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ABSTRACT

Concern has increased that widespread adverse effects are occurring in humans and wildlife

populations as a result of exposure to environmental chemicals (mostly man-made) that

disrupt the normal functioning of the endocrine system. Many pharmaceutical, agricultural

and industrial chemicals, acting as endocrine modulating compounds (EDCs), have been

detected in an accumulated form in food, in drinking water and in the environment.

Although the levels of these chemicals can be measured analytically, it is important to

evaluate biological activity. For this, animal models are used and relevant bioassays

developed. These assays are based on biological markers, which are specific

xenobiotically-induced physiological responses and are usually deviations in cellular or

biochemical components, processes or structures. Vitellogenin is a large protein complex,

produced in the liver under estrogen control and circulates in the plasma, destined for

incorporation into the developing oocyte in female oviparous vertebrates. Since

vitellogenin production is low or nonexistent in males, its presence may therefore be

interpreted as evidence of exposure to estrogenic environmental contaminants. In this study

the African Clawed Frog, Xenopus laevis was used as model to study the effects of

estrogens on biochemical and physiological parameters associated with vitellogenesis. As a

starting point the seasonal female reproductive cycle in a natural Xenopus laevis population

in terms of ovarian state, plasma vitellogenin and plasma estrogen levels was studied. It

was shown that plasma vitellogenin and estrogen levels were seasonal and correlated to a

seasonal ovarian cycle, which peaked during spring. However, although seasonality

existed, there were reproductively active individuals at any time during the year. Increases

in plasma estrogen levels predated increases in plasma vitellogenin levels and ovarian
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maturation. Lipoprotein profiles, as well as plasma cholesterol, triglyceride and

phospholipid concentrations were determined and it was shown that estrogen affected these

in such a way that these parameters could be used as additional markers in estrogen

contamination studies. In order to develop an in vitro bioassay to screen for estrogenic

activity, the use of hepatic tissue cultures was investigated. Optimal culture conditions were

established and increased sensitivity in the estrogenic response was obtained by using liver

slices from male frogs that were pre-treated with estrogen. Validation studies proved that

this bioassay could be employed for routine screening of water and chemical samples. In

order to refine the Xenopus laevis vitellogenin ELISA and liver slice bioassay, existing

polyclonal anti-vitellogenin antibodies were replaced by culturing monoclonal antibodies.

Selected antibodies were characterised and ELISAs developed and validated. This study

showed that the newly developed Xenopus laevis vitellogenin ELISA and liver slice

bioassay have the potential to be employed in environmental monitoring programmes.
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UITTREKSEL

Daar is toenemende besorgdheid dat afwykings in mens- en dierbevolkings voorkom as

gevolg van blootstelling aan chemikalieë (hoofsaaklik mensgemaak) in die omgewing

wat die normale werking van die endokrienstelsel versteur. Verskeie farmaseutiese,

landbou- en industriële chemikalieë, wat as endokrienversteurders optree, is in die

omgewing gevind. AI kan die vlakke van hierdie stowwe analities bepaal word, is dit

belangrik om hulle biologiese aktiwiteit te evalueer. Hiervoor word diermodelle

aangewend om toepaslike toetse daarvoor te ontwikkel. Hierdie toetse word baseer op

biologiese merkers, spesifieke xenobioties-geïnduseerde fisiologiese reaksies, en is

gewoonlik afwykings van sellulêre- of biochemiese komponente, -prosesse of -

strukture. Vitellogeen ('n dooiervoorloper) is 'n lipoproteïenkompleks wat, onder

estrogeenbeheer, in die lewer vervaardig word en in die plasma sirkuleer vir uiteindelike

inkorporasie in ontwikkelende oësiete van vroulike, ovipare werweldiere. Aangesien

daar min of geen vitellogeen in manlike diere geproduseer word, is die teenwoordigheid

daarvan 'n aanduiding dat die dier aan estrogeniese omgewingsbesoedeling blootgestel

is. In hierdie studie is die Platanna, Xenopus laevis, as model gebruik om die gevolge

van estrogene op biochemiese en fisiologiese veranderlikes, wat met vitellogenese

geassosieer word, te bestudeer. As vertrekpunt is die seisoenale voortplantingsiklus van

die wyfie, in terme van vitellogeen en -estrogeen vlakke in die plasma en aktiwiteit van

die ovaria bepaal. Daar is aangetoon dat die estrogeen- en vitellogeenvlakke in die

plasma met die ovariumsiklus, wat gedurende die lente hoogtepunte bereik, korreleer.

Alhoewel daar seisoenaliteit bestaan, was daar dwarsdeur die jaar wyfies wat ovarium

dooierneerlegging getoon het. Verhoging in estrogeenvlakke het vitellogeenpieke en

rypwording van die ovaria voorafgegaan. Lipoproteïenprofiele, sowel as die cholesterol-

, trigliseried- en fosfolipiedkonsentrasies in die plasma is bepaal en daar is aangetoon
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dat estrogeen hierdie medeveranderlikes in só 'n mate affekteer dat hulle as bykomende

biomerkers vir estrogeenblootstelling in besoedelingstudies gebruik kan word. In vitro

Xenopus laevis lewersnitte in die weefselkultuur omgewing is ondersoek om 'n biotoets

te onwikkel vir die gebruik in vinnige estrogenisiteits-toetsing van watermonsters en

chemise stowwe. Die mees gunstige kultuurtoestande is bepaal en die sensitiwiteit van

estrogeenreaksies is verhoog deur lewer van mannetjies, wat vooraf met estrogeen

behandel is, te gebruik. Hierdie biotoets se geldigheid is gestaaf en kan in roetine

eerstevlaktoetsing van watermonsters gebruik word. Die gebruik van poliklonale

teenliggaampies in 'n bestaande enzyme-linked immunosorbent assay (ELISA) is

vervang deur spesiaal-ontwikkelde monoklonale anti-Xenopus laevis vitellogeen

teenliggaampies. Uitgesoekte teenliggaampies, spesifiek teen die estrogeen-

geïnduseerde proteïene, is gekarakteriseer en ELISAs saamgestel en die geldigheid

gestaaf. Hierdie studie het aangetoon dat die nuut-onwikkelde Xenopus laevis

vitellogeen-ELISA en lewerkultuurbiotoets die potensiaal het om In

omgewingsmoniteringprogramme gebruik te word.
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CHAPTER I:GENERAL INTRODUCTION
GENERAL

The endocrine system can simplistically be defined as the chemical communication

system of the body, which regulates homeostasis. It is comprised of endocrine glands

that are controlled by peptide hormones released from the pituitary, direct neural input

and circulating chemicals. The endocrine system participates in most of the critical

aspects of an organism, such as sexual differentiation, maturation and reproduction

(Ganong, 1997; Witorsch, 2002).

The US-EPA defines endocrine disruption as change(s) in endocrine function

that are caused by exogenous substances and leads to adverse health effects in an intact

organism or its progeny. Such exogenous substances are called endocrine disrupting

compounds/contaminants (commonly referred to as endocrine disruptors, endocrine

modulators or EDes) and their effects have been recognised globally as a serious threat

to humans and animals alike (Naz, 1999). Based on present scientific knowledge of the

nature of the endocrine system, it is evident that, although there is no accepted

conclusive evidence that EDes impede upon human health, EDes can modulate or

disrupt the endocrine system. Various authors have illustrated the different levels at

which such disruption may take place. Witorsch (2002) have shown the complexity of

potential disruption such as hormone secretion and elimination, regulatory feedback

relationships and the way EDes could interfere through mimicking or antagonising

effects.

Many agricultural and industrial chemicals have been shown to disrupt

hormonal balances in animals (Soto et al., 1994; White et aI., 1994). The resultant

interference may have a drastic effect on the regulation of reproduction and

development, embryonic and early post-natal, of natural populations. Many EDes have
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been detected in food, in drinking water and in various places in the environment and

pose a great health threat upon exposure (Palmer et al., 1998; Jones et al., 2000).

