g/ml with PBS for use.

2.4.6 Thymidine incorporation experiments

Radiolabelled thymidine

[mefhy/-3H]-Thymidine 10//l/plate

(1.48-1.7 TBq/mmol, 37 MBq/ml)

Epidermal growth factor solution

EGF (Sigma) 0.1 mg

Sterile PBS 10 ml
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From this 1 ^g/ml sterile solution 200 fA aliquots were prepared and frozen 

at -20°C and diluted in serum-free WME to give a final concentration of 0.5 

ng/ml.

All the following solutions were freshly prepared and kept on ice.

Thymidine wash 2 mM

Thymidine (Sigma)

PBS

Cellular detachment solution

Sodium hydroxide 1M 

ultra clean water

Trichloroacetic acid 40 % w/v

Trichloroacetic acid 

HCI 1.2M

2.5 Methods

2.5.1 Technique for the isolation of primary rat hepatocytes whilst 

maintaining a high cell viability.

Hepatocytes were isolated by perfusion of the liver with collagenase 

(0.05 %, w/v) in Ca2+- and Mg2+-free Hank’s balanced salt solution 

(HBSS) using a method modified from that of Paine et a/., (1979).

A falling film oxygenator was washed with distilled water (500 ml) which was 

run to waste, it was then sterilised with 70 % industrial methylated spirit

40 g 

up to 100 ml

33 ml 

up to 100 ml

484 mg 

up to 1000 ml
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recirculating for 10 min, and finally was washed through with sterile distilled 

water (500 ml). HBSS (x10 concentrate, 50 ml) was added to aqueous 

sodium bicarbonate (7.5 %, 8.8 ml) and the volume adjusted to 500 ml with 

sterile distilled water, this solution was then recirculated through the 

apparatus and oxygenated with 95 % oxygen/5 % carbon dioxide for 10 min. 

Oxygenated HBSS was then dispensed into each of two 100 ml sterile glass 

bottles, from one bottle 10 ml of the oxygenated HBSS was removed and 

used to dissolve 20-30 mg collagenase, which was then filtered through a 

sterile 0.2 /*m filter (Millipore, Sera-Lab), whilst foetal calf serum (2 ml) was 

added to the other 100 ml bottle containing 50 ml oxygenated HBSS.

Adult male rats of the F344 strain (6-8 weeks, 180-200g, Fischer) were 

anaesthetised by intraperitoneal injection of pentobarbitone (Sagatal, 

60 mg/kg, May & Baker). The abdomen was opened and the portal vein 

freed from its surrounding connective tissue, the vein was then cannulated 

using an Argyle Medicut intravenous cannula 16G x 2", filled with heparin 

(Leo). After cutting the descending vena cava the liver was then excised 

and, with the perfusate running to waste, was placed on the sterile platform 

supported on the funnel; the perfusion was switched to closed circuit using 

the 50 ml HBSS containing the filter-sterilised collagenase.

After approximately 30 min the liver generally showed signs of breaking up 

(a marbled appearance). The perfusion was stopped and the liver 

transferred to a sterile 50 ml measuring cylinder where it was gently 

agitated, whilst slowly adding the foetal calf serum containing HBSS, using 

a sterile flat-bottomed glass rod to release the cells. The cell suspension 

was drained into a sterile 250 ml round-bottomed flask and rolled for 3 mins 

to further disperse the cells. The cell suspension was then filtered through 

nylon bolting cloth (Nybolt, 125 ^m, J. Stainar, Manchester) and the cells
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spun down gently (50g x 2-3 min) in 30 ml glass universal bottles. The 

cellular pellet was gently resuspended in Williams medium E (WME, ca 

60 ml) and spun down twice more before being finally resuspended in 30 ml 

WME. Cell number and the viability was determined using trypan blue (0.1%, 

Sigma) in phosphate buffered saline (Dulbecco’s B, Oxoid) and a 

haemocytometer.

2.5.2 Incorporation of bromodeoxyuridine into the DNA of 

mitogenically stimulated primary rat hepatocytes

Freshly prepared primary rat hepatocytes obtained by perfusion (see 

above) were seeded onto 160 mm diameter plastic culture dishes (Falcon), 

at a density of 5 x 105/ml in Williams medium E (WME, 20 ml) supplemented 

with foetal calf serum (FCS, 5 %), hydrocortisone (100 ^M, Sigma), insulin 

(2 mM) and gentamycin (50 /*g/ml).

The culture dishes were then placed in an incubator at 37 °C and cultured 

under a humidified atmosphere of 5 % carbon dioxide in air. The medium 

also contained either TCDD (40 nM) in dimethyl sulphoxide (DMSO, 0.1 %), 

or an equivalent volume of the solvent alone.

After an initial incubation period of 3 hr, the medium was removed, 

discarded and replaced with TCDD- and serum-free medium (20 ml), and 

returned to the incubator for up to 18 hr. Following this incubation period, 

epidermal growth factor (EGF, 20 ng/ml medium) and bromodeoxyuridine 

(BrdU, 30 fiM) were added to the medium, and then the tissue culture dishes 

were returned to the incubator for 24 hr.
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2.5.3 Preparation of hepatocytes for cytometric analysis following 

incorporation of BrdU.

The method described here is a modification of that previously described by 

Styles etal., (1987).

The medium (20 ml) from plastic tissue culture dishes (160 mm diameter) 

containing hepatocytes which had been previously treated with 

bromodeoxyuridine (BrdU) was removed and the plates were washed with 

phosphate buffered saline (PBS, 10 ml). The cells were removed from the 

plates, using a plastic ‘policeman’, and washed into glass universal bottles 

(30 ml) with PBS (10 ml), and then centrifuged (500gav x 3 min). The 

resultant pellet was carefully resuspended in PBS (1 ml). Absolute alcohol 

(5 ml) was added dropwise to each sample whilst agitating on a vortex 

mixer. The cells were washed once more in absolute alcohol, and then 

resuspended in chloroform:methanol (2:1, 10 ml) for 4 min to dissolve fat. 

The cells were washed in absolute alcohol (5 ml), and finally rehydrated 

through 70% alcohol (5 ml) back into PBS (5 ml).

Next the cells were washed in PBS (5 ml) twice before incubation with 

RNase (2 mg/ml) for 1 hr at 37 °C, and then treated with Triton X-100 (0.2 % 

v/v) for 30 min at 20 °C. This was followed by a 30 min incubation at 37 °C 

with pepsin (0.4% w/v in M HCI); finally the cells were washed in PBS three 

times. Solution A (1 ml PBS containing Tween 20 (polyoxyethylenesorbitan 

monolaurate, 0.5%, Sigma) and normal goat serum (0.5%)), was added to 

the cells and incubated at 20 °C for 15 min.

After this incubation the samples were spun down, the supernatant was 

aspirated to waste and replaced with solution A (1 ml) plus an anti-BrdU 

antibody (5 ^l, a gift from Dr. C. Dean, ICR, Sutton UK), and incubated at
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37 °C for 30 min, then PBS (5 ml) was added, and the samples were 

centrifuged and the supernatant discarded. Following two more washes in 

PBS, solution A (1 ml) was used to carefully resuspend the cells. To the cell 

suspension was added anti-rat IgG antibody conjugated to fluorescein 

isothiocyanate (FITC, 10 /*l) and it was incubated for 1 hr at 20 °C. PBS 

(5 ml) was added and the cells spun as before. After two washes in PBS the 

samples were left overnight in PBS (4 ml) containing propidium iodide 

(10 ywg/ml).

The fluorescence of each sample was measured at wavelength 488 nm 

using an argon ion laser (5 W, Innova 90, Coherent Ltd, Cambridge, UK) 

and the data was computer processed (Ortho Diagnostic Systems Inc., 

Model 2150).

2.5.4 Incorporation of [3H]-thymidine into primary rat hepatocyte 

cultures.

Freshly prepared primary rat hepatocytes obtained by the method of 

collagenase perfusion (see above) were seeded at a density of 2 x 105cells 

per plate, onto 60 mm diameter plastic culture dishes, containing Williams 

medium E (WME, 4 ml) supplemented with insulin (2/*M), and gentamycin 

(50 /*g/ml). The cells were then cultured at 37 °C in an incubator under a 

humidified atmosphere containing 5% carbon dioxide in air. For this initial 

incubation period, which lasted for 3 hr, the WME was also supplemented 

with foetal calf serum (FCS, 5%) and either a solution (40 p\) of the test 

chemical, e.g. TCDD, in dimethyl sulphoxide (DMSO) or 1,4-dioxan, or the 

equivalent volume of the solvent alone.

After 3 hr the serum-containing medium was carefully removed, discarded 

and replaced with serum-free WME (4 ml) and the culture dishes returned to
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the incubator for 1 hr. Following this second incubation period, the culture 

dishes were removed from the incubator, and the medium was replaced 

with serum-free WME (4 ml) to which was added epidermal growth factor 

(EGF, 2 ng/4 ml medium) and [mef/7y/-3H]thymidine (370 kBq, Amersham 

International.). The cells were then returned to the incubator for periods up 

to 40 hr.

At the end of incubation period the radio-labelled medium was removed and 

the cells were washed six times with ice-cold solution of non-labelled 

thymidine (2 mM, 4 ml). The cells were removed from the plate by 

dissolution in cold sodium hydroxide (0.33 M, 2.5 ml) and transferred to 

test-tubes on ice. To each sample was added 0.8 ml cold 40 % w/v 

trichloroacetic acid; these cell suspensions were then centrifuged (2000g x 

15 min), and the resultant supernatants aspirated to waste. The pellets were 

then carefully redissolved in sodium hydroxide (1 ml) and aliquots (500 ^l) 

were dispensed into glass sc in tilla tion  vials conta in ing 

trichloroacetic/hydrochloric acid mix (160 fi\) and scintillant (Ecoscint A, 

10 ml, National Diagnostics).

The radioactivity was measured in a liquid scintillation spectrometer (Searle 

Analytical Inc., Model 6880, Mk3) and the results obtained were expressed 

as dpm. This method is a modification of that described previously by 

Michalopoulos and co-workers (1984).
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2.6 Statistical analysis

Due to variations in the levels of incorporation of both BrdU and 

[3H]-thymidine into the primary hepatocyte cultures, two types of statistical 

test were used. For the BrdU experiments (see Results Table 3.1) where 

there were large variations in incorporation between experiments, but the 

same trends could be seen within each experiment the non-parametric 

Wilcoxon Paired Rank test was used (Biometrika Tables for Statisticians, 

1972). For the experiments with phorbol esters (see Results 3.7), where the 

distribution was more ‘normal’ Student’s t-test was used (Snedecor and 

Cochran, 1968).

For the experiments where mouse neonates were treated with TCDD 

(20 mg/kg) and various developmental effects examined, two 

non-parametric statistical tests were used. Where it was possible to pair 

data for comparisons between experiments the Wilcoxon Paired Rank test 

was used, where pairing of data was not possible the Mann-Whitney (aka 

Wilcoxon test) was used (Biometrika Tables for Statistians, 1972).
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Results of experiments with 
hepatocyte cultures

3.1 Incorporation of 5-bromodeoxyuridine into 

2,3,7,8-tetrachlorodibenzo-p-dioxin pretreated 

epidermal growth factor-stimulated rat hepatocytes.

3.1.1 Introduction

The use of 5-bromodeoxyuridine (BrdU) as a tool for the study of DNA 

synthesis dates back to the mid-seventies. As it has the property of being 

incorporated into replicating DNA in place of thymidine by the same salvage 

pathway, it was used as a quenching agent for the fluorescence of the 

bisbenzimidazole-derived dye 33258 Hoechst, and for acridine orange (Latt 

& Stetten, 1976; Bohmer, 1979). The development of monoclonal antibodies 

specific for BrdU (i.e. with no thymidine cross-reactivity) provided 

cell-by-cell information in cell-cycle analysis studies, especially when linked 

to a flow cytometer (Gratzner, 1982). This methodological evolution was 

taken one step further when a counter stain for total DNA content 

(propidium iodide, PI) was used in conjunction with the incorporation of 

BrdU (Dolbeare et al, 1983). This gives a very accurate probe for studies on 

the kinetics of the cell-cycle and, as it is being used here, information on the 

effect of a growth factor on populations of cells, with reference to DNA 

replication.
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3.1.2 Data acquisition

The method of data acquisition and processing is that 20,000 “cells” are 

detected and counted by their forward scattering of the laser light, Figure 

3.1(a). The DNA content of these cells is displayed as a function of their 

’cross-sectional area’ (Figure 3.1 (b)) and a gating region (1) is applied. The 

signals recorded in the area marked ‘X’ represent clumps of two or more 

cells and are excluded by the gate. Figure 3.1 (c) shows the number of cells 

as a function of red fluorescence i.e. PI content, and thus gives a ploidy 

profile. In Figure 3.1 (d) the lower boxed region contains cells which have not 

incorporated BrdU into their DNA and have only red fluorescence, cells in 

the upper region show green fluorescence, due to BrdU incorporation, as 

well as red.

In the table below (Table 3.1) cells were treated for 3 hr with or without 

TCDD (40nM), 1 hr later EGF (3.3 nM) was added as necessary, after a 

further 16 hr incubation BrdU (3 mg/ml) was added and incubated for 24 hr 

(see methods section). The results represent the number of cells in the 

upper box, expressed as a percentage of the number of cells in the whole 

gated region (1) in Figure 3.1(b). The results of individual experiments 

carried out using this technique are tabulated in Table 3.1 The results in 

Table 3.1 can be displayed in an isometric format which enables 

visualisation of which populations of hepatocytes are being affected by this 

TCDD-induced inhibition of DNA synthesis. The results from experiment 5 

are used to illustrate that TCDD appears to be inhibiting DNA synthesis in all 

the hepatocyte populations shown. Figure 3.2 shows the results obtained 

with cultures treated with the TCDD solvent DMSO (0.1 % v/v), the isomatric 

displays for this control sample and for the TCDD-alone (40 nM) treated 

cultures (Figure 3.4) are similar. This implies that neither TCDD of DMSO 

have a stimulatory effect on these primary cultures. A positive stimulation
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Table 3.1 The effect of TCDD on DNA synthesis in primary rat 

hepatocyte cultures stimulated with EGF. Each column gives the 

result of a separate experiment with at least four cultures per treatment 

group, expressed as a percentage ± SEM of the cells that have 

incorporated BrdU. Beneath, is this value as a % of the EGF (positive) 

control for that experiment. * represents a significant difference vs. 

EGF-alone treated cultures at p>0.05 level by the Wilcoxon Paired 

Rank test ( see Materials and Methods section 2.6)

Experiment: 1 2 3 4 5 6

Control 25.5±1.7 7.2±0.6 3.5±0.1 5.1 ±0.9 5.7±3.3 0.9±0.2

(53.6) (23.0) (15.3) (44.7) (12.9) (4.1)

TCDD 14.2±1.4 3.8±1.2 5.9±1.1 3.0±0.3 4.5±1.4 0.9±0.2

(40 nM) (29.8) (12.3) (25.6) (25.9) (10.5) (4.1)

EGF 47.5±1.7 31.2±0.8 22.8±2.4 11.4±0.5 43.0±1.4 20.7±1.2

(3.3 nM) ( - )  ( - )  ( - )  ( - )  ( - )  ( - )

TCDD + 39.2±1.9 24.8±1.4 10.0±1.0 10.0±0.6 20.1±0.6 13.1±0.5

EGF * (82.3) (79.5) (43.8) (87.5) (46.7) (63.3)
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can be seen in Figure 3.3, these cultures were exposed to EGF (20 ng/ml 

final) and show considerable green fluorescence not seen in either Figures

3.2 or 3.4. When however, the hepatocyte cultures are preincubated for 3 

hours with TCDD (40 nM), and subsequently treated with EGF there 

appears to be a significant reduction (Figure 3.5) in the number of cells 

incorporating BrdU into their DNA, in relation to the EGF control (Figure 

3.3).

Although this technique gives accurate cell-by-cell information, it has several 

disadvantages, one of which is time taken for the preparation of cells for flow 

cytometry, which meant that relatively few cultures could be treated at any 

one time.