Guilette (1994), for instance, showed in a case study how the spillage of pesticides

caused the gross abnormalities observed in the sexual organs and reproduction of

reptiles.

EDes include a group of chemicals that induce responses mimicking the effects

of natural estrogen. These hormonally active agents interact with the estrogen receptor

and are the most widely studied group of EDes. These xenoestrogens have been shown

to cause abnormalities in humans and animals. Some of the effects in animals associated

with xenoestrogen exposure are hermaphroditism, altered male:female-sex ratios,

gonadal abnormalities, reproductive dysfunction, precocious sexual development and

feminisation of the animal (in the sense that the animal shows physiological and

morphological responses normally associated with high levels of circulating estrogen;

Jorgensen, 1992). In humans specifically, potential endocrine disrupting effects due to

contaminants are on the increase and includes testicular cancer, decreased sperm counts,

cryptorchidism (abdominal position of the testes) and hypospadias (displaced urethral

opening) in men, breast and ovarian cancer in women and retarded intellectual

development in children (Korach and McLachlan, 1995; Arnold et al., 1996).

As a result of the interest in EDes, and specifically estrogenic compounds,

much research are being performed on the effects on living organisms and methods are

being developed to detect these compounds in surface water bodies (Jones et aI., 2000).

For this, in vivo as well as in vitro tests for estrogenicity, in the form of bioassays, are

used. The biological activity of xenoestrogens is evaluated by using biomarkers in

appropriate animal models. Specific biochemical or physiological biomarker reactions

in these animals are identified. The abnormally induced estrogenic responses can thus

2
Stellenbosch University http://scholar.sun.ac.za



be detected and/or measured. These biomarkers are usually the variation or deviation in

cellular or biochemical components or processes, structures, or functions. They act as

early warning signals and indicators, suggesting diligent evaluation and risk assessment.

Various species of fish, frogs and turtles have been used as indicators of EDC activity

(Palmer and Palmer, 1995; Harries, 1999; Kime, 1999; Kloas, 2002). These studies have

shown how xenoestrogen contamination in the environment could successfully be

detected with the use of biomarkers.

Vitellogenesis in oviparous male animals is an example of such a biomarker.

Vitellogenin is a large protein complex that occurs naturally in the serum of adult,

female, non-mammalian, oviparous vertebrates such as fish, amphibians, reptiles and

birds. It serves as precursor to the egg-yolk proteins during egg-production and plays a

vital role in oogenesis and reproduction (Heppell et aI., 1995). Vitellogenesis and

reproduction is under direct control of the female hormone estrogen (Paolucci and

Botte, 1988). Because males possess none or very low levels of natural estrogen, they

do not normally synthesise vitellogenin. Males do, however, have small numbers of the

estrogen receptor in the vicinity of hepatic nuclei as well as the transcriptional

mechanisms to produce vitellogenin. When exposed to estrogen, the numbers of these

receptors are up-regulated and vitellogenin synthesis occur (Gronen et aI., 1999). The

presence of vitellogenin in males would indicate an abnormal situation and is therefore

a biomarker for estrogen exposure (Guillette, 1994). Since vitellogenin can be induced

by endogenous as well as exogenous estrogens, the hepatic synthesis of vitellogenin,

and its subsequent appearance in the blood of males, are often used for the detection of

environmental estrogens and estrogen-mimics (Palmer and Selcer, 1997; Palmer et aI.,

1998; Chowet al., 1999; Harries et al., 1999; Jones et al., 2000). Other bioassays that

are employed, for instance, are based on other estrogen-specific proteins, the estrogen-

3
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induced proliferation of carcinoma cell lines, genetic markers, sexual differentiation of

amphibians, competition ligand binding and others (Soto et aI., 1995; Korach and

McLachlan, 1995; Kloas et al., 1999; Hermann et al., 1997).

In this study, the aquatic African clawed frog, Xenopus laevis. was used as

model animal. In general, the aims were first to determine certain physiological values

pertaining to reproduction and lipid responses for this animal and then to develop

bioassays for endocrine modulation associated with these. The reproductive cycle, based

on vitellogenin, estrogen and ovarian states was described and the lipoprotein status and

estrogen-induced responses measured. In order to eliminate seasonal effects on

bioassays, a standardised in vitro test was validated for use in environmental screening.

The need for increased sensitivity in determining estrogenic activity was addressed with

the development of monoclonal antibodies and appropriate ELISAs. The use of this

technology was illustrated with the sampling and testing of selected water bodies for

potential EDC contamination.

SEASONAL CYCLE

Reproduction and embryonic development are of the major areas where

endocrinologically active contaminants could modulate the natural endocrine functions.

Since the discovery that environmental chemicals can alter these, the extent of

disruption has been a growing concern (Guillette and Gunderson, 2001; Witorsch,

2002). Disruption of reproductive activity have been correlated with endocrine

dysfunction due to contaminants and studies illustrated how exposure of animal

populations to sewage effluent and pesticide residues, for instance, caused abnormalities

in the normal reproductive function of these animals (Ankley et al., 1998). Guilette and

Gunderson (2001) have shown that EDCs alter the hormone profiles and

4
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biotransformation of hormones and sexual dimorphism. Critical hormonal imprinting

episodes and epigenetic regulation, which plays determining roles in the rest of an

organism's development and life history, are irreversibly and permanently modified

(Csaba and Karabelyos, 2001; Vollmer, 2002; Witorsch, 2002), all of which could

effectively abolish reproductive and population integrity. It is necessary to determine

reproductive patterns and monitor disruption.

Reproductive cycles in natural populations of Xenopus laevis have not been

documented in the literature. Research was initiated' to describe the seasonal

reproductive cycles of a wild population of Xenopus laevis. Further, in order for this

animal to be used as a model for endocrine modulation, a thorough knowledge of

related physiological parameters is needed (Miyamota and Klein, 1998). Vitellogenin

and ovarian status could possibly be used as biomarkers, but seasonality could affect the

interpretation of results and these values were monitored through seasons. Seasonal

reproductive cycles of a population from its natural habitat, as opposed to captive

animals, were determined.

Reproduction and associated endocrine and ovarian cycles in amphibians is

regulated by intrinsic- as well as extrinsic factors and can be cyclic or non-cyclic.

Cycles are not always clearly defined (Pancharatna and Saidapur, 1985; Norris, 1997).

Variation in reproductive patterns occurs between species as well as within species over

geographic location (Jorgensen, 1992). Some studies described ovarian cycles, but used

captive toads. Results were often based on histological and morphometric data only

(Gitlin, 1938).

In this chapter, base-line information regarding reproductive parameters for a

natural population of Xenopus was investigated. Seasonal ovarian cycles as well as

5
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plasma estrogen and vitellogenin levels were measured in order to further describe

reproduction in Xenopus laevis, but also for its potential use as biomarkers for EDes.

LIPID PROFILES

General lipid metabolism and -distribution in amphibians have been well documented

(Brown, 1968). Very little is known regarding the lipoprotein profiles of natural

populations of Xenopus laevis. Research in the field of lipoproteins is often limited to

humans and some animals used for clinical applications. Many of the mechanisms

whereby lipid and lipoproteins are involved in heart- and vascular diseases, for instance,

are understood as a result of experiments that employed amphibians as study animals.

The effects of estrogen on the lipid profiles of humans have also been well documented.

Merry et al. (1971) have shown that estradiol affects cholesterol and phospholipid

values in Xenopus laevis. These parameters are estrogen-sensitive and could, therefore,

be used as indicators for estrogen exposure. Expected levels of lipids have not been

described for Xenopus laevis in its natural habitat. Lipoprotein profiles and the effect of

estrogen on these are unknown altogether. The plasma concentrations of triglycerides,

total cholesterol and phopholipids in humans display large variation amongst

individuals, populations and lifestyles (Montgomery et al., 1996). The lipid and

lipoprotein profiles in Xenopus would therefore also be expected to show large

variation; even more so because they are oviparous and reproductively asynchronous

(chapter 2). The term 'normal value' in humans is relative and was established to be a

range, based on worldwide sampling. This variation creates difficulty in the

determination of expected values and is further complicated by the fact that the range of

lipid levels in the study animal is unknown. The determination hereof through an

extensive sampling project of the whole distribution range of Xenopus would fall

6
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outside of the framework of this study and, for the purpose of establishing an estimated

range, a limited sample population was selected.

In this chapter plasma levels of cholesterol, triglyceride and phospholipid were

measured. Lipoprotein profiles were also determined. It was investigated if estrogen

caused changes in lipoprotein profiles in Xenopus laevis and whether these effects can

be used as biomarkers for EDC activity. Stimulating Xenopus with estradiol and the

observation of the changes in the lipid and lipoprotein profiles rendered an indication of

the viability for use in EDC field studies. The determination of lipid profiles in Xenopus

laevis was preliminary and served as an indication of expected values and showed the

possible modulation of these by estradiol treatment.

BIOASSAY FOR ENVIRONMENTAL ESTROGENS

Male and female oviparous animals have the capacity to produce vitellogenin (Gronen

et aI., 1999). Males do not normally synthesise vitellogenin due to low levels of

endogenous estrogen, but vitellogenin can be detected in the plasma of males if an

animal was exposed to environmental estrogens. This ability of males to produce

vitellogenin has been exploited as a biomarker for measuring exposure of oviparous

animals to environmental estrogens (Palmer and Palmer, 1995; Palmer et aI., 1998).

Studies have shown that the synthesis of vitellogenin can be induced in vivo in

oviparous animals, including fish, frogs and turtles by exposing the animals to water

containing estrogen (Sumpter and Jobling, 1995). Several studies have been done in

which caged animals were exposed to river water, after which plasma vitellogenin

levels were determined and the estrogenic activity of the water evaluated (White et al.,

1994; Harries et al., 1999). In vivo vitellogenin-induction is labour-intensive, expensive

and large numbers of animals must survive the exposure periods in cages. Furthermore,

7
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ethical considerations and the fact that experimental conditions can often not be

standardised led to directives towards minimising the use of test animals and the use of

first tier in vitro assays as screening systems (Gillesby and Zacherewski, 1998). In vitro

production of vitellogenin by isolated hepatocytes of fish and amphibians has been

employed as first tier bioassays (Gagné et al., 1999).

It has been reported that vitellogenin synthesis In liver cultures (exposed to

estrogen) of male Xenopus laevis, reached maximum levels after approximately nine

days. Secondary in vitro oestrogen exposure of liver cultures from males, after in vivo

pre-exposure to estrogen, resulted in a much quicker maximum vitellogenic response

(Green and Tata, 1976). The use of in vitro vitellogenin synthesis together with this

principle of sensitisation by pre-exposure can be exploited for use in testing for

environmental estrogenic activity.

In this chapter, the use of Xenopus laevis liver tissue cultures as a bioassay for

screening of environmental water or test compounds was evaluated. Cultures from

males, females, and sensitised males were tested for the best response to estrogen and

viability. Optimal culturing conditions and periods were determined and a tissue culture

system prepared as a bioassay. The assay was validated with the screening and pre-

treatment of selected water bodies and known endocrine modulators. It was found that

vitellogenin synthesis by estrogen pre-exposed male liver cultures is a superior, more

sensitive biomarker for detecting environmental estrogenic activity than the

conventional male liver cultures currently used. It was further established that females

could also be used, being naturally pre-exposed by their innate estrogen cycle.
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SCREENING OF WATER

This chapter reports on the implementation of the bioassay, developed in the previous

section, for use in environmental and drinking water screening programs. The bioassay

was validated for detecting estrogenic activity in different sources e.g. purified

pharmaceuticals and water extracts. To illustrate the practical use of the assay in routine

water testing, a series of water samples from rivers and dams was collected and

screened for estrogenic activity.

It was shown how Xenopus laevis liver cultures could effectively be used In

water screening. X laevis is simple to maintain in captivity and the demand for a

constant supply of ready animals poses no problem. With the bioassay validated and

conditions for water testing established, samples from different water types (e.g.

drinking water reservoirs, rivers, sewage effluent etc.) could be collected on a regular

basis and monitored for EDC activity.

Standardised sampling procedures were followed and water samples from

different areas were obtained. The optimised conditions previously established were

then followed in protocol format i.e. bringing samples to the laboratory, doing solid

phase extraction and re-suspension, preparation of the tissue cultures and finally

assaying these to obtain data that will aid with risk assessment of the particular sampled

area. This served as practical application of the research and development, but,

moreover, was also a first screening program to give an idea of the current situation in

certain local water bodies regarding potential estrogenicity.

MONOCLONAL ANTIBODIES

It is necessary to detect potential EDC contamination and the development of sensitive

biomarkers for environmental endocrine disrupting contaminants is viewed globally as a

9
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high priority (Ankley et aI., 1998; Jones et aI., 2000). These assays should be sensitive

enough to detect ecologically relevant levels of contamination, which can often be low.

Up to this point in the study the measurement of vitellogenin was performed using

polyclonal antibodies (Pool et aI., submitted for publication), which were developed for

the measurement of plasma vitellogenin. The level at which the bioassay can detect

estrogen contamination is largely determined by the sensitivity of the ELISA for

vitellogenin. Although sensitivity and specificity of these polyclonal antibodies proved

adequate for general assays, an increase in sensitivity, especially in order to accurately

measure minute quantities of in vitro-synthesised vitellogenin for the bioassay, was

required. A further need that became apparent was that of a constant supply of the same

specific, characterised antibody.

Due to the fact that endocrine disruption should be measured on more than one

level and due to the battery-type monitoring programs that are presently being

developed, other estrogen-specific marker proteins, to be used in parallel with that of

vitellogenin, must be evaluated. Additional marker proteins can be incorporated into

bioassays in order to increase the integrity of future screening programs.

Monoclonal antibodies are sensitive and specific. Monoclonal antibodies

minimise background in assays, improving sensitivity, and so making it possible to

measure smaller fluctuations in vitellogenin concentrations. By propagation of

antibody-forming cell lines and the production of identical antibodies in bioreactors or

by ascites, a continual supply of standardised antibody can be obtained. A monoclonal-

based assay enables standardisation of assays between laboratories. In order to eliminate

the process of protein isolation, purification and immunogen preparation, and to obtain

further estrogen inducible proteins as markers, it was hypothesised that antibodies could

be raised against various estrogen-inducible plasma proteins by immunising with whole

10
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plasma of estrogen-treated animals. This plasma contains all of the estrogen-sensitive

proteins, and the subsequent antiserum would be able to detect these proteins.

In this chapter monoclonal antibodies, which specifically detect estrogen-

inducible plasma proteins in Xenopus laevis, were characterised and sensitive ELlSAs

were developed and optimised for general screening purposes. Immunisation with

whole estrogen-treated plasma was performed. These antibodies detect vitellogenin in

plasma as well as in vitro-synthesised vitellogenin. Based on the Xenopus laevis liver

slice bioassay, these antibodies were applied to the use in an environmental screening

set-up.
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lCHAPTER 2: THE OVARIAN CYCLE, PLASMA ESTROGEN-
AND VITELLOGENIN SEASONAL PROFILES IN A NATURAL
POPULATION OF THE AFRICAN CLAWED FROG, XENOPUS
LAEVIS.