The biggest problem however, was that of consistently choosing the 

windowed regions in Figures 3.1(b) and (d); small variations in the 

positioning of these windows cause large variations in the final percentage 

of cells recorded in the positive region for BrdU incorporation. It was not 

possible to set a constant window position for all the experiments reported 

here due to variations in the properties of the cell preparation, so the 

windows in Figure 3.1(d) were set for each experiment using data from a 

positive control i.e. a sample incubated without TCDD but with EGF. This 

method of setting the windows produces a slightly elevated negative control 

(baseline level of BrdU incorporation), as the peaks for PI incorporation into 

cultures not treated with EGF tended to encroach into the window for BrdU 

incorporation. This is due to there being a larger population of cells present 

in these PI staining peaks, as none have incorporated BrdU into their DNA.
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DMSO control

Figure 3.2 Hepatocyte cultures treated for 3 hr with DMSO (0.1 %, 

v/v) as a solvent control. The use of PI divides the cells into 3 

populations: diploid, tetraploid and diploid binucleate, and polyploid 

marked D, T, and P respectively. These separate cell populations have 

stained very strongly for PI but there is no green fluorescence, this 

shows that DMSO does not induce DNA replication as assessed by 

BrdU incorporation.
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EGF control

Figure 3.3 Hepatocyte cultures treated with DMSO (0.1 %, v/v) and 

EGF (3.3nM). This results in a large number of cells from all three 

populations incorporating BrdU into their DNA seen as large, positive 

green fluorescing areas.
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TCDD treated

Figure 3.4 Pretreatment with TCDD (40 nM) has no mitogenic effect 

on hepatocyte BrdU incoporation. These results are not observably 

different from those obtained with the DMSO-treated control cultures.
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Figure 3.5 BdrU incorporation into hepatocytes, pretreated with 

TCDD (40 nM) and then incubated with EGF (3.3 nM). Fewer cells 

have incorporated BrdU into their DNA by comparison with the EGF 

control, but considerably more than with the TCDD-alone treated 

cultures.
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Because of these problems, the incorporation of [3H]-thymidine was 

substituted for BrdU. This technique is much quicker, more reproducible 

and reliable, and because of its simplicity it facilitates larger and more 

ambitious experiments.
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3.2 Effect of EGF concentration on [3H]-thymidine 

incorporation in mitogenically-stimulated rat 
hepatocyte cultures

The method used here, adapted from Michalopoulos and co-workers 

(1984), utilises 60 mm plastic petri dishes as opposed to the 160 mm dishes 

of the BrdU experiments. In the BrdU incorporation experiments a 

concentration of 20 ng/ml was used, this is excessive for the smaller plates, 

so it was therefore necessary to determine a suitable concentration of EGF 

which would produce a maximal response in the smaller culture dishes.

The TCDD pretreatment of the cells was planned to enable us to see if the 

reduction in incorporation observed with BrdU could be repeated with 

radiolabelled thymidine. It was thought, that if the reduction did occur with 

the thymidine method, then the range of EGF concentrations being studied 

would make it possible to examine the effect that a great excess of EGF 

would have on the system. The results from the various EGF concentrations 

investigated here should allow the choice of a concentration that will be 

usable for further experiments.

The dose response (Table 3.2) shows that, over the range of concentrations 

studied (0.5-100 ng/ml EGF), either decreasing or increasing the EGF 

concentration from that used in the BrdU experiments:

i) Has no effect on the total levels of stimulation of the cells as assessed 

by [3H]-thymidine incorporation.

ii) Has no effect on the inhibition induced by TCDD pretreatment.
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Table 3.2 The effect of EGF concentration on the stimulation of 

primary rat hepatocytes pretreated with and without TCDD. F ig u res  

are expressed as dpm x 10'3 and are means ± SEM of a single 

experiment with four separate cultures for each treatment group.

EGF CONTROL TCDD

(ng/ml) (Dioxan, 0.1 % v/v) (40nM)

0 -  184 ± 7

0.5 1100 ±29 377 ±15

5 1173 ±41 414 ±23

10 1198 ±61 337 ±25

50 1056 ±46 225 ±11

100 1106 ±41 354 ±10

3.3 Does pretreatment with TCDD affect the time of onset 
of [3H]-thymidine incorporation ?

Plotting the time course for the onset of [3H]-thymidine incorporation into

the cultures of primary rat hepatocytes could answer several questions:

i) Is the 50 % reduction in incorporation simply due to a delay in the

onset of DNA replication in TCDD pretreated cells?

ii) If not does the inhibition occur at onset of thymidine incorporation, due 

to the TCDD having exerted its effect already?

iii) At what time does the onset of thymidine incorporation occur?
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Table 3.3 The time course for the onset of DNA replication in primary 

rat hepatocyte cultures. The results at each time point are expressed 

as dpm x 10 2 and measured by [3H]-thymidine incorporation. * Points 

at 6, 10 and 14 hr are means of quadruplicate samples from one 

experiment, all other time points are the means ± SEM of samples 

from least three separate experiments, each with four plates per 

treatment group.

TIME CONTROL EGF TCDD/EGF

(Hr) 3.3 nM 40 nM/3.3 nM

6 42 52 42
*

10 40 38 35
*

14 37 43 41

16 +itj-(O 8 337 ± 20 171 ± 65

20 CO o l+ 12 1049 ± 329 345 ± 79

24 194 ± 63 1266 ± 210 578 ± 107

28 165 ± 7 1136 ± 210 467 ± 121

32 123 ± 28 1131 ± 294 373 ± 140

36 135 ± 14 1261 ± 275 556 ± 193

40 1267 ± 363 538 ± 116

These results (Table 3.3) show that the start of DNA replication, as 

measured by incorporation of radiolabelled thymidine, is not delayed in cells
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that have been pretreated for 3 hr with TCDD, as compared with control 

cultures. Pretreatment with TCDD seems to result in a reduction in the 

amount of incorporation begininng immediately at the onset of DNA 

replication. The reduction observed in these experiments is approximately 

50%, as was seen in the BrdU incorporation experiments. The onset of 

incorporation appears to be at approximately 14-16 hr for hepatocytes 

under these culture conditions, this is in agreement with other studies (K. 

Walker, PhD. thesis, 1985).

3.4 The effect of TCDD pretreatment on the response of 
primary rat hepatocyte cultures to EGF stimulation

The use of [3H]-thymidine instead of bromodeoxyuridine as the marker for 

DNA replication enabled a larger number of TCDD concentrations to be 

studied. Unfortunately it was not feasible to use concentrations of TCDD 

higher than 40nM, because of solubility problems.The different 

concentrations were prepared by serial dilutions into complete WME.

The range of TCDD concentrations studied were examined in two different 

solvent systems (dimethyl sulphoxide and 1,4-dioxan), this allowed for any 

detrimental effects on the hepatocyte cultures from the solvents, e.g. DMSO 

can reduce EGF receptor binding (Rubin and Earp, 1983).

The results obtained for this set of experiments, using two different solvents, 

are shown in Tables 3.4 and 3.5 and are displayed as dpm x 1CT3. However 

in an effort to standardise the results from these different experiments, 

using different preparations of cells, where the responsiveness of the
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cultures in terms of total radiolabel incorporated differs, the results are 

displayed graphically (Figures 3.6 and 3.7) and expressed as a percentage 

of the EGF control response.

Table 3.4 Effect of pretreatment with TCDD (in DMSO) on the 

incorporation of [3H]-thymidine into EGF-stimulated primary rat 

hepatocytes. Results are displayed as means ± SEM of four cultures 

per concentration, and are shown as dpm x 10 3.

Experiment: 1 2 3 4 Means

TCDD

40 nM 785 ± 45 594 ± 44 594 ± 27 606 ± 49 644 ± 46

4 nM 816 ± 67 578 ± 53 665 ± 16 617 ± 26 669 ± 52

400 pM 902 ± 53 647 ± 29 726 ± 35 617 ± 25 723 ± 64

120 pM 1058 ± 28 725 ± 27 677 ± 28 704 ± 15 792 ± 90

40 pM 1060 ± 27 783 ± 102 831 ± 51 811 ± 44 871 ± 63

12 pM 1234 ± 90 907 ± 20 932 ± 63 892 ± 74 1056 ± 67

4 pM 1350 ± 123 903 ± 50 1049 ± 61 1034 ± 56 1074 ± 94

400 fM 1374 ± 43 1073 ± 38 969 ± 12 1075 ± 56 1123 ± 87

40 fM 1359 ± 65 1028 ± 18 1078 ± 51 929 ± 33 1098 ± 92

Control 210 ± 9 185 ± 7 209 ± 1 187 ± 5 197 ± 7

EGF 1458 ± 92 1180 ± 63 987 ± 53 1087 ± 8 1178 ±101
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The dose response data describes a sigmoid-type curve over the 

concentration range studied here (40 nM-40 fM). For concentrations in the 

femtomolar range the effect of TCDD pretreatment is minimal (6.2 % 

reduction with TCDD in DMSO, and 7.5 % with TCDD in dioxan), but in the

Table 3.5 The effect of TCDD concentration (in 1,4-dioxan) on the 

response of primary rat hepatocyte cultures to EGF. Values plotted 

are means ± SEM of four cultures and are expressed as dpm x 10~3. 

* indicate values taken from three cultures only due to one culture 

having a microbial contamination.

Experiment: 1 2 3 4 Means

TCDD

40 nM 694 ± 34 665 ± 45 548 ± 35 542 ± 23 612 ± 40

4 nM 673 ± 41 594 ± 22 661 ± 26 545 ± 6 618 ± 30

400 pM 761 ± 36 635 ±
*

42 626 ± 44 572 ± 23 649 ± 40

120 pM 833 ± 24 714 ± 40 749 ± 55 654 ± 29 737 ± 38

40 pM 890 ± 28 845 ± 37 787 ± 83 722 ± 14 810 ± 36

12 pM 996 ± 47 1005 ± 82 830 ± 79 785 ± 48 904 ± 56

4 pM 1022 ± 63 937 ± 33 968 ± 38 795 ± 46 930 ± 48

400 fM 1165 ± 42 1152 ± 65 882 ± 24 840 ± 27 1013 ± 84

40 fM 1259 ± 83 1066 ± 120 734 ± 73 800 ± 48 986 ± 108

Control 186 ± 10 277 ± 16 176 ±
*

3 222 ± 11 215 ± 23

EGF 1161 ± 21 1070 ± 64 939 ± 53 953 ± 28 1031 ± 53
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Figure 3.6 Graph of the incorporation of [3H]-thymidine against 

TCDD concentration in EGF-stimulated primary rat hepatocytes. 

These experiments used DMSO as the solvent. Each point is the mean 

of 4 individual experiments ± SEM and is plotted as a %age of the EGF 

control.
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Figure 3.7 Incorporation of [3H]-thymidine, after TCDD pretreatment, 

into EGF-stimulated primary rat hepatocytes. These experiments 

used 1,4-dioxan as the solvent. Each point is the mean of 4 individual 

experiments ± SEM and is plotted as a %age of the EGF control.
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nanomolar range there is, as demonstrated with the BrdU experiments, an 

approximately 50 % reduction (45 % and 42.2 % respectively) in the levels of 

incorporation in comparison with the control samples. Thus it appears that 

there is no difference in the effect of TCDD on hepatocyte DNA synthesis 

with either DMSO or dioxan. An ED50 can be estimated from the graphs, 

and in both cases corresponds to approxiamtely 40 pM.

3.5 Structure/activity relationship

It is thought that many of the toxic effects of TCDD are mediated through its 

binding to a cytosolic receptor (Poland and Glover, 1980). This receptor, 

designated the Ah receptor in mice, binds different dioxin congeners 

(structural analogues), and other structurally isomeric compounds with 

varying affinities. In some tissues these binding affinity differences correlate 

with differing toxic responses (Poland and Kende, 1974).

In these experiments 4 polychlorinated aromatic hydrocarbons were 

investigated. TCDD was used as the reference standard for comparison 

with: 2,3,7,8-tetrabromodibenzo-p-dioxin (TBDD), 1,2,3,4-tetrachloro- 

dibenzo-p-dioxin (1,2,3,4-TCDD), and 3,3’-4,4’-tetrachloroaxozybenzene 

(TCAOB).

The effect of TBDD on the incorporation of [3H]-thymidine into primary rat 

hepatocyte cultures correlates well with its very close structural isomer 

TCDD (Figure 3.8), both in terms of reduction in the levels of incorporation 

here, and effects in other systems i.e. in vivo liver metabolising enzyme 

induction. As with TCDD there is an approximately 50 % inhibition of 

incorporation (49.1 ± 3.0 % of the EGF control at 40 nM) and an ED50 in the 

region of 40 pM.
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Figure 3.8 The effect of TBDD pretreatment on [ H]-thymidine 

incorporation into EGF-stimulated hepatocytes. Results are 

expressed as a % ± SEM of the EGF positive control (1065 x 103 dpm) 

and represent the mean of three separate experiments, each with four 

cultures per treatment group. * indicate values taken from three 

cultures only due to one culture having a microbial contamination.
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Figure 3.10 The effect of pretreatment with 1,2,3,4-TCDD on the 

incorporation of [3H]-thymidine into hepatocyte cultures. T h e s e  

results are expressed as a % ± SEM of the EGF control (1347 x 103 

dpm). Each point represents the mean of three experiments 

containing quadruplicate cultures at each treatment group. * indicates 

values taken from only two separatee xperiments.
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TCAOB, which is structurally isomeric with TCDD, appears to induce a 

reduction (62.6 ± 1.2 % of the EGF control at 4/*M) in the incorporation of 

[3H]-thymidine into hepatocyte cultures following EGF mitogenic 

stimulation, but at a concentration 10,000 times higher than with TCDD 

(Figure 3.9). This is probably due to the faster metabolism of TCAOB as 

compared to the TCDD (Hassoun et al, 1984)

With 1,2,3,4-TCDD however there is no reduction, 98.3 ± 6.7 % of the EGF 

control, even at concentrations of up to 400 nM (Figure 3.10). 1,2,3,4-TCDD 

lacks chlorine atoms at the 2,3,7 and 8 positions which are important for 

TCDD-like activity.

3.6 Do steroids modify the TCDD effect ?

TCDD alters the steroid hormone status of experimental animals and causes 

a down regulation of receptor numbers in a variety of cells (for review, see 

Umbreit and Gallo, 1987), although it does not bind to steroid receptors. 

However the interactions between TCDD and its cytosolic receptor are 

thought to occur in a steroid hormone-like manner. Some of the 

physiological results of TCDD intoxication are similar to effects seen with 

oestrogens (O’Malley and Buller, 1971), thyroxine (Potter et al, 1986) and 

glucocorticoids (Gustafsson et al, 1987). These similarities suggest that 

there may be an effect of steroid hormones on the action of TCDD in 

hepatocytes.

At 1 pM, dexamethasone, a glucocorticoid, does not affect the interaction of 

TCDD with EGF-stimulated hepatocytes (42 % reduction from EGF control), 

however, at 10 /*M there may be a non-specific inhibition, by 

dexamethasone, of cell division under these hepatocyte culture conditions
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Figure 3.11 Histogram illustrating the effect of dexamethasone 

concentration on the incorporation of [3H]-thymidine in hepatocytes. 

The points represent the means of three separate experiments, each 

with four cultures per treatment group, and are expressed as a % ± 

SEM of the EGF control value (1225 x 103 dpm, clear bar) at 0 /*M 

dexamethasone.
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(both TCDD treated and EGF control cultures show reduced incorporation, 

64 % and 13 % respectively; Figure 3.11). There is no evidence from these 

experiments of any synergistic or antagonistic action of TCDD and 

dexamethasone.

3.7 The effect of insulin and TCDD in primary rat 
hepatocyte cultures stimulated with EGF.

EGF and insulin have a reported synergistic action in rat hepatocytes 

(McGowan et al} 1981). It is possible that the effect of TCDD on the 

incorporation of base analogues into hepatocytes is not solely due to its 

action on the binding of EGF, but may be related to alterations in the 

response of cells to other factors i.e. insulin.

Attempts were made to culture hepatocytes in the presence of 0 and 4 

insulin, however under these conditions a poor plating efficiency was 

obtained, this suggests that, although insulin appears to be essential for the 

cells to attach to the plastic dish (few cells attached at 0 ^M), at 4 the 

concentration may have been too high.

At the insulin concentrations studied, 1-3 ^M, cellular attachment was not 

detrimentally affected (2 is the concentration used throughout these 

experiments). The results displayed in Table 3.6 indicate that there was no 

reduction in the effect of TCDD pretreatment (40 nM) on the [3H]-thymidine 

incorporation induced by EGF (3.3 nM), although the base-line, 

EGF-stimulated levels of incorporation were slightly, but insignificantly, 

raised. This can be seen more clearly in Figure 3.12 where the results have
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Figure 3.12 The effect of insulin concentration on TCDD-treated 

EGF-stimulated rat hepatocytes. The results are plotted as a % of the 

EGF control for 2 fM  insulin. This was the concentration used 

throughout the experiments reported here. Each point is the mean ± 

SEM of three different experiments containing four cultures for each 

concentration studied.
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Table 3.6 The effect of insulin on [3H]-thymidine incorporation into 

primary rat hepatocytes mitogenically stimulated with EGF. Values  

are dpm x 10 3 ± SEM and represent three separate experiments with 

four cultures per treatment group. The result, as a percentage of the 

2 EGF value, is shown beneath.

Insulin Control EGF TCDD/EGF

(«M) (dioxan) 3.3 nM (40 nM/3.3nM)

1 182 ±22 1015 ± 182 486 ±115

(21.2) (119) (56.9)

2 167 ± 9 855 ± 82 550 ± 52

(19.6) ( - )  (64.2)

3 170 ± 17 876 ± 153 454 ± 122

(19.8) (102) (53.1)

been standardised to the EGF control value obtained at an insulin 

concentration of 2 fM.
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3.8 Is there an effect of phorbol esters in this system ?

12-0-Tetradecanoyl-13-phorbol acetate (TPA) is the prototype tumour 

promoter of its class, it is effective in vivo in the hairless mouse skin painting 

assay, where it is however 10,000 times less potent than TCDD, (Poland 

etai, 1982) and in vitro in many cellular systems (Weinstein et al, 1977; 

Abernethy etal, 1985).

TPA acts by binding to protein kinase C (Nishizuka, 1984), a key enzyme in 

the second messenger pathway.lt mimics an endogenous ligand, leading to 

enzyme activation (Castagna et al, 1982), and thus subverting the cells 

normal control over growth and development. Like TCDD, TPA has been 

shown to down regulate the EGF receptor in the human breast carcinoma 

cell-line MDA468 (Bjorge and Kudlow, 1987), and to induce phosphorylation 

of the EGF receptor at the regulatory amino-acids threonine and tyrosine in 

A431 cells. This occurs in a manner different to that induced by EGF itself 

(Davis and Czech, 1986). But, unlike TCDD, TPA prevents cell-cell 

communication in Chinese hamster V79 cells, TCDD has no effect. So, in 

the light of these and other similarities of action, an investigation into the 

effect of TPA, another tumour promoter, seemed warranted in this 

hepatocyte system.

The results shown in Table 3.7 indicate that TPA has no effect on the basal 

level of radiolabelled thymidine incorporation into the DNA of primary rat 

hepatocytes as compared to the controls (410 ± 15 x 103 dpm, compared 

to 377 ± 18 x 103 dpm, for the control), nor does it affect the level of 

incorporation following either preincubation with TCDD or mitogenic 

stimulation by EGF. The cells were incubated with or without TCDD (40 nM) 

and with or without TPA (400 nM) for 3 hr, and then after 1 hr in serum-free
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Table 3.7 The effect of TPA on the TCDD-induced inhibition of EGF 

stimulated DNA synthesis. The results are expressed as dpm x 10"3 ± 

SEM and represent three separate experiments each with four plates 

per treatment group. * Cultures lost due to microbial contamination. 

Significant vs. TPA/TCDD/EGF-treated cultures p< 0.001, p,0.05

(Student’s t-test, see Materials and Methods, section 2.6)

Experiment: 1 2 3 4 Means

Control 260 ± 3 181 ± 6 95 ± 3 377 ± 18 229 ± 60

EGF 1529 ± 47 1349 ± 35 1327 ± 20 1852 ± 34 1514 ± 121

TCDD 196 ± 2 130 ± 3 125 ± 1 195 ± 4 161 ± 20

TCDD/EGF 812 ± 27 727 ± 35 640 ± 13 906 ± 20 771 ± 57**

*  * * *  

TPA 340 ± 9 198 ± 8 -  410 ± 15 316 ± 63

TPA/EGF 1620 ± 63 1514 ± 75 1109 ± 43 1928 ± 37 1543 ±169**

TCDD/TPA 238 ± 4 143 ± 1 148 ± 4 238 ± 2 191 ± 27

TPA/TCDD/ 1245 ± 57 993 ± 25 864 ± 28 1182 ± 26 1071 ± 87

EGF
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Figure 3.13 Combined effects of TPA and TCDD on [3H]-thymidine 

incorporation induced by EGF. The results are expressed as a mean 

% ± SEM of the EGF response (1852 x 103 dpm, leftmost empty bar), 

and represent three experiments with quadruplicate cultures for each 

treatment group.
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medium, the medium was changed and EGF (3.3 nM) and [3H]-thymidine 

were added where necessary. In hepatocyte cultures simultaneously 

incubated with both TPA and TCDD for 3 hr prior to EGF treatment there 

was an antagonistic effect. The reduction in radioactivity recorded was to 

70.5 ± 4.6 % of the EGF response, as compared to the reduction induced 

by TCDD alone, to 51.0 ± 1.4 % of the EGF control value. This can be seen 

in Figure 3.13.

3.9 Pertussis toxin, vasopressin and other experiments.

Pertussis toxin, vasopressin and «-thrombin were all examined in this 

primary rat hepatocyte culture system to investigate the possiblity that the 

effect of TCDD on the response of the cell to EGF stimulation might be 

related to a modification in the second messenger signal transduction 

mechanism.

Pertussis toxin modulates the action of EGF in hepatocytes when dosed in 

vivo (Hughes etal, 1987) but when incubated, in vitro, with these primary rat 

hepatocyte cultures there was not the same effect. This lack of effect was 

interpreted as a lack of entry into the hepatocytes by the toxin, preliminary 

experiments using electroporation (see Potter, 1988 for a review) as a 

technique to facilitate entry of pertussis toxin into the cells also proved 

unsuccessful.

Both vasopressin and a-thrombin were shown to be non-mitogenic for 

hepatocyte cultures, this is in agreement with subsequent literature 

(Leutteke and Michalopoulos, 1987). Vasopressin, neither the lys8- nor
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arg8- augmented the response of the hepatocyte cultures to EGF, in 

contrast to previous reports (Russell and Bucher, 1982).

One of the more puzzling things about the toxicity of TCDD is the differing 

susceptibility of various animal species. The acute, oral LD50 varies from 

1 ^g/kg in the guinea-pig to 5,000 ^g/kg in the hamster, although there is 

only a three fold difference in metabolism/elimination of TCDD (Poland,

1984). To investigate if the effect of TCDD on EGF stimulated DNA-synthesis 

could be repeated in other species of different susceptibility, successful 

perfusions to produce hepatocytes from a Hartley guinea-pig and a Golden 

Syrian hamster were performed. The cells were cultured under the same 

conditions as for the rat hepatocytes.

In these cultures the positive controls, consisting of cells stimulated with 

EGF alone, were not significantly different from the untreated controls. It is 

possible that the mouse-derived EGF has sufficient homology with rat EGF 

to be an effective mitogen in the rat hepatocyte cultures, but has insufficient 

homology to induce a mitogenic response in the hamster and guinea-pig 

cultures, thus rendering it ineffective under these tissue culture conditions.
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Discussion of the i n  v i t r o  results

The work described here represents the first experiments into the 

interactions between TCDD and EGF in intact primary hepatocyte cultures. 

The use of these primary cells in short-term culture allows us to look at the 

effect of xenobiotics in a toxicologically relevant in vitro system. The results 

from these experiments will, hopefully, enable us to extrapolate into the in 

vivo situation and help in the elucidation of an overall mechanism for TCDD 

toxicity.

The experiments reported here used incorporation of BrdU and 

[3H]-thymidine into primary adult rat hepatocyte cultures as an indicator of 

DNA synthesis, and hence of proliferation.

The results demonstrate that TCDD pretreatment (3 hr, 40 nM) reduced the 

levels of thymidine analogue incorporation into mitogenically stimulated 

primary rat hepatocyte cultures. This inhibition proved to be both dose- and 

structure-dependent suggesting the involvement of a cytosolic TCDD 

receptor. TCDD pretreatment did not affect the time of onset of DNA 

synthesis, or compete with EGF for binding to the EGF receptor. Variations 

in the concentration of insulin in the culture medium did not modulate the 

reduction in incorporation induced by TCDD following stimulation with EGF. 

Co-incubation of hepatocyte cultures with TCDD and the phorbol ester TPA, 

prior to EGF stimulation, resulted in an inhibition of the effect of TCDD on 

DNA syhtesis.
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4.1 Experiments using the incorporation of 
bromodeoxyuridine

These experiments demonstrated that pretreatment with TCDD altered the 

response of primary rat hepatocytes to the mitogenic stimulation induced by 

epidermal growth factor, in terms of incorporation of the thymidine analogue 

BrdU. It had been shown previously, in preparations derived from rat 

hepatocyte plasma membranes, that TCDD altered the affinity of the EGF 

receptor for its endogenous ligand (Madhukar etal, 1984).

The results reported here indicate that the work of Madhukar and coworkers 

(1984) in an isolated membrane system is relevant in an intact hepatocyte 

cell system. In this system pretreatment with TCDD (3 hr, 40 nM) caused a 

50 % reduction in the amount of BrdU incorporated into the DNA of adult 

primary rat hepatocyte cultures following exposure to EGF. It is worth noting 

that it was not possible to cause a reduction in the amount of incorporation 

of less than 50 % under the conditions reported here. The relationship 

between these two responses to TCDD pretreatment, the loss in affinity of 

the EGF receptor for EGF and the reduction in DNA synthesis following EGF 

stimulation, is still unclear. In small basal cell keratinocyte cultures TCDD 

(100 nM) inh ib its  the binding of EGF in a tim e-, dose-, and 

structure-dependent manner and by approximately 50 % after 4 days 

exposure to the toxicant TCDD (Hudson etal, 1985; Osborne and Greenlee, 

1985).

To investigate further the effects of TCDD in relation to the action of EGF in 

these hepatocyte cultures, in which exposure to TCDD was only for 3 hr and 

DNA synthesis measured after only 40 hr, it was necessary to change the 

marker for DNA synthesis. The technique for measuring BrdU incorporation
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did not lend itself to the type of experiments needed to investigate dose and 

structure response relationships.

4.2 Problems with the BrdU technique

4.2.1 Foetal calf serum (FCS)

In the initial experiments reported here, those using BrdU as the marker of 

mitogenically stimulated DNA synthesis, foetal calf serum (FCS) was 

present in the medium for the duration of the experiment. There are 

numerous defined and ill-defined components of FCS which may be 

mitogenic to hepatocytes under tissue culture conditions (Luetteke and 

Michalopoulos, 1987). Consequently it is not possible to say that following 

treatment with the growth factor epidermal growth factor, all the stimulation 

observed is directly due to the action of EGF alone. It is conceivable that 

EGF may interact with one or more unknown components) and so lead to 

a falsely elevated level of incorporation. The main function of the serum was 

to counteract the effect of the collagenase and any proteolytic enzymes 

released by dead cells, during the preparation of the hepatocytes and first 

three hours of culture. In the experiments using BrdU as a tracer for DNA 

synthesis, the non-EGF treated control cultures did not show an elevated 

level of incorporation implying that, although FCS was present it was having 

only a minor effect. The large majority of the stimulation in the EGF-treated 

cultures can therefore be attributed to the mitogenic action of EGF (see 

Results, Figures 3.2-3.5).

To avoid this slight problem with the presence of FCS in the medium for 

longer than the first three hours, the experiments using radiolabelled 

thymidine as the marker for DNA synthesis were performed in serum-free 

medium. This method, modified from that originally reported by
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Michalopoulos and coworkers (1984), uses FCS for the first three hours, as 

previously for the BrdU experiments, but from then on the medium is 

serum-free. This lack of serum did not detrimentally affect the viability or 

response of the cultures and enabled the resultant stimulation, following 

EGF treatment, to be attributed to EGF alone.

4.2.2 Data acquisition

As mentioned previously (see Results, section 3.1.2) the method used for 

measurement of BrdU incorporation was unsatisfactory on several counts. 

With the computer-assisted data analysis, the positioning of the limiting 

“windows” governing the number of cells counted for any particular 

parameter i.e. fluorescence, varied between experiments. This variation was 

necessary because of differences in the characteristics of the hepatocyte 

populations. As it would be possible to generate almost any desired result 

with judicious placement of these windows, the data acquisition limits were 

fixed for an EGF-treated control sample i.e. no exposure to TCDD. 

Subsequently, in any one replicate experiment, this placement of the 

windows was used for all samples of each treatment. This enabled the 

experiments to be “standardised” and related to a single value, it also made 

allowances for replicate variability.

Due to the nature of the method used for sample preparation in BrdU 

experiments at that time, a large number of cells were needed, dictating the 

use of large culture dishes. Consequently only single concentrations of 

TCDD could be tested at any one time.

The use of radiolabelled thymidine instead of BrdU as the marker for DNA 

synthesis removed this problem. The preparation of the samples for 

scintillation counting was significantly quicker and easier with the thymidine
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method. This simplification of the sample preparation meant that smaller 

numbers of cells were needed. Dose-response investigations were then 

possible using more, and smaller culture dishes, in fact a twelve fold 

increase in the number of cultures used was possible.

4.3 General technical problems 

4.3.1 TCDD

TCDD at 40 nM was present in the culture medium for only the first 3 hr, 

following which time the medium was removed and replaced with 

TCDD-free medium. However due to the lipophilicity of TCDD, it is not 

possible to wash away molecules which have interacted indirectly i.e. those 

molecules which bind to membranes and other lipid-rich cellular 

components. This means that although the extracellular concentration of 

TCDD is negligible the intracellular concentration may still be high. Of the 

total TCDD retained by Hepa-1 cells (derived from a mouse hepatoma), in 

culture, an amount of less than 1 % is specifically bound to the receptor 

(Okey et al, 1980). This implies the presence of “inactive” pools of TCDD 

inside the cell not associated with a receptor. As TCDD is poorly 

metabolised (Neal etal, 1981), the intracellular levels at the beginning of the 

experiment will be similar to those at the end, suggesting that there would 

be a constant exposure. It has been previously reported that low levels of 

TCDD are necessary to saturate the Ah receptor (0.27 nM in C57BL/6 

mouse liver; Poland, 1984). A concentration of 0.28 nM is required to 

saturate half of the specific nuclear binding sites in Hepa-1 cells (Okey etal, 

1980). If, as has been postulated for the action of TCDD in other models 

(Poland and Knutson, 1982; Greenlee et al, 1987), binding to the Ah 

receptor is an important step in this system, there will be adequate TCDD 

present to ensure constant occupancy of the receptor.
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4.3.2 Cell viability

It is, of course, possible that the effect of TCDD was due to a cytotoxic effect 

of the TCDD-treatment on the hepatocyte cultures and not an effect on the 

response of the cells to the action of exogenous growth factor. The effect of 

TCDD on the integrity of these primary rat hepatocyte cultures was 

examined both by LDH analysis of the culture medium and exclusion of 

trypan blue when applied to the cellular monolayer; by both of these criteria 

of viability the cells were not detrimentally affected by the action of TCDD 

(40 nM, results not shown). This is in agreement with previous studies 

where TCDD was shown to be non-cytotoxic in 23 cell types (Knutson and 

Poland, 1980). It has previously been shown that treatment with TCDD at 

5 x 10"9 M reduces the number of lymphocytes to 50-75 % of control values 

in mouse thymus cultures (Hassoun, 1987). However this may not represent 

direct cytotoxicity.