INTRODUCTION

Various aspects related to amphibian reproduction have been studied over the years

(Lofts, 1974; Jorgenson, 1992; Norris, 1999). These studies reported mostly on the

seasonality of mating- and reproductive behaviour, gravimetrical and histological

changes in reproductive organs and lipid deposits. Information on endocrine-related

reproductive mechanisms in amphibians remains limited. Understanding reproductive

patterns and hormonal control in animals is central to our concerns about amphibian

conservation, environmental quality and the future of aquatic and terrestrial ecosystems,

which may be adversely affected by human activities (Norris, 1996).

Two basic reproductive patterns, viz. cyclic and non-cyclic are observed In

amphibians. Cyclic (or seasonal) patterns are correlated and genetically adjusted to

certain extrinsic factors (e.g. temperature). Non-cyclic patterns are characteristic of

species that can potentially breed throughout the year, and this is regulated by factors

such as rainfall or food availability (Lofts, 1974). Reproduction in amphibians is

regulated by endocrine as well as extrinsic (e.g. food, light, rainfall, temperature) factors

(Lofts, 1974; Norris 1997). Reproductive patterns are not strictly species specific and

can vary from clearly seasonal to continuous in different regions. The time of onset of

reproduction can also vary in the same species that occurs in different areas (Jorgensen,

1992). Seasonal mating could take place as a single event each year, as is the case in

Rana species (Pancharatna and Saidapur, 1985), where the females mate once only

I Submitted for publication in General and Comparative Endocrinology
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during the season. Then there are those species that have two or even more breeding

seasons per annum (Lofts, 1974; Jorgensen, 1992). Examples hereof are the urodel

Pleurodeles waltil (Spanish Ribbed Newt; Gamier, 1985) and the Mexican Leaf Frog,

Agalychnis daenicolor (lela et al., 1986). Although mating occurs more than once, these

species still follow seasonal breeding patterns, which occurs during a defined breeding

period (lela et al., 1986). Explosive breeders breed seasonally, in response to rainfall,

and show short breeding seasons (e.g. temporary pools in arid regions) while prolonged

breeders show breeding seasons that last for several weeks or even months (Norris and

Jones, 1987; Passmore and Carruthers, 1995). In some areas, breeding takes place at any

time during the warmer months after heavy rains. This opportunistic breeding is found

among many species in semi-arid and arid regions, where infrequent rainstorms form

temporary ponds. These are less clearly seasonal breeders (xeric breeding

pattern)(Lofts, 1974).

In contrast to strong and clearly defined patterns (mesic breeding pattern

displayed by most anurans from regions with a temperate climate; Lofts, 1974),

amphibians can also adopt a non-seasonal breeding pattern. These often exist in regions

where rain occurs throughout the year (e.g. equatorial habitats). A continuous or

potentially continuous type of oogenesis is observed, with spawning taking place every

month throughout the year (Lofts, 1974; Pancharatna and Saidapur, 1985; Jorgensen,

1992).

In female amphibians, as in other oviparous vertebrates, the steroid estrogen and

the yolk precursor vitellogenin playa pivotal role in reproduction (Lofts, 1974; Wallace

and Jared, 1969). Purified Xenopus vitellogenin is a phospholipoglycoprotein with a

molecular weight of 460000 daltons. It circulates in the animal's blood (plasma) as a

polypeptide dimer with a weight of approximately 200000 daltons (Norris and Jones,
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1987). Vitellogenin synthesis is under estrogen control. The binding of estrogen to the

nuclear receptors in the liver, leads to the necessary transcriptional mechanisms

effecting synthesis of vitellogenin (vitellogenesis) and the resultant hypertrophy of the

liver. Vitellogenin from the blood stream is incorporated into the yolk of the maturing

oocytes to serve as nutrient source for the developing embryos (Wallace, 1969; Lofts,

1974; Paolucci and Botte, 1988; Sumpter and Jobling 1995).

Most amphibian reproductive parameters, e.g. plasma steroid concentration or

the gonado-somatic index, show annual variation, which can be correlated to the

reproductive period (Zerani et aI., 1991). Studies have shown that, under natural

conditions, female frogs undergo vitellogenin cycles associated with the ovarian cycles

during a particular year. The decrease in vitellogenin synthesis coincides or correlates

with the onset of ovarian quiescence, often followed by hibernation (Norris and Jones,

1987). Although vitellogenesis and ovarian maturation is directly under estradiol control

and estradiol levels peak concomitantly with vitellogenin levels (e.g. certain fish

species; Larsson et aI., 200 1), there are exceptions where high plasma estrogen levels do

not always correlate directly with high vitellogenin levels in space of time (Norris and

Jones, 1987). Most recent studies regarding the seasonal ovarian dynamics in

amphibians describe ovarian cytological changes associated with vitellogenesis and

plasma estrogen levels, but few studies report on variation in plasma vitellogenin levels

associated with the ovarian cycle (Norris and Jones, 1987).

Since vitellogenin can be induced by natural endogenous estrogen as well as by

xenobiotic estrogens, hepatic vitellogenin production has been widely used as a

biomarker to indicate the presence of estrogens or anti-estrogens in the environment

(Palmer and Palmer, 1995). In vivo models for studying environmental estrogens are

based on fish, frogs and turtles (Palmer and Palmer, 1995; Sumpter and Jobling, 1995;
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Thomas and Smith, 1995; Lutz and Kloas, 1999; Toomey et aI., 1999). Fish has

successfully been employed as bioindicator for these estrogens in rivers (Sumpter and

Jobling, 1995; Harries et al., 1996; Kime et al., 1998; Harries et al., 1999) Any

disruption or modulation of the hormonally regulated reproductive system can lead to

abnormal development, maintenance and function of reproductive activity (Brooks,

1998), resulting in reproductive patterns that differ from the natural. The presence of

estrogenic compounds in the environment has recently been related to the disturbed

reproductive patterns observed in several wild populations of frogs. These populations

further displayed marked decrease in size (Mosconi et aI., 2002). Further abnormalities

such as hermaphroditism, altered male:female sex ratios, feminisation, gonadal

abnormalities, etc. may add to this xenobiotic interference (Soto et aI., 1995; Sumpter

and Jobling, 1995; Gillesby and Zacherewski, 1998; Palmer et al., 1998). The

phenomenon of xenobiotic modulation of endocrine functions by the interference of

exogenous environmental estrogens, natural, synthetic or mimicking substances, are

well documented for aquatic animals (Palmer et aI., 1998; Kloas et aI., 1999; Lutz and

Kloas, 1999). Xenobiotic estrogens may exert their estrogenic effects by competing

with endogenous estrogen for binding to nuclear receptors (White et aI., 1994).

Inevitably, therefore, natural hormonal fluctuations and associated physiological

parameters in amphibians from pristine, wild populations must be understood and

considered in assessing the extent of endocrine modulation by environmental estrogens,

as opposed to natural cycles (Jannsen et aI., 1994; Miyamota and Klein, 1998).

There are currently various in vivo and in vitro assays that utilise amphibians as

model organisms for studies in endocrine disruption (see Kloas, 2002 for review).

However, for animals to be used as models to detect and study environmental stressors,
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knowledge regarding natural reproductive and associated vitellogenin and endocrine

cycles is a prerequisite to endocrine modulation studies (Janssen et aI., 1995).

The African clawed frog, Xenopus laevis, occurs naturally throughout South

Africa and is widely used in research around the world (Passmore and Carruthers, 1995;

Tinsley and Kobel, 1996) and is often employed as a model bio-indicator in endocrine

disruptor studies. (Palmer and Palmer, 1995; Kloas et al.,1999; Mosconi et aI., 2002).