4.3.3 Control levels of incorporation

The levels of incorporation in control dishes are apparently higher in the 

thymidine experiments than in the BrdU experiments. The levels seen in the 

controls can be explained by a degree of stimulation induced by the 

physical separation of the hepatocytes from the liver extracellular matrix, an 

associated removal of the contact inh ib ition experienced by 

non-transformed cells causing them to leave the quiescent Go stage of the 

cell cycle, and partially, as mentioned above, by the presence of the serum 

for three hours.
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4.4 Experiments using the incorporation of [3H]-thymidine

4.4.1 Do TCDD and EGF compete for binding to the EGF receptor?

The initial experiments with the analogue BrdU as the marker for DNA 

synthesis used epidermal growth factor at a concentration of 20 ng/ml to 

mitogenically stimulate the cells. However, for the thymidine incorporation 

experiments a dose response curve for EGF was produced (See Results, 

section 3.1.2). It demonstrated that over the concentration range examined 

(0.5-100 ng/ml) EGF induced the same stimulated level of incorporation, 

which was approx. 5 times that of the controls. Pretreatment with TCDD 

(40 nM) reduced the amount of incorporation into mitogenically stimulated 

hepatocyte cultures by the same margin as in the BrdU experiments, this 

being approximately fifty percent, irrespective of the concentration of EGF 

used. It was not possible to reduce the effectiveness of TCDD by increasing 

the concentration of EGF. This suggests that TCDD is not causing a 

reduction in the levels of incorporation by competing with EGF for binding to 

the EGF receptor. As a mechanism of action for TCDD, competitive 

inhibition seems unlikely as TCDD has only a very low nonspecific binding 

affinity for most proteins; it is more likely to be bound in lipid-rich 

components i.e. the plasma membrane. The structures of EGF and TCDD 

are so totally dissimilar that it is hard to picture a mechanism where TCDD 

would fit into an EGF binding cleft and activate the receptor in an EGF-like 

manner.

4.4.2 Does TCDD affect the time of onset of DNA synthesis?

The 50 % reduction in the incorporation of radiolabelled thymidine as a 

response to the stimulatory effects of EGF could possibly be due to TCDD
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delaying the time of onset of DNA synthesis. This would cause a lower level 

of radiolabelled thymidine incorporation, as measured at 40 hr, but not 

actually reduce the magnitude of the stimulatory response. Considering the 

persistence of TCDD in biological systems this could be a possibility. 

Studies have shown that, following a single 1 pg/kg oral dose to a rat, the 

half-life for elimination was 31 days (Rose etal, 1976). In other experiments 

it has been demonstrated that 18-64 % of a dose of radiolabelled TCDD can 

be found in the liver (Poland and Glover, 1979).

The results from the time course experiments clearly show that the time of 

onset of DNA synthesis, in terms of thymidine incorporation, is not affected 

by preincubation with TCDD (40 nM, see Results, section 3.1.3). However 

the magnitude of the response is reduced by 50 % from the moment of the 

initiation of DNA synthesis. This suggests that by the time of onset of 

incorporation TCDD has already had its effect i.e. it occurs within the first 

14-16 hr of culture after EGF addition.

These results are in agreement with our working hypothesis that TCDD is 

acting through the previously suggested Ah receptor binding model (Poland 

and Knutson, 1982). In this model, TCDD enters the cell and binds to the 

cytosolic Ah receptor. Then after TCDD/receptor modifications and 

translocation to the nucleus, there follows an altered expression of various 

genes, in addition to those coding for the cytochrome P-450 drug 

metabolising system. It is possible that a gene in some way controlling the 

cellular response to EGF is affected by this mechanism. If this is indeed the 

case 14-16 hr is plenty of time for the necessary alterations to have 

occurred, leading to the relevant cellular changes. In a mouse hepatoma 

cell-line TCDD induces half-maximal stimulation of cytochrome P-450 

expression within 15 min (Israel and Whitlock, 1984). A very recent report
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has shown, by Northern blot DNA analysis, that expression of a 

dioxin-inducible gene, not associated with the cytochrome P-450 system, 

was induced two-fold only 45 minutes after TCDD exposure (Sutter et al, 

1990).

4.4.3 What is the nature of the dose-response curve?

The possibility of a dose response relationship was investigated to ascertain 

whether the reduction in thymidine incorporation seen with TCDD was 

related to the TCDD concentration. The effect of TCDD on the mitogenically 

stimulated incorporation of radiolabelled thymidine was dose dependent, 

with a sigmoid dose response curve from 40 nM to 40 fM, with an EC50 of 

40 pM (see Results, Figures 3.6-3.7). This concentration range with its EC50 

of 40 pM shows that the inhibition of EGF-induced DNA synthesis is a more 

sensitive effect than the induction of cytochrome Pi-450 in vivo in both 

C57BL/6 and DBA/2 strains of mice (Poland et al, 1974) and also in in vitro 

keratinocyte cultures as assessed by 7-ethoxy-coumarin O-deethylase 

activity (Hudson et al, 1983). That TCDD is having an effect at such a low 

concentration, and in a dose-dependent manner argues strongly in favour 

of a specific, high affinity receptor mediated mechanism.

By making some assumptions based on results obtained in the Hepa-1 

cell-line, it is possible to speculate on the affinity of the interactions between 

TCDD and the Ah receptor, and the actual number of TCDD molecules 

involved in the interactions.
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Given that the EC50 for TCDD in this system is 40 pM 

i.e. 40 x 10"12/1 x 103 moles/ml

In these cultures there was 4 ml of medium, and 200,000 cells.

Assuming no TCDD absorption to serum components, and 100 % take-up 

by the cells.

40 x 10'12 x 4/1 x 103 x 2 x 105 moles/cell 

= 8 x 10’19 moles/cell

Number of molecules of TCDD per mole 

= 6 x 1023 

Number of molecules of TCDD per cell 

=  8 x 10' 19x 6 x 1023 

= 480,000 molecules/cell

Of the amount of TCDD retained by Hepa-1 cells in culture, less than 1 % is 

specifically bound to the TCDD receptor (Okey eta !, 1980)

= 480,000 x 1/100 

= 4,800 molecules

The hepatoma cell-line Hepa-1, has approx. 5,000 receptors (Okey et al, 

1980). So, even with these very optimistic assumptions concerning the entry 

of TCDD in these hepatocyte cultures, at the EC50 concentration of 40 pM 

the TCDD receptor will not be saturated, assuming that primary hepatocytes 

have a similar number of receptors as the Hepa-1 cell line. This reinforces 

the idea that the effect of TCDD on cellular systems occurs via binding to a 

very high affinity receptor. At the top concentration of TCDD used, 40 nM, it 

is more likely that the receptor will be saturated. But at concentrations
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significantly higher than 40 nM, TCDD becomes insoluble in tissue culture 

medium.

An alternative explanation for the inability of TCDD to reduce the 

incorporation of radiolabelled thymidine into the hepatocyte cultures to 

lower than 50 % of the EGF control value concerns the presence of EGF 

receptors with differing affinities for EGF. Greenlee and coworkers have 

shown that incubation with TCDD (100 nM) for four days, caused a 40 % 

reduction in EGF-binding by specifically down-regulating the highest affinity 

EGF receptors in human epidermal cells, and that this effect was mediated 

through binding to the Ah receptor (Greenlee et al, 1987; Hudson et al, 

1985). At 40 hr, in the epidermal cell model of Greenlee’s group, the 

inhibition of binding was approx. 60 %. This time of 40 hr was the 

experimental end-point for the work reported in this thesis.

It is possible then to suggest that in this hepatocyte model, TCDD is 

affecting the response of the high affinity receptors to EGF, causing a 50 % 

reduction, but the TCDD concentration is not high enough to exert an effect 

on the low affinity receptors.

In these experiments dimethyl sulphoxide (DMSO) was used as the solvent 

for TCDD. It has been reported that DMSO can, at high concentrations, 

induce a down-regulation of the EGF receptor (Rubin and Earp, 1983). 

Although at the concentration of DMSO used here (0.1 %) there was no 

reported effect on EGF receptor binding levels, it was decided to use

1,4-dioxan as the solvent for TCDD. The change in solvent had no effect on 

the levels of incorporation either with or without TCDD and a similar dose 

response profile was observed.
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4.4.4 Is there a structure-activity relationship?

To conclusively show that the effect induced by TCDD was mediated by the 

Ah receptor a structure-specificity relationship was investigated. Three 

compounds structurally similar to TCDD namely TBDD, TCAOB, and

1,2,3,4-TCDD, of known receptor binding affinity and in vivo toxicity relative 

to TCDD, were chosen for these experiments.

In terms of binding affinities for the Ah receptor and AHH induction TCDD 

and TBDD are similar. The extent of this enzyme induction has been 

documented in in vivo models (Saint-Ruf and Hien, et at, 1975). The 

metabolism of zoxazolamine, a muscle relaxant, occurs solely in the liver, 

and is mediated by the TCDD-inducible form of cytochrome P-450. 

Treatment of rats with zoxazolamine results in temporary paralysis and loss 

of the righting reflex, however the time of this paralysis can be reduced by 

induction of the zoxazolamine metabolising enzyme, zoxazolamine 

hydroxylase. Exposure of rats to either TCDD or TBDD (20-0.0015 mg/kg) 

caused a similar, at least a 50 %, reduction in the time of paralysis i.e. time 

between loss and regain of the righting reflex (Saint-Ruf and Hien, et al, 

1975).

However, recent data from teratogenic studies in the C57BL76N inbred 

mouse strain have shown that TBDD (0-192 ^g/kg) was 1/5 as potent as 

TCDD in inducing cleft palate (Harris et al, 1990). This demonstrates the 

variations observed in the effects of dioxins between different biological 

systems. 2,3,7,8-tetrabromodibenzofuran however, was twice as potent as 

its related chlorinated compound 2,3,7,8-tetrachlorodibenzofuran in this 

same system to further accentuate this point.
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1,2,3,4-TCDD has a greatly reduced affinity for the Ah receptor (Kende et al, 

1974). The in vivo activity of TCAOB, although having an affinity for the Ah 

receptor only slightly lower (Kd = 0.93 nM) than TCDD (Kd = 0.27 nM; 

Poland etal, 1976), resembles that of a compound with a significantly lower 

affinity due to its greater rate of metabolism (Poland et al, 1976; W. 

Greenlee, personal communication).

This same progression in activity is seen in the teratogenic effects of these 

halogenated aromatic compounds. In pregnant CD-1 mice 1,2,3,4-TCDD 

induces no foetal abnormalities at single doses equivalent to 

1000/*g/kg/day, whereas TCDD induces a range abnormalities, i.e. cleft 

palate, hydronephrosis, and club foot, at 25 ^g/kg/day (Courtney, 1976). 

TCAOB induced cleft palate and foetal death at doses 1000 times greater 

than for TCDD in C57BL mice (Hassoun et al, 1984). In explant cultures of 

foetal thymus TCAOB causes a significant decrease of about 25 % in the 

number of lymphocytes, when added at 5 x 10'9 M, in comparison with the 

50 % effect observed with TCDD (Hassoun, 1987). The biological potency, 

ED50, of TCAOB and TCDD was estimated from a log-dose response curve 

for the induction of hepatic AHH from chick embryos and C57BU/6J mice. In 

the chicken system the values for TCDD and TCAOB were 0.31 and 

0.45 nmole/kg, and in the mouse 0.9 and 8200 nmole/kg respectively. That 

TCAOB is 18,000 times less potent in the rodent model is indicative of a 

more rapid metabolic inactivation (Poland etal, 1976; Gillette, 1971).

TCDD and TBDD, with a similar affinity for the Ah (dioxin) receptor, produce 

dose-response curves with the same shape and the same ED50 values, 

approx. 40 pM, under the rat hepatocyte culture conditions described here 

(see Results, Figure 3.8). The dioxin isomer 1,2,3,4-TCDD caused no effect 

on the incorporation of radiolabelled thymidine, as predicted considering its
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low affinity for the Ah receptor, its low enzyme inducing ability and its 

negligible in vivo inactivity (see Figure 3.10). The action of TCAOB in rodent 

model enzyme inductive systems lies intermediate between the inactivity of

1,2,3,4-TCDD and the exaggerated effects of TCDD, again probably due to 

its more rapid metabolism (Poland eta l, 1976). In the results reported here 

TCAOB has an intermediate effect on the reduction of thymidine 

incorporation (see Results, Figure 3.9). It appears to mimic the action of 

TCDD but at a concentration approx. 1000 times higher. Presumably, at 

4^M there is a sufficient concentration of TCAOB present to maintain 

occupancy of the receptor and, despite enhanced metabolism, to cause the 

biochemical changes which manifest themselves in a reduction in the 

mitogenic response of the cultures to EGF.

The structure-activity relationship observed with these compounds, and 

with the dose-response data, argues strongly in favour of a mechanism 

involving binding to the Ah receptor as an crucial step.

A recent publication further supports this mechanism. The effect of 

halogenated dibenzofurans, structurally very similar to dibenzodioxins, on 

EGF binding to hepatic receptors derived from neonatal mice was 

investigated (Ryan et al, 1989). In these experim ents both 

2,3,4,7,8-pentachlorodibenzofuran (PeCDF) and 1,2,3,4,7,8-hexachloro- 

dibenzofuran decreased EGF binding in membranes derived from the 

off-spring of dosed mothers. Based on teratogenicity studies PeCDF and 

HCDF are approximately 10 times and 100 times respectively less potent 

than TCDD (Birnbaum et al, 1987). This relative potency is similar to AHH 

and EROD induction and is consistent with the order of the binding affinities 

of these compounds to the Ah receptor (Birnbaum et al, 1987, Weber et al,

1985).
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It appears then that, in this hepatocyte culture system, TCDD, which does 

not compete for binding sites with EGF, enters the cells, and interacts in a 

structure-specific, high affinity manner with the cytosolic Ah receptor. The 

result of this action is manifested within 15 hr of TCDD treatment as 

assessed by inhibition of DNA synthesis, and measured in terms of 

reduction in thymidine analogue incorporation. The processes which are 

either enhanced or inhibited (or both) in this cell model between receptor 

binding and the end-point observation are largely unknown, but, based on 

this model, further investigations were carried out.

4.4.5 The effect of glucocorticoids on TCDD-induced inhibition of 

DNA synthesis.

The action of TCDD, both mechanistically and with respect to the effect of 

EGF in intact cells has been investigated in normal human epidermal cells 

and in keratinocyte cell lines (Rice and Cline, 1984; Greenlee etal, 1987, for 

a review). In the keratinocyte squamous cell carcinoma cell-line SCC-12F, 

TCDD inhibited the binding of EGF to its receptor in a stereospecific and 

concentration dependent manner, demonstrating that the effect of TCDD 

was mediated through binding to the Ah receptor (Hudson etal, 1985). The 

growth response of normal human epidermal cell cultures, in terms of 

[3H]-thymidine incorporation, to TCDD treatment varies with time of 

treatment. TCDD (10 nM) was growth inhibitory in log-phase cultures 

inducing a hyperkeratinisation/enhanced differentiation phenotype 

(Osborne and Greenlee, 1985), whereas in postconfluent cultures TCDD 

exposure resulted in a concentration-dependent rise in incorporation of 

radiolabelled thymidine and increased cell proliferation (Milstone and 

LaVigne, 1984).
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In one keratinocyte cell-line, designated SCC-13, glucocorticoids have been 

shown to stimulate differentiation in confluent cultures. Studies on the 

interactions between TCDD and hydrocortisone and dexamethasone in 

SCC-13 cells have shown that the growth inhibitory action of TCDD in 

log-phase cultures is antagonised by both glucocorticoids. In confluent 

cultures however, TCDD inhibits the enhanced differentiation response of 

hydrocortisone (Rice and Cline, 1984). In fact, in the SCC-9 cell-line 

glucocorticoids appear to be obligatory for the hyperproliferative response 

induced by TCDD treatment (Hudson et al, 1986). TCDD increases the 

binding of dexamethasone to glucocorticoid receptors in SCC-9 cells in a 

concentration- dependent, stereospecific manner indicative of Ah receptor 

involvement (Greenlee etal, 1987).

In the mitogenically stimulated hepatocyte model used for the experiments 

reported here (see Results, Figure 3.11) the glucocorticoids tested, 

hydrocortisone and dexamethasone, failed to antagonise the 

growth-inhibitory effect of TCDD. At the highest concentrations used, 10^M, 

there appeared to be a non-specific inhibition of hepatocyte proliferation. 

This was probably unconnected with the actions of TCDD but, other than 

this, the glucocorticoids had no effect on the cultures either in conjunction 

with EGF, with TCDD or on their own. The rationale behind these 

experiments was twofold; firstly as glucocorticoids induce a different 

species of cytochrome P-450 (P-450IIIA1 in the rat), not associated with the 

Ah locus (P-450IA1; Gonzalez, 1989), if there was a modulation of the action 

of EGF following glucocorticoid exposure, statements could be made 

concerning the role of the Ah receptor. Secondly, literature reports at the 

time, and subsequently, have suggested quite convincingly that TCDD will 

also modify glucocorticoid/steroid receptor pathways (Greenlee etal, 1985; 

Sunaharaetal, 1988: Umbreitand Gallo, 1988).
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4.4.6 How is the proposed mechanism for glucocorticoids relevant 

for TCDD?

Studies into glucocorticoid/receptor interactions and binding rates in rat 

hepatic and rat skeletal muscle models have demonstrated that TCDD 

modifies the glucocorticoid receptor pathway in a dose-dependent manner, 

but causies no decrease in the level of immunodetectable glucocorticoid 

receptor (Max and Silbergeld, 1987; Sunahara eta l, 1988).

This suggests that TCDD may be modifying the binding ability of the 

receptor. It has been shown that TCDD pretreatment increases the activity 

of both cAMP-dependent kinases and protein kinase C in rat hepatic plasma 

membranes (Matsumura et al, 1984). Thus it is possible to postulate that 

TCDD may modulate the function of the glucocorticoid receptor by altering 

the phosphorylation state and/or the reduction of the sulphhydryl groups, 

both of which are crucial to normal receptor function and DNA-binding 

properties (Housley and Pratt, 1983; Grippo etal, 1985; Ryan etal, 1989).

These reports concerning the interactions between TCDD and 

glucocorticoids are also relevant to observations made with TCDD and 

EGF. Pretreatment with TCDD causes a down-regulation of the EGF 

receptor in rat hepatic plasma membranes (Madhukar etal, 1984). There is 

an increase in EGF receptor phosphorylation following TCDD treatment in 

vivo (Matsumura etal, 1984), and TCDD stimulates the activities of Na-, Mg-, 

and Ca-dependent ATPases and protein kinase C (Matsumura etal, 1984).
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4.5 Is this a specific effect on the cell’s response to EGF?

4.5.1 Insulin

To investigate further whether TCDD was specifically affecting EGF and its 

binding, as opposed to a general detrimental effect on the cells response to 

exogenous messages, the effects of various insulin concentrations were 

examined. EGF and insulin have been shown to have a synergistic 

proliferative action in rat hepatocytes (McGowan et al, 1981). The 

concentration of insulin used for the experiments reported throughout this 

thesis was 2 //M, this concentration was treated as an optimum 

concentration. However when these primary rat hepatocytes were cultured 

for 3 hr with TCDD (see Results, section 3.7), in medium containing various 

other insulin concentrations, and were then mitogenically stimulated with 

EGF, no effect on the TCDD-induced reduction in the incorporation of 

radiolabelled thymidine was observed. No change in the overall levels of 

stimulation were observed at 1 and 3 ^M for either the positive (EGF only) 

control, or the TCDD incubated cultures. It is possible that effects may occur 

outside the range tested, but at 0 and 4 /<M there was a detrimental effect on 

the cell attachment capability of the hepatocytes.

4.5.2 Pertussis toxin, vasopressin, thrombin

If the mechanism of action of TCDD in these hepatocyte cultures does not 

involve a direct effect on EGF/EGF receptor interactions then it is possible 

that TCDD has an action in a second messenger pathway initiated following 

cell membrane events. Vasopressin (Prpic etal, 1982) and a-thrombin are 

reported to activate second messenger systems. The action of these two 

hormones, with respect to EGF, was investigated with a view to examining
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whether TCDD exerted any modulation over their action. However in 

preliminary experiments it was discovered that neither of them were 

mitogenic for these hepatocyte cultures (in agreement with recent literature, 

Luetteke and Michalopoulos, 1987) making them unsuitable for use in 

further experiments. Vasopressin (either lys8- or arg8- form) did not 

augment hepatocyte DNA synthesis induced by EGF (see Results, Figure 

3.14) in contrast to previous reports (Russell and Bucher, 1982).

From the idea that TCDD may act via a second messenger pathway, the 

effect of pertussis toxin, from Bordetella pertussis, was investigated. If, as 

suggested earlier, TCDD is affecting only one type of EGF receptor, the high 

affinity receptors, the 50 % stimulation which cannot be inhibited by TCDD 

incubation may be susceptible to an inhibitor of second messenger 

pathways.

Pertussis toxin has been reported to inhibit key membrane proteins called 

GTP-binding proteins (G-protein, Katada and Ui, 1982), these proteins can 

have different functions and both stimulatory and inhibitory forms have been 

reported (Ui, 1984). G-proteins appear to couple cell membrane receptors 

to second messenger systems (Gomperts, 1983).

Pertussis toxin, in some systems including Chinese hamster fibroblasts 

(Paris and Pouyssegur, 1986), guinea-pig neutrophils (Ohta et al, 1985), 

and rat hepatocytes (Hughes et al, 1987; Okajima et al, 1987), inhibits the 

action of a G-protein by causing NAD-dependent ADP-ribosylation of one of 

the G-protein sub-units. Many studies have been performed with EGF and 

pertussis toxin producing contradictory results, both for the action of 

pertussis toxin and the role of inositol phosphates in the EGF stimulatory 

message (Hughes etal, 1987; Taylor etal, 1985).
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Pertussis toxin, (also known as islet-activating protein), was initially 

ineffective in inhibiting the stimulation of rat hepatocyte cultures, possibly 

due to it not entering the cells rather that not inhibiting the G-protein. In the 

experiments reported by Hughes and co-workers, (1987) the toxin was 

administered in vivo and the hepatocytes isolated later by perfusion, this 

was not attempted here due to cost being prohibitive. The positive results in 

this report may have been due to an activation step in vivo facilitating entry 

of the toxin. Pertussis toxin was again tried in the rat hepatocyte system, this 

time following a reported activation step involving incubation with buffered 

dithiothreitol (Okajima et al, 1987), again to no avail. Finally to try to ensure 

toxin entry into the hepatocyte cultures electroporation was attempted (for 

review of electroporation see Potter, 1988), again with no effect on the 

stimulation induced by EGF, although this may relate to the cytotoxic effects 

of the electroporation treatment (50 % of the cells died by 40 hr). At this 

stage further investigations with pertussis toxin were halted.

4.5.3 Phorbol esters

The phorbol esters, of which TPA is archetypal, are a class of tumour 

promoters whose action in inducing a transformed phenotype is thought to 

be mediated by mimicking a natural ligand. TPA acts by binding to 

membrane-bound protein kinase C (Nishizuka, 1984), activating the kinase 

domain of the enzyme (Castagna etal, 1982) and subverting normal cellular 

control mechanisms. TPA, which under certain culture conditions both 

down-regulates the EGF receptor and induces its phosphorylation, had no 

effect on the hepatocyte cultures used in the experiments reported here, 

(see Results, Figure 3.13) either in the presence of EGF or by TPA itself. 

However, in conjunction with TCDD, TPA antagonised the TCDD-induced
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reduction in incorporation of radiolabelled thymidine. This antagonism took 

the form of an approx. 25 % reduction, from EGF control values, with TPA 

present; as compared to an approx. 50 % reduction associated with TCDD 

alone. That TPA alone does not cause an increase in the incorporation of 

thymidine implies that more than the activation of protein kinase C is needed 

for DNA synthesis. TPA in conjunction with EGF causes no extra stimulation.

The mechanism behind this antagonism is not clear. TCDD stimulates the 

activity of both protein kinase C (Matsumura et al, 1984) and the cellular 

equivalent of the Rous sarcoma viral oncogene, pp60c'src, a tyrosine kinase 

(Bombick and Matsumura, 1987). By a unknown mechanism TCDD causes 

increased phosphorylation of the EGF receptor predominantly at tyrosine 

residues, which corresponds to a stimulatory phosphorylation (Madhukar et 

al, 1988). However TPA, presumably by activation of protein kinase C, 

induces phosphorylation at threonine residues, which corresponds to a 

regulatory phosphorylation (Davis and Czech, 1986). These different 

patterns of EGF receptor phosphorylation, possibly induced by the 

enhanced activity of the enzyme protein kinase C, may explain the 

protective effect of TPA in TCDD-treated cultures, leading to a reduction in 

the inhibitive effect of TCDD on DNA synthesis.

4.6 Is there a mechanism to explain these results?

Taking all of these experiments into consideration, it appears that the ’effect 

of TCDD on EGF induced stimulation’ is just one manifestation of the 

activation of the Ah locus induced by binding of a halogenated aromatic 

compound. The mechanism for these effects is of course unknown, but the
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TCDD<:
CYTOPLASM
—TCDD+BP^TCDD-BP *
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Figure 4.1 Model for the action of TCDD. This in vivo m odel is 

adapted from that of Poland and Knutson, (1982). TCDD enters the 

cell, binds to the Ah receptor, and then this ligand-receptor complex 

interacts with the DNA to alter gene expression.
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recent use of molecular biology techniques and receptor-impaired cell 

models has started to unravel some of the complexities.

TCDD binds, in a steroid hormone receptor-like manner (Umbreit and Gallo, 

1988) to its receptor (the structure of which is unknown) in the cellular 

cytosol. The use of a photo-affinity ligand for the TCDD receptor has shown 

that the TCDD receptor has a molecular mass, on a denaturing SDS gel, 

between 95 and 126 kDa depending on the organism, with a 106 kDa 

species proposed as the TCDD receptor in rat cytosol (Poland and Glover, 

1987). This complex translocates to the nucleus where, following an 

“ ac tiva tion ” step, it binds to DNA (Hannah et al, 1986). This 

activation/modification step maybe a conformational change or an 

enzymatic cleavage which then reveals the DNA binding site. The 

ligand/receptor complex after binding has different physical and 

biochemical properties to the complex in the nucleus.

This complex in the hepatoma cell-line Hepa-1 initially sediments at 9S, but 

in its DNA binding form it sediments at 6S (Okey and Dube, 1982; Mason 

and Okey, 1982). Recent studies have demonstrated that the TCDD 

receptor is associated with the hsp90 heat shock protein (Wilhelmsson eta l, 

1990). The glucocorticoid receptor has also been shown to be associated 

with the same protein (Denis et al, 1987). Using receptor variants of the 

Hepa-1 cell-line Wilhelmsson and coworkers (1990) have shown that the 9S 

form of the receptor was associated with hsp90 but did not bind to DNA, 

whereas the 6S form which contained no hsp90 bound specifically to a 

TCDD-responsive genomic “switch” sequence which has been called a 

dioxin responsive element (DRE, Whitlock, 1987). Thus it would appear that 

the receptor binds TCDD, hsp90 dissociates from the ligand/receptor 

complex which can then bind to a specific DRE DNA sequence.
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This DNA domain has the properties of a TCDD-responsive transcriptional 

enhancer, in that it can function relatively independently of its position, 

orientation and distance from the transcriptional start site, thus increasing its 

versatility as a mechanism for controlling gene expression (Neuhold et al, 

1986). The TCDD-responsive genomic domain lies at least 1500 base-pairs 

away from the transcriptional start site for cytochrome Pi-450, which is 

characteristic of inducible enhancers.

Experiments into the nature of the DRE revealed that upstream of the gene 

for cytochrome Pi-450 is at least one other distinct, non-overlapping DNA 

sequence which functions as a TCDD-responsive element (Jones et al, 

1986a). Each element requires the TCDD receptor to function and each has 

the properties of a inde pendently acting transcriptional enhancer. The 

combined effects are at least additive (Whitlock, 1987). The presence of 

multiple DREs has also been shown for the rat cytochrome P-450c gene 

(Sogawa et al, 1986). Two of these elements have been shown to be 

separate 15-nucleotide sequences located between -1000 and -1100 base 

pairs upstream of the transcriptional start site (Fujisawa-Sehara etal, 1987).

Elegant experiments using molecular biology techniques reported by Jones 

and coworkers (1985,1986a, 1986b) have demonstrated that the DREs can 

interact in a “permissive” manner with other responsive elements i.e. GRE, 

for glucocorticoids. These findings suggest that two or more different 

inducible enhancer systems can operate separately but can become 

interdependent and exhibit altered responsiveness, depending on the 

positioning of their relative regulatory domains (Greenlee etal, 1987).
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From these experiments it is easy to see that the response of a gene to 

TCDD may be a function not only of the TCDD-responsive system itself, but 

may also be affected by other regulatory systems to which it is linked. The 

scope of the interactions between products of DREs and either, direct 

biochemical systems, or other genomic responsive elements, is unknown, 

but it is possible to see that almost any system could be affected. However, 

as the response of a cell to its external environment is controlled by the 

information it receives, mostly via the signal transduction pathways, a small 

disruption in this system could lead to incorrect functioning. The form that 

this error takes, and the action which caused it would be dependent on the 

type of information being received i.e. binding of a growth factor, or 

hormone etc, and may well vary between cell types or even between 

species. This might be a possible mechanism to explain at least some of the 

species and tissue specificity that is a characteristic of the biological 

responses to TCDD.

In the rat liver system being investigated here it is possible that following the 

interaction between the TCDD ligand-receptor complex and the dioxin 

responsive sequence, the transcription and translation of regulatory 

protein(s) that control the cellular response to EGF via the signal 

transduction pathway may be altered. These changes at the DNA level 

appear ultimately to modify the cells phosphorylation capabilities leading to 

an activation of enzyme kinases and an inhibition in the cellular response to 

exogenous factors.
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Chapter 5 
The effect of 
2,3,7,8-tetrachlorodibenzo-p-dioxin 
on the normal development of the 
mouse neonate and kidney.

5.1 Introduction

5.1.1 Teratogenic effects of TCDD -  palatogenesis.

The teratogenicity of TCDD in animals was first reported in the early 

seventies and is now well established. In mice the lesions are highly specific, 

the most spectacular abnormalities being cleft palate and hydronephrosis 

(Courtney et al, 1970; Courtney and Moore, 1971) but also thymic 

involution, liver damage, and intestinal bleeding have been reported, 

(Neubert etal, 1973).

The normal development of the palate requires the coordinate action of at 

least two mechanisms, the elevation of the palatal shelf processes from a 

position below the tongue to a position above. This is followed by contact 

and fusing of the two medial edges to a midline epithelial seam. This seam 

immediately degenerates to establish mesenchymal continuity across the 

now intact, horizontal palate (Ferguson, 1988).

Under cell culture conditions, mimicking palatal fusion, EGF has been 

shown to inhibit medial edge epithelial cell death in the presence of 

mesenchyme (Tyler and Pratt, 1980), this cell death has been called 

programmed cell death because, 24-36 hr before shelf contact, DNA
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synthesis ceases. EGF has been shown to stimulate, the mesenchymal 

synthesis of all types of collagen (l-X II), hya luron ic acid, 

glycosaminoglycans and proteoglycans, the division of oral epithelial cells, 

and hypertrophy and keratinisation (Grove and Pratt, 1984; Turley ef al,

1985). In mouse organ cultures EGF increases the rate of mesenchymal cell 

division. The palatal medial edge develops a nipple-like bulge in the area 

where cells, in vivo, have the highest mitotic index (Ferguson, 1988). EGF 

and its probable foetal form a-TGF (transforming growth factor-alpha) have 

an important role in the correct development of the foetal palate, a process 

which is in some way circumvented by TCDD. The role of TCDD is still not 

fully understood but from in vitro experiments using both tissue and organ 

culture techniques, and in vivo experiments, a putative role has been 

suggested. TCDD is a potent inducer of cleft palate in mice.

Glucocorticoids i.e. dexamethasone, induce cleft palate by inhibiting the 

growth of the palatal mesenchyme thereby decreasing size and preventing 

the contact of the two shelf processes (Abbott et al, 1989). Pratt and 

co-workers demonstrated that TCDD does not affect the size of the shelf 

processes, and allows the shelves to make direct contact. TCDD appears to 

prevent the programmed cell death which occurs in the medial epithelial cell 

(Pratt et al, 1984). In TCDD- exposed embryos specific high-affinity 

receptors for TCDD were observed in the epithelium of the palatal shelves 

on gestation day 13, observations on days 11 and 12 were hampered by the 

small size of the shelves.

Hydrocortisone, a glucocorticoid similar to dexamethasone, acted 

synergistically with TCDD in the induction of cleft palate (Birnbaum et al,

1986), whereas Aroclor 1254 (a formulation of polychlorinated biphenyls 

[PCBs]) antagonised the action of TCDD (Haake et al, 1987). That Aroclor
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1254 itself did not cause any teratogenic effects is due to its lower affinity for 

the TCDD receptor, and a faster rate of metabolism and clearance. This 

suggests that glucocorticoids act via a different mechanism to TCDD, while 

Aroclor 1254 competes with TCDD for its receptor, thus causing an 

antagonistic response. This indicates that TCDD induced cleft palate is 

mediated through binding to the TCDD receptor.