Early studies using wild caught Xenopus laevis frogs merely investigated gross

gravimetrical aspects of the female reproductive cycle without referring to the details of

the ovarian cycle, including seasonal variation in the occurrence of oocyte stages or

associated endocrinological parameters (Shapiro and Shapiro, 1933; Alexander and

Bellerby, 1935; Gitlin, 1938). These studies showed seasonal variation in oviduct and

gonad sizes that reached a single peak from July to September. By stimulating Xenopus

with gonadotrophic hormones, ovulation and oviposition can be induced throughout the

year (Norris and Jones, 1987). The ability to obtain fertile eggs and the ability to

produce vitellogenin throughout the year, suggests that Xenopus exhibit continuous

oogenesis. Tinsley and Knobel (1996) remarked that the absence of data regarding

endocrinological aspects, including seasonality in circulating ovarian hormones in

Xenopus laevis in their natural habitat, needs to be addressed.

The aim of this study was to investigate the dynamics of the ovarian cycle and

associated plasma profiles of estrogen and vitellogenin in a natural population of

Xenopus laevis to establish baseline data for future studies regarding modulation of the

endocrine system by environmental estrogens.
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MATERIALS AND METHODS

STUDY AREA AND CLIMATE

Adult female Xenopus laevis frogs (n = 12) were collected monthly over a 13-month

period from man-made water bodies (impoundments) in the George area (34001 IS,

22°23'E), on the South African South coast. The frogs were collected from March 1998

through March 1999. Baited traps were used to catch the frogs. They were transported

to the laboratory (within 24 hours) in cardboard boxes with wet sponges to avoid

dehydration.

Meteorological data (Figure 1) relating to rainfall and minimum- and maximum

temperatures were obtained from the George Weather Office. The study area is situated

in a temperate region with dense vegetation and evergreen pristine forests. Although

rainfall is generally high (600 - 800 mm per year) and occurs throughout the year, a

seasonal pattern was evident during the study period, with most of the rain occurring in

late summer and autumn (December through May; Figure 1). Mean monthly

temperatures did vary between seasons, but maximum temperatures during the summer

did not exceed 25 DC and minimum temperatures reached lowest values (6 "C) during

winter (June; Figure 1).

AUTOPSY PROCEDURE

The body mass (to the nearest 0.01 g) and snout-to-vent lengths (SVL) (measured to the

nearest 0.1 mm) of the animals were recorded. They were sacrificed within 48 hours of

capture by decapitation followed by CNS pithing. Blood was drawn from the ventricle

of the heart with a heparinised syringe. The blood was centrifuged at 6000g for 5 min.

The plasma was removed and snap frozen in liquid nitrogen and stored at -80 DC in

microcentrifuge tubes until analyses.
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Figure 1: Meteorological data of the study area over the study period. Minimum and
maximum temperatures are calculated as monthly means.

The gonads, livers and fat bodies were removed by dissection after which it was blotted

dry and the mass determined using an analytic balance (to the nearest 0.001 g). Gonado-

somatic index (GSI) was calculated by expressing the total gonad mass as a percentage

of the carcass mass (carcass mass = live body mass - (liver mass + fat body mass + total

gonad mass)). The hepato-somatic index (HSl) was calculated as a percentage liver

mass to carcass mass. Similarly, the fat body index (FBI) was calculated as a percentage

total fat body mass to carcass mass. The condition index (COl) for each individual was

calculated from the SVL in relation to its body mass (Mbody) and is considered to be an

indication of the overall growth, nutritional state and energy content of the frog (COl =

Mbody/(SVL)3 X 100; after Janssens et aI., (1995). The gonads were placed in Bouin's

aqueous fixative for histological analysis (Humason, 1967). The liver and fat bodies

were frozen and the carcasses preserved in 4 % formalin.
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HISTOLOGY

General

The ovaries were embedded in Paraplast™ paraffin wax (Melting Point: 56°C;

Sherwood Medical, Missouri) and 10 urn transverse sections from the middle of the

ovaries were microtomed with a rotary microtome (Reichert-Jung), stained with Harris'

haematoxylin and eosin (H&E; Bancroft and Stevens, 1977) and mounted on glass

slides in Hyper-mount™ mounting medium (Shandon, Pennsylvania). The follicles

were divided into three classes based on size and appearance. They were: class I, <

200flm, smooth nucleus, large compared to follicle and no yolk globules in the

cytoplasm; class II, 200 11mto 500 11m, granular oocyte, clear lobular nucleus and the

presence of yolk globules in the cytoplasm; class III, >500 11mand being filled with

yolk globules. Differential counts of these three types of oocytes were made from the

H&E-stained sections. The number of follicles in each specific stage was recorded by

counting all the follicles in the optic field under 40 X magnification. Two spot checks

for each individual at random locations were made for these counts and the average

calculated.

It is known that the postovulatory luteal bodies of oviparous animals degenerate

fast and are rapidly absorbed (Norris and Jones, 1987). The life span of the corpora

lutea in certain Rana species, for example, is only one day (Pancharatna and Saidapur,

1985). In the case of the Xenopus laevis ovaries studied, very few visible corpora lutea

or "spent follicles" were discerned using routine histological techniques. To confirm this

observation, female Xenopus individuals (obtained locally) were stimulated to ovulate

by injecting them intra-peritoneally with 500 JU human chorionic gonadotrophic

(Pregnyl; Donmed, South Africa). They were sacrificed 3 days later (after oviposition)

and the ovaries embedded, microtomed and mounted as before. Although there were
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some visible corpora lutea in the ovulated ovaries of these females, they were sti II too

few in number to include in the spot check counting and could only be found by

studying entire slides. For this reason luteal bodies were not included in the

classification criteria.

Ovaries with more than 48% class 3 follicles were classified as mature and

ovaries with more than 48 % class 1 follicles were classified as immature.

PLASMA VITELLOGENIN

An ELISA (Pool et al., submitted for publication), using biotinilated polyclonal rabbit

anti-Xenopus laevis vitellogenin, was employed to measure the vitellogenin

concentration in the plasma samples. In brief, aliquots of the plasma samples, stored as

previously described, was thawed at room temperature. The samples were placed on an

orbital mixer to ensure a homogenous solution. The assay was done in 96-well Nunc-

Immuno MaxiSorp® plates (NalgeNunc, Denmark). Wells were coated with 100 JlI ofa

1/1000 dilution of plasma in phosphate buffered saline (PBS). Doubling dilutions of 4

ug/rnl to 0.125 ug/rnl isolated vitellogenin were prepared and 100 JlI of each dilution

coated as standard curve. After incubation at room temperature (RT) for 2 hours, the

plasma was aspirated and any remaining binding sites blocked by the addition of 200 Jll

of fat-free bovine milk powder (5 % miv in PBS; blocking buffer) per well. The plates

were then washed with 0.9 % miv Nael, after which each well received 100 JlI of rabbit

a-vitellogenin (Ecophysiology Laboratory, University of Stellenbosch, South Africa)

diluted 1/5000 in blocking buffer. The plate was incubated for 2 hours at RT, after

which it was again washed as before. The biotinilated antibody, bound to the plate, was

detected by the addition of 100 ul per well of a 1/4000 dilution of avidin-peroxidase

conjugate (Amdex, Denmark) for 20 min. The plate was again washed, after which 100
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)lI of POD BM Blue peroxidase substrate (Boehringer-Mannheim, GmbH) was added to

each well. The chromogenic reaction was stopped with 50 III of 0.5 M H2S04 and the

optical densities were determined photometrically at 450 nm. Plasma vitellogenin

concentrations were calculated from the standard curve.

SODIUM DODECYL SULPHA TE POLY ACRYLAMlDE GEL ELECTROPHORESIS

(SOS-PAGE) OF PLASMA SAMPLES

Laemmli polyacrylamide gels were prepared. Vertical slab gels (1.5 mm thick) containing

7.5 % acrylamide were used and plasma of each individual was subjected to

electrophoresis as confirmation of the ELISA data. Samples were prepared by mixing 2 )lI

of plasma with 21 ul PBS, 2 ul of 1 % (m/v) bromophenol blue and 25 ~d of 0.125 M

Tris, pH 6.8 containing 4 % (m/v) SOS, 20 % (v/v) glycerol and 10 % mercaptoethanol.