Abbott and Birnbaum (1989a), using the advanced techniques of electron 

microscopy, autoradiography, and immunohistochemical staining 

demonstrated that TCDD alters the differentiation of the medial edge cells 

during palatogenesis. They report that TCDD induces continued enhanced 

expression of EGF receptors in these cells, at a time when control cells 

express no EGF receptors and are undergoing degeneration. Following 

exposure to TCDD on day 10 or 12 of gestation the medial edge peridermal 

cells continued to proliferate, bound EGF and expressed receptors, and 

differentiated into stratified, squamous, keratinising epithelium i.e. terminal 

differentiation. These cells then express an oral phenotype which was 

detectable by day 14 of gestation. This hyperplasia and differentiation 

pattern is a recognisable response of epidermal cells to TCDD i.e. chloracne 

in humans, and hyperplasia of the ureteric epithelium in mouse foetus 

(Abbott et al, 1987).

5.1.2 Teratogenic effects of TCDD -  kidney development

The development of the normal kidney involves the development of three 

successive embryonic kidneys; the pronephros, mesonephros and 

metanephros. The first two are vestigial but act as inducers for the final 

metanephric form. The pro- and mesonephric kidneys develop before day 

10 in mice and 5 weeks in humans, and although the mesonephric kidney 

can be transiently functional in some species, by the end of embryogenesis
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it has degenerated. It leaves only some ducts and tubules which become 

genital ducts in males and vestigial remnants in females.

The metanephros develops from two sources, the ureteral bud arising from 

the mesonephric duct and the metanephric blastema in the nephrogenic 

cord (McCormack et al, 1981). The ampulla, the most active part of the 

ureteral bud, grows to contact the metanephric blastema, where it 

undergoes multiple dichotomous divisions. The stalk of the ureteral bud 

develops into the ureter, whilst the first branches dilate to form the renal 

pelves and major calyces (McCormack etal, 1981).

The metanephric blastema is stimulated by the ureteral bud to proliferate 

and differentiate. Stromatogenic cells become connective tissue, while the 

nephrogenic cells in contact with the ampulla proliferate into an ovoid mass. 

This clump of cells develops into an S-shaped tubule/nephron, the cortical 

end of which connects with the connecting tubule, extends into the 

medullary region, develops into the distal convoluted tubule and forms the 

loop of Henle. The medullary end of the ’S’ differentiates into, 1) the neck of 

the nephron and part of the proximal convoluted tubule, and 2) the 

Bowman’s capsule and the epithelial portion of the glomerulus (Potter, 

1972).

Nephrogenesis continues in a centrifugal manner with the youngest 

nephrons in the cortex and the oldest in the juxtamedullary region. The total 

nephrogenic potential may not be achieved until adulthood, the most 

prominent postnatal morphological feature however is the increase in length 

of the loops of Henle and the tortuosity of the proximal tubules. This 

accounts for much of the increase in kidney size following birth 

(McCormack et al, 1981).
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Hydronephrosis can be identified by many features, it refers to the dilation 

of the renal pelvis, and is usually accompanied by a compression and a 

reduction of the parenchyma. Hydronephrotic kidneys often have a reduced 

number of nephrons, tubules that are shortened and/or dilated, and a outer 

cortex and renal papilla that may be small or absent.

The first report of the kidney abnormalities induced by the action of TCDD 

was as a result of teratogenic studies on the herbicide 2,4,5-T using a 

contaminated sample [the sample contained 30 ppm TCDD (Courtney et al, 

1970)]. C57BL/6 mice given 2,4,5-T (46.4 and 113 mg/kg) either orally or by 

sub-cutaneous injection between days 6-14 or 9-17 of pregnancy were 

shown to produce foetuses with kidney abnormalities, at that time identified 

as cystic kidneys. That TCDD was the teratogen was demonstrated a year 

later using a pure sample of TCDD (3^g/kg), and cleaner samples of 2,4,5-T 

in three different mouse strains, DBA/2, C57BL76 and CD-1. TCDD was 

found to be teratogenic in all three strains. The kidney lesions where 

identified as unilocular cystinephrotic kidney and progressive 

hydronephrosis (Courtney and Moore, 1971).

The inbred C57BLV6 strain, which was the most sensitive in these previous 

experiments, was used to investigate any postnatal effects to pups either 

treated with TCDD in utero or to pups nursed onto mothers who had been 

treated with TCDD whilst pregnant. In some elegant experiments involving 

reciprocal cross-fostering (Moore etal, 1973), it was shown that:

i) Exposing pregnant mice to TCDD during foetal kidney development 

produced kidney abnormalities in a dose-dependent manner,

ii) Control pups fostered onto TCDD-treated mothers developed a kidney 

lesion identical to pups exposed in utero and nursed by treated 

mothers,
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iii) However, pups exposed in utero and fostered onto control mothers 

failed to demonstrate the progressive hydronephrosis observed in 

other groups.

The conclusion drawn from this was that there was a postnatal lesion with a 

common aetiology to the prenatal hydronephrosis, probably caused by the 

pups receiving TCDD through the maternal milk. The concentration, or even 

presence, of TCDD in the mother’s milk was never examined so the latter 

part of this conclusion is open to debate.

However the presence of hydronephrosis at the time of teratogenic assay 

does not necessarily presuppose that this is a permanent lesion. Treatment 

of mice with the herbicide Dinoseb (2- sec-butyl-4,6-dinitrophenol) on days 

10-12 of gestation produced, amongst other malformations, 30-40 % 

hydronephrosis in near term foetuses. But seven days post partum 

hydronephrosis was not detectable (Gibson, 1976). This inability to show 

permanent hydronephrosis postnatally in pups exposed solely in utero, as 

with TCDD in mice and methyl salicylate in rats (Woo and Hoare, 1972), 

suggests that in some teratology experiments the observed apparent 

hydronephrosis maybe due to a delayed maturation rather than a 

permanent morphological change. The only other investigation of the 

postnatal effect of TCDD on mice pups was carried out by Matsumura’s 

group (Madhukar etal, 1984) using BALB/c mice, where the females were 

dosed with TCDD (10 ^g/kg, i.p.) within 3 hr of giving birth and the effect of 

TCDD on the pups assessed in terms of eye-opening, incisor eruption, hair 

length, and body and thymus weight. TCDD showed a significant change 

from control treated pups for every parameter studied. But the presence of 

a hydronephrotic kidney abnormality was not looked at, and again the 

actual dose of TCDD the neonates received was never ascertained.
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An aetiology for the formation of the prenatal hydronephrosis was put 

forward (Abbott et al, 1987) from work using a dye-injection technique. A 

dye was injected into the bladder wall at different times during pregnancy to 

ascertain whether the ureter had become blocked following TCDD 

(12/*g/kg, oral) treatment. The ureteric epithelium has been shown to be 

extremely sensitive to TCDD-induced disruption of normal proliferation 

patterns, a hyperplastic response has been reported in guinea pigs 

(McConnell et al, 1978a; Gupta et al, 1973), rhesus monkeys (Macaca 

mulatta, McConnell et al, 1978b; McNulty, 1985) and cows (although this 

was a sample of polychlorinated phenols contaminated with polychlorinated 

dioxins, McConnell, 1980). Abbott and co-workers (1987) demonstrated 

that TCDD can induce a hyperplastic response in ureteric epithelium 

resulting in a blockage in the lumen of the ureter. Thus, when urine is 

produced by the first functional metanephric nephrons, the ureter is already 

clogged with epithelial cells leading to accumulation of urine in the kidney 

and, eventually, hydroureter and hydronephrosis.

In rats, TCDD does not cause a teratogenic effect, but does cause embryo- 

and foetotoxicity (Courtney and Moore, 1971; Sparschu e ta l, 1971; Khera 

and Ruddick, 1973). In rabbits however, although no external signs of 

teratogenicity were observed, severe embryotoxic and embryolethal effects, 

manifested in kidney abnormalities and extra ribs, were reported (Giavini et 

a/,1982). Treatment of chick embryos with TCDD caused a 10 % increase in 

mortality, and a range of cardiovascular malformations (Cheung et al, 

1981). A mixture of dioxins extracted from contaminated meal, mostly 

containing 1,2,3,7,8,9-hexachlorodibenzo-p-dioxin, caused beak, eye, leg 

and brain malformations when injected into fertilised eggs (Firestone, 1973).
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With respect to human teratology, there have been no incidents where a 

population has been exposed to TCDD alone. Exposure in industrial, military 

and environmental settings has been almost totally restricted to males via 

TCDD as an unwanted contaminant of certain chlorinated phenols i.e.

2.4 .5 -trich lo ropheno l and phenoxyacetic acids derivatives i.e.

2.4.5-trichlorophenoxyacetic acid (2,4,5-T), where exposure was minuscule 

in comparison to these other chemicals.

There are probably only two occasions where females have been exposed, 

in Seveso and Yusho. Studies on birth defects in the Seveso population 

used chloracne as a sensitive marker for human TCDD exposure. Between 

1977 and 1982, 15291 births were examined (only 29 occurred in the area 

marked for the highest exposure), and no increased risk of birth defects 

associated with TCDD was observed (Mastroiacovo et al, 1988). In the 

“Yusho” incident in 1977/8 when cooking oil was contaminated with 

polychlorinated biphenyls (PCB’s) and dibenzofurans (structurally very 

similar to dibenzodioxins), some developmental problems have been 

reported (Hirayama, 1976). Because the half-life of these chemicals in 

human tissues is similar to dioxins, offspring of exposed females are 

exposed through transplacental transport and breast-feeding. Significant 

numbers of these exposed children were born with abnormalities of gingiva, 

skin, nails, and lungs. Many were born with teeth present and eye-lid 

swelling (c.f. incisor eruption and precocious eye-opening in mice with 

TCDD or EGF). Apart from this Yusho example, albeit using a TCDD-like 

chemical, no convincing data exists for a teratogenic effect of TCDD in 

humans, this contrasts with the wealth of data for its effects in experimental 

animal systems.
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The experiments described later in this chapter were designed to test the 

hypothesis that TCDD acts on the kidney by disturbing the action of EGF. 

Mouse neonates were dosed individually by dorsal sub-cutaneous injection 

with either EGF or a known concentration of TCDD and the previously 

reported effects were investigated, both in relation to hydronephrosis and 

the observations of Matsumura and co-workers regarding eyes, teeth and 

weight.

5.2 Methods

5.2.1 Animal preparation/mouse breeding

Virgin female mice (between 50-120 days old) were housed either 

individually or two:one, with males. The inbred strains of mice used were 

BALB/cLac, C57BL/10ScSn, and DBA/2Cbi (all held and bred in these 

laboratories). After a suitable breeding time the males were removed and 

kept separately for further use. Crosses were also prepared by mating trios 

of two C57BL/10 females with a single DBA/2 male to give B10D2/F1 pups. 

Some of these were to be used for experimental investigations and some for 

breeding to produce backcrosses with the parental strains, to ascertain 

whether the TCDD induced lesions had a genetic basis. The females were 

separated and placed individually into plastic mouse boxes and allowed 

unrestricted access to food and water.

On the day of birth the litters were collected and either randomised (BALB/c 

and B10D2/F1 expts) or the litter numbers adjusted to given equal numbers, 

approximately 4-6 pups per litter. Depending on the number of litters 

available, the treatment groups consisted of litters which were treated with 

TCDD or EGF, control litters which were treated with the vehicle (DMSO or 

saline), and litters which were treated half with TCDD/EGF and half with
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DMSO/saline. The TCDD/EGF treated pups were marked by tail-clipping 

and later by ear-punching, and the untreated pups were left unmarked.

One litter containing some runted pups was produced by leaving a mother 

to suckle her litter of 10 pups. These pups were left for 22 days to show the 

effects of a reduced food intake on kidney development.

5.2.2 Dosages

The tail-clipped pups were administered a dorsal sub-cutaneous injection of 

TCDD, 1.55 fi\/g body weight using a 40 solution in DMSO, this is 

equivalent to 20 ̂ g/kg TCDD. Control animals received DMSO at the same 

dosage volume. EGF-dosed pups were administered with daily s.c. 

injections of mouse EGF, 1 /*l/g body weight of a 0.5 ^g/«l solution, this 

equates to 0.5 g/g body weight; controls received saline 1 p\/Q body 

weight. The body weights were recorded individually for each animal. The 

pups were returned to their mothers.

5.2.3 Procedures

Daily observations for body weight changes, and days of eye-opening and 

incisor eruption were made on all dosed animals. Observations for 

eye-opening and incisor eruption were made using a pooled results system, 

i.e. if the upper incisor appeared on day 10 and the lower incisors on day 11, 

a positive result was scored for day 10.5. At three weeks the mice were 

weaned into large animal boxes in four separate groups. Males and females 

treated with TCDD and male and female controls. Urine and plasma 

samples were taken at convenient intervals from both dosed and control 

groups in experiment II for analysis of EGF levels by Mr. A. Hudson. From 

21 days onwards animals were periodically removed and killed by carbon
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dioxide asphyxiation; the kidneys, and where possible, the ureters, were 

removed. Tissues for histological examination were fixed in 10 % neutral 

buffered formalin, paraffin embedded and stained with haematoxylin and 

eosin for analysis by Dr. A. Seawright or in the case of the B10D2/F1 hybrids 

by Dr. G. Hard. In cases of gross hydronephrosis, the kidneys were 

photographed in situ before removal, due to their delicate nature.

BALB/c mice culled on days 22 and 23 after treatment were assayed for 

kidney water content. One kidney was removed and the value for the wet 

weight obtained. The kidney was then placed in a vial, and put into an oven 

at 110°C until no further change in weight was observed.

5.3 Results

5.3.1 Early effects of TCDD

Various developmental parameters were examined in mouse neonates to 

investigate the effects reported by Madhukar and workers (1984), using 

mice dosed directly with 20 ^g/kg TCDD as opposed to mice exposed to 

TCDD through maternal milk. The precocious eye-opening observed with 

pups exposed to TCDD via the maternal milk was also seen in pups directly 

exposed. In Table 5.1, the results are from four separate experiments using 

BALB/c, C57BL/10, and B10D2F1 (C57BLV10 x DBA/2) mice.

In each case the onset of eye-opening was accelerated in the dosed pups 

as compared to the control animals. As was reported by Matsumura and 

coworkers (1984), a discharge from the precociously-opened eyes was 

observed, in all the strains studied. This yellow discharge, if not removed by 

swabbing gently with PBS, became sticky and crusty, and caused the eyes 

to be temporarily sealed closed.
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Table 5.1 Effect of TCDD on mouse neonatal eye-opening. Days of 

eye-opening were scored as described as in the Procedures section. 

In experiments I & II BALB/c mice were used, in III & IV C57BL/10 and 

B10D2/F1 respectively were used. Statistical analysis was performed 

using the Mann-Whitney Test. Significance of difference from the 

corresponding control : **p< 0.001, *p< 0.005 (see Materials and 

Methods, section 2.6).

Experiment I II III IV

Days TCDD Cont TCDD Cont TCDD Cont TCDD Cont

n = (12) (9) (21) (21) (7) (6) (12) (10)

11 - - - - 2 - 1 -

11.5 - - - - 1 - 1 -

12 8 1 6 - 4 - 8 -

12.5 1 - 6 - - - - -

13 - 2 5 - - - 2 5

13.5 3 1 1 - - - - 1

14 - 5 3 2 - 1 - 4

14.5 - - - 1 - 5 - -

15 - - - 14 - - - -

15.5 - - - 3 - - - -

16 - - - 1 - - - -

16.5 - - - - - - - -

Mean Day 12.4* 13.5
* *

12.7 15.0
* *

11.6 14.4
* *

12.0 13.5

SEM 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2
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This same yellow discharge was noticed in eyes precociously opened due 

to the effect of EGF treatment. As with TCDD treatment and as previously 

reported (Levi-Montalcini and Cohen, 1960; Madhukar et al} 1984 and 

others) EGF induces precocious eye-opening, incisor eruption and a 

reduction in the growth rate, (see Table 5.2 below). The weight of the 

reduced food intake animals, as recorded at 21 days, is also shown here.

Table 5.2 The effect of EGF on some developmental parameters In 

BALB/c neonates. Pups received 15 daily doses of 0.5 ^g EGF/g bw 

from day 1 post partum. Those mice labelled as ‘reduced food intake’ 

received no EGF or saline and represent a single large litter, n = 9. 

Other results are derived from litters containing either control animals 

only or both dosed and control animals, and are expressed ± SEM, 

n= 6.

EGF dosed 

(0.5/*g/g bw)

Controls Reduced 

food intake

Eruption of all 

lower incisors: by day 8 by day 9 —

Mean day of 

eye-opening: 8.57± 0.2 13.0 ±0.0 —

Mean weight at 

21 days: 10.4 ± 0.3 11.3 ±0.6 7.51 ± 0.2
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These animals received no dosing but were included to show any kidney 

effects associated with a reduced diet.

Figure 5.1 shows that the rate of increase in weight of TCDD dosed pups is 

reduced compared to that of control animals. The results expressed in 

Figure 5.1 are taken from an individual experiment using BALB/c mice but 

data recorded in experiments using different strains (C57BL/10 and DBA/2) 

show the same trends.

Incisor eruption was investigated in TCDD exposed BALB/c mice. The 

results are expressed as number of mice with erupted incisors against mean 

day of eruption are shown. Table 5.3 shows that TCDD accelerates the 

eruption of incisors, mean day 10.3 ± 0.2 as compared to 12.1 ± 0.2 for the 

controls.

Results obtained by Mr. A. Hudson, using a radioimmunoassay technique 

showed that TCDD treatment of BALB/c pups caused a reduction in the 

levels of epidermal growth factor in the urine of male mice, when calculated 

both in terms of ng EGF/ul urine produced or ng EGF/wg creatinine (see 

Appendix). But levels of EGF in the plasma of TCDD dosed pups were not 

significantly different to control pups (results not shown).

5.3.2 Effect of TCDD on mouse kidney development

BALB/c mice culled on days 22 and 23 after treatment were assayed for 

kidney water content. No significant differences in weight were observed in 

the amount of water, expressed as a percentage of the wet weight (Table 

5.4). However, the overall weights of the kidneys from TCDD dosed animals 

were lower than those for control animals. This may be associated with the 

general reduction in weight of the TCDD dosed pups.
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Figure 5.1 The effect of TCDD on body weight gain in BALB/c mice. 

Weights are expressed as Means ± SEM, n = 21.
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Table 5.3 The effect of TCDD on the eruption of incisors in BALB/c 

mice. Results are expressed using a pooled results system (see 

Procedures section) as Means ± SEM. **p<  0.001 : Mann-Whitney 

Test (see Materials and Methods, section 2.6).

Day Control TCDD

(DMSO) (20 /*g/kg)

8 - -

8.5 - 2

9 - -

9.5 - 5

10 - 1

10.5 3 4

11 - 7

11.5 4 2

12 - -

12.5 12 -

13 - -

13.5 2 -

14 - -

Mean Day: 12.1 ±0.19 10.3**±0.20
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Table 5.4 The effect of postnatal TCDD on the water content of 

BALB/c mice kidneys. Mice were dosed with a single 20 yug/kg 

injection of TCDD on day 1 post partum. Kidneys were removed on day 

21 after exposure.

Wet weight Dry weight Water content

(g) (g) (% of wet weight)

Control

1 0.100 0.030 70.0

2 0.093 0.023 75.2

3 0.117 0.031 73.5

4 0.091 0.023 74.7

5 0.099 0.026 73.7

6 0.083 0.022 73.4

Mean: 73.4 ± 0.73

TCDD

1 0.053 0.014 73.6

2 0.075 0.020 73.3

3 0.049 0.009 81.6

4 0.051 0.013 74.5

5 0.054 0.014 74.1

6 0.072 0.020 72.2

Mean: 74.9 ± 1.38
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Kidneys were taken at the same time for histology. Figure 5.2 shows a low 

power cross-section of a kidney taken from a BALB/c control mouse at 21 

days. The kidney of a TCDD treated animal at 23 days (Figure 5.3), 

appeared to be very little different from the control, and in situ, there seemed 

to be little macroscopic difference. Under higher power, Figure 5.4 shows 

the renal cortex of a 23 day old control mouse showing glomeruli displaced 

well within the cortical margin by the developing tubular structures of the 

newly forming nephrons. In Figures 5.5 and 5.6, taken from TCDD dosed 

mice, the poorly developed glomeruli are crowded right at the outer edge of 

the cortical margin, in contrast with Figure 5.4 from a mouse at the same 

developmental stage. This is suggestive of a defect of nephron 

development, although normal glomeruli are present. By the position of 

these glomeruli it is probable that they developed before birth and were thus 

not affected by the TCDD exposure during their development

That this developmental dysfunction is not related to the overall growth rate 

of the animal (and its kidneys) is confirmed by the normal histology of a 

kidney taken from a control runt, Figure 5.7, used as an animal with a 

reduced food intake, and therefore growth rate, comparable with the TCDD 

dosed pups, and at the same developmental stage (21 days). Here again 

the glomeruli are displaced well within the cortex as in control Figure 5.4.

This nephron agenesis is seen more clearly under higher magnification, in a 

kidney taken from a TCDD dosed mouse at 31 days. Figure 5.8 illustrates 

the striking persistence of the failure of nephron development, showing 

poorly developed glomeruli at the outer margin of the cortex. Figure 5.9 

taken at 38 days shows glomerular sclerosis, and in Figure 5.10 at the same 

age but at a lower magnification, evidence of nephron dysgenesis is visible 

with cystic glomeruli, interstitial fibrosis and distension of the tubular lumens
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with poor tubular development. Figure 5.11 shows a control kidney taken at 

the same magnification, where the large central glomeruli are displaced well 

inside the outer cortical margin, highlighting the developing aglomerular 

cortex.

Later, at 86 days, macroscopic changes were visible. The kidneys from 

TCDD treated mice that did not show the occasional gross hydronephrosis, 

illustrated in Figure 5.12, were noticeably paler and often slightly distended. 

A low power cross-section through a TCDD treated mouse kidney, Figure 

5.13, taken at 86 days shows a cystic space in the cortex, which is indicative 

of renal agenesis. In Figure 5.14, at the same time and magnification, 

advanced hydronephrosis is visible together with hydroureter. The same 

hydroureter is seen in Figure 5.15, this lesion was not always present, c.f. 

Figure 5.16 of a TCDD treated mouse kidney at 86 days with a “normal” 

ureter. At higher magnifications the extent of the renal dysgenesis is clearly 

visible by 86 days with TCDD dosed mouse kidneys showing, in Figure 5.17, 

a depressed cortical area and tubular structures that are very primitive with 

large cyst-like spaces in the glomeruli. Other progressive degenerative 

lesions observed include, in Figure 5.18, atrophic sclerotic glomeruli, and in 

Figure 5.19, mild lymphocytic infiltration and cast formation in the renal 

tubules.

At 104 days after TCDD treatment, in a C57BL/10 mouse, poorly formed 

glomeruli can still be observed at the cortical margin (Figure 5.20), as in 23 

day old mice Figure 5.5 and 5.6. The associated tubular structures have 

failed to develop into functional nephrons, and have increased in size, 

simply due to the growth of the kidney with age. Even with DBA/2 mice (103 

days after TCDD treatment) hydronephrosis and a small number of poorly 

formed glomeruli are detectable, Figure 5.21.
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Sections taken from the kidneys of female C57BL/10 mice kept for a longer 

period of time (277 days, 40 weeks), and examined by Dr. G. C. Hard, all 

displayed a dilation of the renal pelvis indicative of hydronephrosis, some 

animals showed a mild, focal urothelial hyperplasia.

The glomerular dysgenesis seen at the earlier time points was again seen in 

these sections and described as “arrested nephron development”. These, 

and other, effects on the glomeruli were also seen in kidney sections taken 

from C57BL/10 males. Both sexes show an age-related chronic progressive 

nephropathy which was not seen in the controls. In TCDD-exposed 

B10D2/F1 hybrid mice, killed at 294 days, kidney sections taken from female 

mice, with minor exceptions, showed no pelvic dilation, hydronephrosis, or 

nephropathy, whereas in slides of kidneys from TCDD-exposed males all 

these lesions could be seen.

The hydronephrosis was as described earlier and, although clearly visible, 

was significantly less pronounced than in the case of the parental C57BL/10 

strain. The same situation was found with the age-related nephropathy, it 

was present, as seen in the C57BL/10, in the male mice but not in the 

females. Looking macroscopically at the kidneys in situ, it was possible to 

distinguish the males from the females as their kidneys were distended and 

of paler colour.

Slides taken from the kidneys of BALB/c mice administered 15 repeated 

daily subcutaneous doses of EGF (0.5 fig/g bw/day) and killed at 21 days 

showed normally developed glomeruli, displaced well within the cortex of 

the developing kidney with a clearly defined cortex corticis (aglomerular 

space), Figure 5.22. The lack of any TCDD-like lesion is shown in later 

sections taken from 2 EGF-treated BALB/c mice kept until 487 days
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(approx. 16 months). The slides of these kidneys exhibited normal 

histology, but with a slight age-related nephropathy in the male.

It is worth noting that with both TCDD dosed and EGF treated animals no 

tumours where observed, even in the older animals.
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Figure 5.2 Low power cross section of a control mouse 

kidney. Taken from a male BALB/c mouse after 21 days, 

magnification x 25.
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Figure 5.3 Transverse section (T.S.) under low power 

of a kidney from a TCDD-dosed BALB/c mouse. T a k e n  

at 23 days, TCDD 20 //g/kg bw, magnification x 25
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Figure 5.4 Longitudinal section (L.S.) of a 23-day old 

control female BALB/c mouse renal cortex. G l o m e r u l i  

(arrows) are displaced well w ithin the renal cortex. 

Magnification x 140
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Figure 5.5 Renal cortex, in L.S., from a TCDD-dosed (20 

z^g/kg bw) BALB/c female mouse at 23 days. G lo m e r u l i  

(a rro w s) are c row ded at the  ou te r m arg in , norm al 

glomeruli (asterisks) are also present. Magnification x 150
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Figure 5.6 Renal cortex from  a female TCDD-dosed 

(20 /ug/kg bw) BALB/c mouse at 23 days. It shows poorly 

developed glomeruli at the cortical margin. Magnification x 

150
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Figure 5.7 L.S. of a BALB/c control runt male mouse 

kidney. Showing normal glomeruli displaced well inside 

the renal cortex. Magnification x 150

-  142 -



Chapter 5

Figure 5.8 H igh pow er L.S., at 31 days, fro m  a 

TCDD-treated (20 ̂ g/kg bw) BALB/c male mouse. T h e  

k idney taken at 31 days shows poo rly  deve loped 

glomeruli. Magnification x 400
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Figure 5.9 TCDD-dosed (20 ^g/kg bw) female BALB/c 

mouse kidney taken at 38 days. L.S., under high power 

showing glomerular sclerosis (arrow). Magnification x 

400
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Figure 5.10 Renal co rte x  from  a m ale BALB /c 

TCDD-treated (20 //g/kg bw) mouse at 38 days. C y s t i c  

glomeruli (arrows) are clearly visible, distended tubular 

lumens (asterisks) can also be seen. Magnification x 150
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Figure 5.11 High power section from a female control 

BALB/c mouse at 23 days. This section shows a clear, 

well defined, aglomerular cortex. Magnification x 400
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Figure 5.12 The abdomen of a TCDD-dosed (20 ^g/kg 

bw) C57BL/10 male m ouse show ing  g ro ss  

hydronephrosis. This animal was found dead and post 

mortemed immediately, magnification x 2.5
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Figure 5.13 Low pow er cross  sec tio n  th ro u g h  a 

TCDD-dosed (20/<g/kg bw) female BALB/c mouse kidney 

at 86 days. A la rge  c y s tic  space can be seen. 

Magnification x 25
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Figure 5 .14 Low power section taken at 86 days from a 

TCDD-treated (20/^g/kg bw) male BALB/c mouse kidney.

Shows advanced hydronephrosis and hydroureter 

(arrow). Magnification x 25
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Figure 5.15 The hydroureter, shown in Figure 5.14, 

under high power. Taken from a TCDD-exposed BALB/c 

male mouse (20/^g/kg bw) as before. Magnification x 150
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Figure 5.16 A normal ureter from  a TCDD-treated 

BALB/c mouse at 86 days. For comparison with Figure 

5.15. Magnification x 400

-  151 -



Chapter 5

Figure 5.17 Renal cortex, under high power, from a 

TCDD-treated BALB/c female mouse at 86 days. In th is  

section a depressed cortical margin and cyst-like capsular 

spaces in the g lo m e ru li (a rro w s) can be seen. 

Magnification x 150

-  152 -



Chapter 5

Figure 5 .18 High power section of the renal cortex of a 

TCDD-dosed BALB/c mouse kidney at 86 days. Th is 

section shows an atrophic sclerotic glomerulus (arrow). 

Magnification x 400
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Figure 5.19 Section taken from a TCDD-treated (20 

/ig/kg bw) BALB/c mouse at 86 days. Cast formation in 

the renal tubules (asterisks) and mild lym phocytic 

infiltration (arrows) can be seen. Magnification x 400
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Figure 5.20 Poorly formed glomeruli still present at the 

cortical margin 104 days after dosing. L.S. taken from a 

female C57BL/10 TCDD-dosed (20 /*g/kg bw) mouse 

kidney. Magnification x 400
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Figure 5.21 High power section from a DBA/2 mouse 

kidney at 103 days following TCDD-treatment (20 ^g/kg 

bw). This shows a poorly formed glom erulus at the 

cortical margin. Magnification x 400
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Figure 5.22 Renal cortex of a BALB/c mouse given daily 

doses of EGF (0.5 /ig/g bw) for 14 days. Here, at 21 days, 

norm al g lo m e ru la r deve lopm en t can be seen. 

Magnification x 150
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5.4 Discussion

The effects of TCDD and EGF on early developmental changes were 

examined using direct dosing of the neonatal pups on the first day of birth.

Previous studies have investigated the effects, on neonates, of TCDD 

administered via maternal dosage, but obviously the actual levels of TCDD 

exposure are impossible to gauge accurately from this type of experiment. 

The investigations of Matsumura and co-workers (Madhukar et ai, 1984; 

Matsumura et ait 1984) demonstrated that the times of eye-opening and 

incisor eruption in the inbred mouse strain BALB/c, were significantly 

reduced in comparison with control animals, following a single dose of 

TCDD (10^g/kg bw) to the mother on the day of birth. Daily injections to the 

pups with EGF (0.5 /*g/g bw) for 14 days following birth reduced the time 

needed for these accelerated developmental events to occur.

TCDD is known to be a potent inducer of cleft palate when administered on 

either day 10 or 12 of gestation in mice (Courtney and Moore, 1971). The 

mechanism for TCDD induced cleft palate is thought to involve a failure of 

the programmed cell death of the medial epithelial cells of the palatal 

shelves, thus preventing palatal fusion (Pratt eta !, 1984). EGF is thought to 

be important in the signal for the onset of this programmed epithelial cell 

death (Abbott and Birnbaum, 1989). The cells of the developing oral 

epithelium have been assayed for the presence of EGF receptors during 

gestation, and a large number were detected (Abbott and Birnbaum, 1989). 

It is tempting to speculate that the layer of oral epithelial cells covering the 

incisors are “instructed” to degenerate via an EGF-mediated signal, as with 

the medial palatal epithelium, and TCDD causes a perturbation or 

attenuation of this signal so inducing an earlier eruption of the teeth. This is
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partly supported by the effect of exogenous EGF on incisor eruption 

(Levi-Montalcini and Cohen, 1960; Madhukar et al, 1984) and reported 

again here. Following EGF dosing all lower incisors had erupted by day 8 

after birth, as opposed to day 9 for the saline treated controls.

Experiments in hepatocyte membrane preparations have demonstrated that 

TCDD induces down-regulation of the EGF receptor by reducing the 

number of receptors present (Matsumura et al, 1984). This suggests that 

TCDD can alter cellular sensitivity to the stimulatory action of EGF (or its 

foetal analogue «-TGF) by altering the number of receptors on the cel! 

surface. A study to investigate the action of endogenous EGF both with and 

without TCDD pretreatment, and of exogenous EGF, in terms of receptor 

binding and/or affinity would be required to confirm this idea.