Samples (5 ul) were applied to the wells and electrophoreses performed by subjecting the

gels to a constant current of 20 mA. Gels were stained with 0.125 % (m/v) Coomassie

Blue in 50 % methanol and 10 % (v/v) acetic acid. A protein molecular weight marker

(AEC-Amersham, South Africa) was included on each gel.

PLASMA ESTROGEN

The plasma estrogen concentration was determined by using a commercial estrogen

ELISA kit (DRG, GmbH) according to the manufacturer's instructions. Duplicate

plasma samples (diluted 1/20 in PBS, containing 0.1% human serum albumin) were

analysed with reference to a standard curve. According to the supplier, the antibodies

used were highly specific with very little cross-reactivity to other steroids (less than 2

%). Validation of the assay revealed an intra-assay coefficient of variance (CV) of 0.1
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% and an inter-assay coefficient of variance of 8 %. Plasma samples diluted with buffer

solution showed good parallelism with the standard curve.

STATISTlCAL ANALYSES

Means and standard errors of the plasma vitellogenin and -estrogen concentrations as

well as GSI, HSl, FBI, COl and mean numbers of follicles in each category were

calculated for each month. Seasonal variation was analyzed by using Kruskal-Wallis

One-Way Analyses of Variance on Ranks (KW-ANOVA). Groups differing from others

were isolated by means of a non-parametric all-pairwise multiple comparison procedure

(Dunn's Method). Pearson's Product Moment Correlations (r) were calculated for

parametric data or Spearman's Rank Order Correlations (r.) for non-parametric data

were used to examine correlations between variables.

The level of significance was set at p < 0.05 and all statistical procedures were

performed, using SigmaStat 2.0 statistical software (SPSS, Gorinchem).

RESULTS

GONADO-SOMA TIC INDEX

The gonado-somatic index varied significantly throughout the study period (Figure 2; dj =

12, H = 34.993, p < 0.001). From March 1998 to July (autumn-winter) the GSI remained

low until August (late winter) when the GSI significantly increased (p<0.05; April vs.

August) to reach maximum in September (spring; p < 0.05, September vs. all other

months). October through February 1999 (summer-early autumn) exhibited similar GSI

conditions as during the past autumn period. A significant decrease in GSI was observed

in females collected during March 1999 (p < 0.05; March 1999 vs. all other months). The
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mean GSI for females collected during March 1998 was significantly higher than the

mean GSI of females collected during March 1999 (Student t-test,p < 0.05).
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Figure 2: Annual variation in GSI. Error bars indicate standard errors. The GSI reached a
maximum in September (spring;p < 0.05, September vs. all other months, ANOVA). The
GSI in March 1998 was higher than in March 1999 (p < o.05, Student t-test).

OVARIAN FOLLICLES

Figure 3 shows mean number of follicles in each class over months. Mean number of

class 3 follicles (vitellogenic) varied significantly (dj = 12, H = 34.04, P < 0.001)

throughout the year. Follicles of all stages were present throughout the year. Mean

number of class 3 follicles reached a maximum during September (the same month

females exhibited maximum GSI values) and a minimum during March J 999. There was

a significant correlation between GSI and mean number of class 3 follicles (r = 0.86, p <

0.001).
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Figure 3: Mean number offollic1es in each month. Error bars indicate standard errors. All
classes of follicles varied significantly throughout the study period. There was a
significant correlation between GSI and mean number of class 3 follicles (r = 0.86, p <
0.001).
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.Mean number class 2 follicles (early vitellogenic) varied significantly (dj = 12, H =

48.74, P < 0.001) throughout the year (Figure 3B). Highest mean number class 2 follicles

occurred during May - July (late autumn-winter). Mean number of class 2 follicles was

lowest during late winter and spring (August-September). Apart from October, numbers

of class 2 follicles remained low throughout summer and early autumn (November -

March 1999).

Mean number class 1 follicles varied significantly (Figure 3A; dj = 12, H = 35.49,

p < 0.001) throughout the year. Highest mean number occurred during July (winter) while

a minimum was reached during September (spring). March 1999 exhibited a significant

increase in mean number of class 1 follicles (Figure 3A; March 1999 vs. all preceding

summer months; p < 0.05). There was a significant (r = - 0.74, P < 0.001) inverse

relationship between the number of class 3 follicles and the number of class 1 follicles.

Similarly, a significant inverse correlation between the GSI and the number of class 1

follicles (r = - 0.82, P < 0.001) was noted.

Females collected in March 1998 exhibited significantly more class 3

(vitellogenic) ovarian follicles (p < 0.05) and inversely less class 1 follicles (p < 0.05)

when compared to females collected in March 1999 (Figure 3 A and C). In contrast,

mean class 2 follicle counts did not differ significantly (p < 0.05) between females

collected in March 1998 and March 1999 (Figure B).

CIRCULATING PLASMA ESTROGEN AND PLASMA VITELLOGENIN

CON CENTRA nONS

Figure 4 gives mean monthly estrogen and vitellogenin levels in relation to relative

percentage of mature or immature ovaries. Mean plasma estrogen levels

(concentrations) varied significantly (dj= 12, H = 75.121, P < 0.001) between months.
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Figure 4: Seasonal changes in estrogen (A) and vitellogenin (B) levels in relation to
frequency of mature ovaries (C). Error bars indicate standard errors. Both estradiol and
vitellogenin concentrations varied significantly throughout the study period. Incidence
of mature ovaries was highest in September (spring).
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Mean plasma estrogen was low in March 1998 but reached maximum levels (16.61

ug/rnl; p < O.05) during winter (June; Figure 4A). Mean plasma estrogen concentrations

decreased in females collected the following 3 months (July, August and September) to

reach a minimum of 2.66 ug/ml in September. During late spring (October) through

summer, mean plasma estrogen levels increased in females reaching plateau levels of

around 12 ug/ml. It is clear from Figure 4A that the mean plasma estrogen

concentrations measured in females collected during March 1999 were significantly

higher than those measured in females collected a year earlier during March 1998 (p <

0.05).

Mean plasma vitellogenin concentrations varied significantly (dj = 12, H =

73.02, p < 0.001) between months (Figure 4B). Mean plasma vitellogenin increased in

females collected during the period March through June (2.39 mg/ml). However, even

though increased mean plasma vitellogenin levels were measured in these females, the

highest mean plasma vitellogenin concentrations were measured in females collected

during September (3.54 mg/ml). Female frogs collected during summer (November 1998

through January 1999) generally exhibited declining mean plasma vitellogenin levels

when compared with females collected in June and September (Figure 4B). The SDS-

PAGE confirmed a large protein that was subjected to large variation between individuals

(Figure 5). This protein varied in intensity from a clear, dark blue band in some instances

to very faint and absent at other times. This protein has a molecular weight similar to that

of Xenopus vitellogenin (approximately 200 kDa, as confirmed by the molecular weight

markers applied to each gel). Dark expression of this band corresponded to a high

vitellogenin value, as determined by the ELISA, in each case.

From Figure 4C it is clear that mature ovaries (containing more than 48%

vitellogenic follicles) was observed in females collected throughout the year (except
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March), although the incidence was highest during spring and summer. While the

seasonal variation in mean plasma vitellogenin concentrations coincided with this

pattern (r = 0.63, p < 0.05), mean circulating estrogen levels did not correspond well,

but rather exhibited a non-significant inverse correlation with the incidence of mature

ovaries (r = -0.44, P < 0.05).

-
220 kDa--.: VTG VTG

MWM JLFI
VTG. CONe. 2.84

JLF2
1.06

JLF6
3.74

JLF7 JLF8
2.37 0.56

JLF3
0.99

JLF4
0.90

JLF5
0.76

Figure 5: SDS-PAGE of female Xenopus laevis plasma. Dark bands correlated to high
vitellogenin concentrations (VTG. CONe.; mg/ml). Arrows indicate the vitellogenin
(VTG) bands.

FAT BODY INDEX

Although the mean FBI varied significantly throughout the annual cycle in female

Xenopus laevis frogs (df = 12, H = 33.44, P < 0.001), a clear seasonal pattern was

lacking (Figure 6A). Highest mean FBI was recorded during March 1998 and February
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Figure 6: FBI, HSl and COl throughout the study period. Error bars indicate standard
errors. Seasonal variation occurred in all three of these parameters. Although a clear
pattern in the FBI was lacking, the HSl and COl tended to increase towards spring.
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1999. Lowest mean FBI was recorded in frogs collected in summer (November,

December 1998) and autumn (March 1999; p < 0.05).

HEPA TIC SOMATIC INDEX

The mean HSl in females underwent significant (dj = 12, H = 47.07, P < 0.001) seasonal

variation and increased from March 1998 through January 1999 (Figure 6B). Females

collected in March 1999 showed a significantly higher mean HSl when compared to

females collected during the corresponding month of March in 1998.

CONDITION INDEX

The mean CDI of females collected showed significant seasonal variation (Figure 6C; dj

= 12, H = 70.486, P < 0.001). In general, the mean monthly CDl increased during

autumn through spring of 1998 (March to October). Throughout summer, mean CDI of

females decreased (November 1998 to February 1999). Females collected during March

1999 exhibited significantly increased CDI values tp < 0.05) when compared to females

collected in the preceding summer months.

CLIMATIC CORRELATES

Figure 1 indicates that although rainfall occurred throughout the year, highest rainfall

was measured during the late winter through summer period. Driest months were April

and June. Seasonal patterns in gonado-somatic index, hepato-somatic index and

condition index show some coincidence with the increased summer rainfall, temperature

and photoperiod profiles. Figure 3 show that although females contained vitellogenic

ovarian follicles throughout most of the year, pre-ovulatory ovaries showed a high

incidence of occurrence during the spring-summer period.
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DISCUSSION

In spite of evidence that female Xenopus laevis frogs may have the capability to complete

an ovarian cycle during any time of the year, this study showed that seasonality is

reflected in several parameters associated with female reproduction in wild-caught X

laevis. A spring-summer seasonal increase in ovarian vitellogenic activity was evident in

the GSI, HSl, incidence of ovaries containing an abundance of pre-ovulatory follicles,

mean plasma vitellogenin and mean plasma estrogen levels. However, the seasonal

plasma hormonal and vitellogenin patterns of Xenopus laevis were dissociated or not well

synchronized.

Early studies (Shapiro and Shapiro, 1933; Alexander and Bellerby, 1935; Gitlin,

1938) reported Xenopus to be reproductively active (based on relative ovarian mass)

during the warmer (spring/summer) months. Other literature states that rain mark the

onset of reproduction in Xenopus (Jorgensen, 1992; Passmore and Carruthers, 1995).

Since the current study area was located in a spring-summer rainfall zone with associated

increasing ambient temperatures and photoperiod, our results generally corroborate these

earlier reports. Jorgensen (1992), however, states that the reproductive patterns in

amphibians are correlated with the climatic conditions in their habitats, and that breeding

patterns are not species-specific. So members of the same species, occurring in

climatically different regions, will show different breeding times. Although our data were

limited, the differences in several reproductive related variables among females collected

in March 1998 and females collected in March 1999 suggest that prevailing

environmental conditions may result in shifts in reproductive activity.

Direct measurement of plasma vitellogenin has not been done for most

amphibians and seasonal vitellogenin production is mostly inferred indirectly from

incidence of vitellogenic ovarian follicles, estrogen plasma levels or liver hypertrophy.
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Indirect measures may be misleading, because of temporal lags and complex interactions

between steroids and target organs (Licht et al., 1983). In wild caught Xenopus laevis,

mean plasma vitellogenin varied significantly, but coincided well with the presence of

vitellogenic ovaries, increased GSI and presence of class 3 follicles during September

(spring). Considerable month-to-month variation in mean plasma vitellogenin coincided

with corresponding changes in presence of vitellogenic ovarian follicles. Therefore,

indications are that plasma vitellogenin is a reliable indicator of ovarian activity. Seasonal

variation in the presence of vitello genic ovarian follicles, associated with the considerable

variation in mean plasma vitellogenin concentrations, suggests that Xenopus laevis

females could reproduce throughout most of the year, similar to species showing

continuous reproductive strategies (Lofts, 1974). It was suggested that asynchrony among

individual females during the breeding season could result in considerable variation in

terms of ovarian dynamics, plasma estrogen and vitellogenin levels (Pickford and Morris,

2002).

An increase in mean plasma estrogen during spring preceded the increase in mean

plasma vitellogenin concentrations in female Xenopus laevis. Therefore, unlike the pattern

observed in several amphibians, e.g. R. esculenta (Paolucci and Botte, 1988), the estrogen

levels in X laevis did not coincide with plasma vitellogenin levels. This lack of

correlation between vitellogenin and estrogen was also noted in the crested newt, Triturus

carnifex (Zerani et al., 1990) and several lizard species (Amey and Whittier, 2000). Even

though 17f3-estradiol is stated to be a potent stimulator of vitellogenesis (Paolucci and

Botte, 1988; Ho et al., 1992; Palmer et al., 1998), the level of estrogen did not directly

account for the pattern of any of the parameters investigated. The absence in a significant

correlation between estrogen and vitellogenin showed that a temporal lag between

increased plasma estrogen levels and increased plasma vitellogenin exist (Licht et al.,
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1983). A further possible explanation for this could lie in the fact that the vitellogenic

response to estrogen might be inhibited by circulating progesterone and testosterone

hormones (Callard and Lance, 1978). It is also possible that other forms of estrogen, e.g.

estrone or estriol, playa key role in maintaining or controlling this vitellogenic readiness

in Xenopus, despite low estradiol concentrations. Amey and Whittier (2000) have

suggested that 17~-estradiol may be a short-lived hormone, and that its longer-living

metabolites could be the major determinant for vitellogenesis and ovarian maturity,

therefore explaining the lack of 17~-estradiol synchrony with increased plasma

vitellogenin levels.

The ovarian follicles of frogs, such as Rana, increase in size with many factors

towards the vitellogenic stage (Lofts, 1974). An abundance of these large, yolk-filled, pre-

ovulatory follicles distinguished a mature ovary from an immature one. However,

maturity in terms of abundant vitellogenic follicles may not be a direct indication of

reproductive activity. Vitellogenic follicles can remain stagnant in this stage for long after

the secondary oocyte development has been completed. It is known that in Bufo bufo

follicles remain in this pre-ovulatory state in the ovary over the winter until the next

spring season, when ovulation will take place (Lofts, 1974).

Apart from the fact that there are non-receptor steroid-binding proteins in the

cytosol of Xenopus laevis, which could regulate hormone concentrations in the extra-

nuclear compartment prior to estrogen receptor interaction (paolucci and Botte, 1988), it

is also known that there are fluctuations in amphibian cytosolic and nuclear occupied and

unoccupied receptors (estrogen binding molecules) during the year. These fluctuations

can normally be correlated to the amount of vitellogenin in the blood, as well as to

estrogen levels. This indicates direct connections between concentrations of estrogen,

estrogen receptors and vitellogenin (Paolucci and Botte, 1988). In Rana esculenta, plasma
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vitellogenin levels fluctuate seasonally as a direct result of the varying cytosolic and

nucleic estrogen binding molecule levels, being very low over reproductive inactive

periods. The presence of these very small amounts of estrogen binding molecules in

Xenopus laevis, at certain times of the year, is sufficient to accept the estrogen necessary

to sustain a relatively high tempo of vitellogenesis (Paolucci and Botte, 1988).