A hypothesis that TCDD affects the EGF signal in cells can also be applied 

to the eye-opening effects. By day 14-15 of gestation the eye lids of mice 

foetuses have grown together and become sealed by a thin layer of 

epithelial cells joining the epidermal cells of the lids. It is possible that, like 

the palate, the epithelial cells joining the two lids degenerate, at a specific 

time, under the control of chemically mediated factors, to cause 

eye-opening. The original observations of Levi-Montalcini and Cohen (1960) 

indicated that EGF was active in this process, our own observations (Table 

2), along with those of Madhukar and colleagues (1984) confirm this.

Studies with human epidermal cell cultures and cell lines have shown that 

TCDD enhances terminal differentiation, and reduces the amount of EGF 

binding, possibly by down-regulation (Osborne and Greenlee, 1985; 

Greenlee et al, 1987), suggesting that TCDD, as well as affecting cell death
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in epithelial cells, could promote differentiation of the eye-lids, thus causing 

a precocious opening of the eye.

So there exists a weight of evidence, albeit somewhat circumstantial, to 

merit a hypothesis that the eye and teeth effects induced either by 

exogenous EGF or by direct TCDD dosing could be caused by changes in 

the normal pattern of development stimulated by EGF or a-TGF, with 

particular reference to cell death and differentiation.

The effect of TCDD and of EGF on the normal growth and weight gain was 

also investigated. As with the eye-opening and tooth eruption, reduced 

weight gain following EGF treatment was noticed previously in mice and 

could be due to the effects of EGF on somatic development (Levi-Montalcini 

and Cohen, 1960) as opposed to a simple reduction in the amount of food 

consumed. In the present study a reduced food intake by mouse neonatal 

pups was ensured by allowing a mother to suckle her entire, large litter of 10 

pups (9 surviving until weaning). These pups were compared with those 

treated with EGF to gauge the effect of EGF on the growth rate of mice. In 

underfed animals the rate of growth was reduced, mean body weight after 

three weeks was 85.0 % of the control value (11.2 ± 0.6 g), and with EGF 

treated animals the 21-day body weight was also reduced, 92.8 % as 

compared to the controls. In TCDD-treated pups the reduction in growth 

rate, the body weight at weaning being 81.6 % of the control value, is most 

likely attributable to the suppression of appetite (wasting syndrome) which 

has been demonstrated in mice, rats and guinea pigs (Kelling et al, 1985). 

No attempt was made to measure or control the amount of food or milk 

consumed by the TCDD-exposed pups as compared to the controls, this 

could have thrown some light on a possible mechanism.
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To investigate whether the effect of TCDD on the induction of 

hydronephrosis postnatally was mediated through its action on the cytosolic 

Ah receptor, a process thought to be necessary for many of the toxic 

manifestations of TCDD (Poland and Glover, 1980), inbred mice strains of 

differing responsiveness to the enzyme inductive effects of TCDD were 

used. The earlier TCDD effects on development were also investigated as 

for BALB/c mice. DBA/2 mice, considered non-responsive (Poland et al, 

1974), were dosed with TCDD (20^g/kg) as before, and the effects of TCDD 

on eye-opening and incisor eruption investigated.

Unfortunately problems were encountered with this part of the experiment, 

firstly the DBA/2 mice were very reluctant to breed, and secondly, following 

birth, the DBA/2 females were not successful as mothers, these are 

well-known characteristics of DBA/2 mice, (Festing, 1979). After dosing, and 

before the first assessments of developmental changes were made, 75 % of 

the pups were cannibalised by the mothers. It was not possible to obtain 

enough data to be presented here, however it did appear that eye-opening 

and incisor eruption, following TCDD exposure, occurred at the same time 

in DBA/2 mice as for the BALB/c mice. This is most likely due to the dose of 

TCDD administered being too high to show any differences in the early 

effects associated with TCDD exposure, (cleft palate, eye and incisor 

effects, pre- and postnatal hydronephrosis), in these strains of inbred mice, 

but still below the levels necessary for the induction of major toxicological 

lesions i.e. thymic atrophy, porphyria, ascites and a general loss of 

condition, (Kociba and Schwetz, 1982).

Studies have shown that the levels of TCDD in unexposed pups nursed onto 

TCDD-dosed mothers can exceed the dose (ag TCDD /kg bw) originally 

given to the dams (Moore et al, 1976). Poland and Glover (1980) showed,
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prenatally, that a dose of 30//g/kg to the mother induced 50 % cleft palate in 

responsive mice but with DBA/2 mice no cleft palate was found, suggesting 

the involvement of the Ah locus. Recent studies have suggested that 

hydronephrosis is a more sensitive indicator of TCDD exposure than cleft 

palate (Birnbaum et al, 1989) and consequently should occur at a lower 

dose. In the experiments of Madhukar and coworkers (1984), a dose of 10 

fig/kg TCDD was administered to the dam inducing precocious eye-opening 

and incisor eruption in the BALB/c mouse pups (a responsive strain).

How do the concentrations of TCDD used in these previous experiments 

relate to the 20 //g/kg TCDD dosed directly to the pups in the studies 

reported here?

Assumptions

i) Weight of a female mouse post parturition = 30 g

ii) Maternal fat content = 13.2 % bw 

(Donnelly, 1982)

iii) Assume a dose of TCDD 10 //g/kg bw to the dam 

(Madhukar et al, 1984)

iv) Absorption of the dose of TCDD = 90 %

v) Distribution of TCDD through the body fat is uniform

vi) Milk fat required and consumed by a pup daily = 10 g/kg bw 

(WHO report, 1987)

Weight of fat in adult = 30 x 13.2/100 g 

Weight of TCDD dosed = 10 x 30/1000 = 300 ng
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from (iii) Weight of TCDD absorbed = 300 x 90/100 = 270 ng

TCDD in maternal fat= 270 x 100/(13.2 x 30) ng/g fat

A pup consumes daily via milk fat 

= 270 x 100 x 10/(13.2 x 30) ng TCDD/kg bw/day

Daily dose of TCDD = 682 ng/kg bw/day 

«  0.7 //g/kg bw/day to the pup

This is a daily dose maintained for the duration of the suckling period, so the 

cumulative exposure of the pups to TCDD via maternal milk is not far from 

the dose of TCDD given to the pups directly. It would appear that, because 

eye-opening and incisor eruption were induced in both non-responsive 

mice and the F1 hybrid, either a dose of 20 //g/kg is somewhere near the top 

of a dose response curve for induction of developmental effects with TCDD, 

or that these effects are not associated with the Ah locus.

Initially the experimental use of DBA/2 mice had been to examine the effect 

of TCDD on a non-responsive strain. This was to be followed by the 

production of hybrid crosses with C57BL/10 mice, to investigate whether the 

induced developmental effects segregated with the Ah locus. The first step 

of this procedure was to produce B10D2/F1 crosses from the two parental 

strains (C57BL710 x DBA/2). These would then have been mated back with 

the original parental strain DBA/2 to produce backcrosses, which, following 

TCDD treatment and Ah locus phenotyping, should show whether the Ah 

locus was crucial in the induction of hydronephrosis (or precocious 

eye-opening and incisor eruption). The F1 crosses (B10D2/F1) when 

treated with TCDD showed results in agreement with the parental strains
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(see Table 1) with eye-opening occuring at day 12 ± 0.15 compared to 13.5 

±0 .15 for the controls. However, with the dose of TCDD being used 

inducing a positive result in the supposedly non-responsive parental strain 

DBA/2 it was decided to abandon the experiments at this stage and 

concentrate on the characterisation of the kidney lesion also induced 

post-natally by TCDD.

From the histological examination of the kidney sections it appears that two 

distinct, TCDD-induced lesions are present. Hydronephrosis in mice has 

been reported previously both with pre- and postnatal exposure, but never 

before with direct dosing to the pups (Courtney et al, 1971; Moore et al, 

1973). A mechanism for TCDD-induced hydronephrosis put forward by 

Abbott and coworkers in 1987, suggesting that TCDD induces a hyperplasia 

in the ureteric epithelium is partially supported by the observations reported 

here where some occlusion of the ureter, leading to hydroureter, was seen.

From the hypothesis that EGF may be involved in these TCDD-induced 

kidney lesions by stimulating proliferation of the ureteric epithelium, 

neonatal mouse pups were administered daily doses of EGF (0.5 g/g bw) 

for 15 days. Histological examination of these EGF dosed mice, showed no 

detrimental affect on normal kidney function due to the EGF treatment. 

None of the kidney lesions observed in TCDD-treated mice were observed 

in the mice dosed with EGF. The radioimmunoassay studies investigating 

the levels of EGF in the urine of BALB/c mice exposed to TCDD, as 

compared to control levels, show that the levels of EGF, specifically in the 

urine, and not in the plasma, are reduced. Studies have shown that mRNA 

coding for a precursor of EGF, designated prepro-EGF, is present in the 

cortex and ductal tubule system of the mouse kidney at levels which are
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only two-fold less than in the submaxillary gland, which contains some 2,000 

times more EGF than the kidney (Rail etal, 1985; Byyny etal, 1972).

Whether the levels of EGF measured in the urine by the radioimmunoassay 

correspond to EGF or to a cross-reaction of this prepro-EGF is uncertain, 

but either way it appears that TCDD is subverting the normal functioning of 

EGF in this system, illustrated by the observed reduction in urinary EGF. 

This mechanism for the lowering of the EGF levels in the urine is not known, 

but for EGF to be causing an enhanced proliferative response in the ureteric 

epithelium an elevated EGF level would be more probable. The absence of 

any TCDD-like kidney lesions and hydroureter tends to suggest that 

mechanism involving EGF as a major part is not likely. The presence of 

hydronephrosis in some DBA/2 mice would, on first assessment, tend to 

rule out any involvement of the Ah locus. However it has been reported that 

when male mice are housed together for a protracted period, as these 

animals were, fighting occurs. This may result in the development of 

abscesses of the perineal and preputial glands which can lead to ureteral 

obstruction, hydroureter and eventually hydronephrosis (Tucker and Baker, 

1967). So, the possibility of a mechanism involving the Ah locus, which 

considering results with the DBA/2 mice appears unlikely, cannot be ruled 

out entirely.

The other possible TCDD-induced lesion described as glomerular agenesis 

or arrested nephron development has not been previously reported. This 

lesion produces focal cystic changes, which are d istinct from 

hydronephrosis, and seem “to be associated with an aplasia (or agenesis) 

of the ureteral-bud collecting system” - Dr. A. Seawright.
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After birth the neonatal kidney continues to produce nephrons up to about 

day 14, at this point nephrogenesis ceases and tubular development 

proceeds to form an aglomerular space between the newly-formed 

glomeruli and the outer edge of the cortical margin (McCormack et al, 

1981). The presence of poorly developed glomeruli within this supposedly 

aglomerular space is interpreted as arrested nephron development. That 

the glomeruli are actually at the outer cortical margin suggests that the 

development was arrested at an early stage (although theoretically it could 

occur at any time in the first 14 days). It is likely that chemical signals are 

involved, as instructors or initiators, to co-ordinate the various parts of the 

developing kidney, and that a chemical initiator of nephron development is 

turned on during the gestation period, and off after about 14 days.

If, in the pre- and immediately postnatal kidney, TCDD is working as has 

been suggested in other tissues (Poland and Knutson, 1982; Greenlee etal, 

1987) by binding to the Ah receptor, translocating to the nucleus and 

altering expression of the gene products of the Ah locus, it is possible that a 

regional aplasia in one or more of the developing ureteral-bud branches 

could be induced by TCDD. Either a gene product of the Ah locus could 

interact directly with a developmental initiator, or the initiator itself could be 

a downstream gene product of the Ah locus and so have its expression 

altered i.e. terminated or enhanced by the action of TCDD.

That TCDD has an indirect inhibitory effect on DNA sythesis in stimulated 

kidney cells was suggested by Greig and coworkers (1974) using an in vivo 

adult rat model, stimulating kidney cells to divide with folate. In this system 

TCDD inhibited DNA synthesis, an effect shown by 3-methylcholanthrene 

(3-MC) but to a lesser extent. This difference in effectiveness between TCDD
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and 3-MC, supports the case for an interaction between the Ah receptor and 

TCDD.

The presence of abnormal histology, in terms of this glomerular lesion and 

the hydronephrosis, in the male B10D2/F1 hybrids but not in the female 

mice suggests that levels of sex hormones may play a part in the 

development of the TCDD-induced kidney effects. It must be noted 

however, that the putative effects of TCDD are thought to occur very soon 

after birth and well before sexual maturity, in terms of sex hormone 

production, is reached. Shiverick and Muther (1982) suggested that 

enhanced enzyme metabolising ability following TCDD administration 

altered both the liver metabolism and the blood distribution of oestrogens. It 

has been suggested that the relative immunity of hamsters to the toxic 

effects of TCDD is related to an ability to elevate the body levels of 

oestrogens (Umbreit and Gallo, 1988). It is possible that in developing male 

B10D2/F1 mice pups, where presumably the levels of oestrogens are lower, 

there would be a greater susceptibility to the effects of TCDD as opposed to 

the female where a higher concentration could possibly give “protection”. 

There is some literature evidence to support an idea involving the action of 

sex hormones. Kidney differences between the sexes in inbred strains of 

mice have been reported, both in terms of morphology and toxic responses 

(Dunn, 1949). Female mice seem to be relatively resistant to the tubular 

necrosis associated with chloroform poisoning (Eschenbrenner and Miller, 

1945). These initial experiments certainly suggest that the correct follow-up 

experiments will yield some interesting results.
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5.5 Conclusions

Direct dosing of neonatal mice with TCDD (20 //g/kg, s.c.) induces the same 

alterations of developmental responses, at approximately the same times, 

as in pups apparently exposed to TCDD through maternal milk.

TCDD induces at least two distinct kidney lesions in neonatally exposed 

BALB/c and C57BL/10 mouse pups. The first is hydronephrosis, as has 

been reported earlier (Courtney et al, 1971). A new lesion described as 

glomerular agenesis or arrested nephron development is reported.

In hybrid B10D2/F1 mice the expression of both of these lesions is more 

pronounced in the males than in the females.

Neonatal BALB/c mice exposed to TCDD from birth have reduced levels of 

EGF in the urine, but not in the plasma.

Exposure of BALB/c mice to repeated daily doses of EGF (0.5 /zg/g bw/day) 

does not cause the TCDD-like kidney abnormalities described above.
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5.6 Further Experiments

Some additional experiments relevant to this work, which are either planned

or in progress are:

i) Investigation of the effect of TCDD on DBA/2 mice in terms of the 

observed TCDD-induced kidney lesions at earlier time points.

ii) Investigation into the early effects of TCDD on mouse kidney 

development by dosing either BALB/c or C57BL/10 mice with TCDD 

(20 /<g/kg) on the day of birth and killing animals for histology at 1, 5, 

10,15, 20 days to see exactly when TCDD exerts its action.

iii) Investigation of the sex difference with respect to kidney lesions in the 

B10D2/F1 hybrid mice, and possible monitoring of the levels of the sex 

hormones.
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Appendix

The experiments reported here were performed by Mr. A. Hudson, at the 

Medical Research Council Laboratories, Carshalton (Hudson, unpublished 

data). The concentration of EGF in the urine and plasma of both 

TCDD-treated and control animals was measured by a solid-phase 

radioimmunoassay adapted from a method previously reported by Bynny 

and co-workers, (1972). The results from analysis of the urine (shown in 

Table 1 overleaf), indicate that TCDD treatment reduces the levels of EGF in 

the urine of BALB/c mice, following a single s.c. 20 /*g/kg dose given at day 

1 postpartum. A large variation was observed in the results obtained from 

plasma samples and no comparison between test and control animals 

could be made.
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Table 1 The effect of TCDD on the levels of EGF in the urine of male
itfc

BALB/c mice assayed by RIA. p<0.05 : Wilcoxon Paired Rank 

test.

ng EGF/al urine fig EGF/mg creatinine

Age (days) TCDD Control TCDD Control

30 0.499 0.620 1.848 2.138

38 0.344 0.524 2.024 2.382

44 0.877 1.128 2.193 3.760

51 0.421 1.457 1.914 2.857

58 0.306 0.898 1.020 1.604

64 0.083 0.558 1.038 2.426

76 0.044 0.480 2.000 2.400

Mean
**

0.368 ' 0.809 1.720 * 2.510

SEM 0.106 0.140 0.183 0.253
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