Consequently, due to the sensitivity of Xenopus to estrogen, an apparent absence of a

reproductive inactive period, as drastic as in R. esculenta, is observed. This inability to

induce reproduction over certain seasons has also been reported in other amphibians such

as newts and salamanders (Triturus; Tinsley and Kobel, 1996). This constant reproductive

readiness of the study population was further confirmed by the fact that stimulation of

Xenopus with gonadotrophic hormones will induce ovulation and oviposition at any time

of the year and without exception (Tinsley and Kobel, 1996; Pers. obs.). The ability to

obtain fertile eggs from Xenopus throughout the year is a unique character. This is not the

case, for instance, in most Rana species, which remains reproductively inactive until its

annual reproductive season (Tinsley and Kobel, 1996).

Class 1 and class 2 ovarian follicles were abundant during autumn and winter

months in female Xenopus laevis, coinciding with low GSI values and increased plasma

levels of estrogen. Spring and summer on the other hand was characterized by decreasing

number of smaller ovarian follicles but an abundance of larger vitellogenic, class 3

follicles, low plasma estrogen levels and high plasma vitellogenin levels. This inverse

relationship between class 1 and 2 ovarian follicles and class 3 follicles was also evident

in the March 1999 sample. Therefore, in spite of the presence of vitellogenic activity

throughout the year, ovarian dynamics reflect a clear seasonal pattern regarding the

recruitment of class 3 vitellogenic follicles also resulting in some seasonal variation in the

GSI.
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Seasonal variation in the hepatic somatic index, although primarily thought to be the

result of vitellogenesis, could also be affected by energy storage for periods of food stress

(Van Wyk, 1994). It was therefore not unexpected to see an increase in the HSl during

spring and summer prior to the winter months. Considerable monthly variation in the

mean fat body index occurred, and although the FBI did not exactly mirror the HSl,

largest fat body deposits were observed during autumn months. The build-up of energy

reserves during late summer and autumn represents a general pattern for many reptilian

species living and reproducing in the temperate regions (Van Wyk, 1994). It was evident

in this study that the condition index of Xenopus laevis females changed significantly

during the year suggesting a utilization of stored energy reserves, both hepatic and fat

body during the dry autumn and summer months of 1998. The decrease in body condition

and stored energy reserves may, however, also be the result of energy mobilization to

produce vitellogenin for incorporation in growing ovarian follicles during yolk

production.

In summary, this study, for the first time, report on the female reproductive

cycle in wild-caught Xenopus laevis. Indications are that although Xenopus laevis

females are capable of producing vitellogenic ovarian follicles throughout the year, a

clear spring-summer breeding cycle is reflected in the cyclicity of its plasma estrogen,

plasma vitellogenin and ovarian follicular dynamics. Increased plasma estrogen levels

preceded increased plasma vitellogenin levels and associated incrediments in GSI and

mature ovaries (i.e. dominated by vitellogenin ovarian follicles).
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CHAPTER 3: LIPID PROFILES IN XENOPUS LAEVIS

INTRODUCTION

The induction of vitellogenin in oviparous animals is under direct control of the

endogenous estrogens (Paolucci and Botte, 1988). Vitellogenin is a large

lipophosphoprotein complex that serves as a precursor to egg-yolk, being incorporated

into the oocytes as lipovitellin and phosvitin, the components of yolk. The process of

vitellogenesis and yolk synthesis is strongly associated with active lipid and protein

metabolism (Duggan et al., 2001) and the estrogenic control of vitellogenesis extends to

that of the plasma lipids. General lipid metabolism and -distribution in several/few

amphibians have been well documented (Brown, 1964; Lofts, 1974).

The kinetics and characteristics of the various lipoprotein forms in humans and

some of the higher vertebrates is an intensive research field, partly due to its

significance in artherosclerosis and other health related issues. Much data are available

for many different types of patients and information on the effects of different

chemicals on the lipoproteins are readily available. Many of the mechanisms whereby

lipid and lipoproteins are involved in heart- and vascular diseases, for instance, are

understood as a result of experiments with animals.

Digestion and absorption in amphibians are similar to humans; fats are absorbed

through the formation of micelles by bile salts, intestinal production of chylomicrons

etc. (DuelIman and Trueb, 1986; Schmidt-Nielsen, 1990), but further metabolic

processes are not well described. Lipoproteins have been divided into several classes

with different sizes and metabolic fates and compositions (Montgomery et al., 1996). In

brief, these are the very low density lipoproteins (VLDL), intermediate density

lipoproteins (JDL), low density lipoproteins (LDL) and high density lipoproteins

(HDL). In humans the triglycerides in the chylomicrons and VLDL are hydrolysed by
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lipoprotein lipase (LPL), which is bound to the arterial endothelial cells via

glocosaminoglycans. LPL requires a cofactor, the apolipoprotein (apo) cn.

Chylomicron remnants and VLOL acquire apo E from the plasma and are cleared

primarily by the liver after internalisation via receptor-mediated endocytosis (Hussain et

al., 1997; Olivecrona and Beisiegel, 1997; Obunike et al., 1997). Lipid metabolism in

amphibians is usually studied as a function of reproduction and there exists a strong

correlation between these two aspects (OuelIman and Trueb, 1986). Studies that

investigated lipoproteins in Xenopus laevis did not address base-line descriptive

information on lipoproteins, but rather addressed aspects related to cellular mechanisms.

Various effects of estrogen treatment on lipoprotein size and lipid composition

in humans have been studied (Fitts et aI., 2001; Foulon et aI., 2001). Some earlier

manuscripts on Xenopus laevis (Follet and Redshaw, 1967; Ansari et al., 1970; Merry et

aI., 1971) described some estrogen-inducible changes in lipid values. These earlier

experiments did not look at lipoproteins, were performed on captive animals, and

utilised some crude methods for lipid determination. Early results illustrated that

estrogen stimulated the incorporation of acetate into lipid and cholesterol and also that

plasma lipid concentrations increased (Merry et aI., 1971).

Another consideration is the occurrence of so-called fat bodies. In non-

mammalian vertebrates, these are finger like projections aggregated at the anterior end

of the gonads. Fat bodies are composed of typical adipose tissue (55-65 % lipid per wet

weight) surrounded by connective tissue and account for up to 20 % of total body

weight (Brown, 1964; OuelIman and Trueb, 1986). There exists a strong relationship

between the fat bodies and the size of the ovaries and reproductive success. Various

studies shave shown that the extirpation of fat bodies causes regression of gonads

(Brown, 1964; Feder et aI., 1992) and that these two organs, together with the plasma
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lipid content, are intrinsically linked (OuelIman and Trueb, 1986). The seasonality of

variation in plasma lipid concentrations is further accentuated by the seasonal cycles in

fat body size (Tinsley and Kobel, 1996). Few descriptive studies exist on food intake in

frogs. One such study shows that voluntary food intake in the frogs Bufo bufo and B.

boreas exists in well-defined periods, but are of irregular duration and distribution in

time.

Large variation exists in humans and 'normal' clinical laboratory levels for total

serum cholesterol and triglycerides (as triolein) in humans are 150 - 240 mg/dL and 35

- 160 mg/dL respectively (Montgomery et al., 1996). Normal LOL cholesterol

concentration in humans (normolipidemic male) is generally accepted as being less than

160 mg LOL cholesterol per decilitre serum (Martin and Frei, 1997). Total cholesterol

in Xenopus laevis (as measured by p-toluene sulphonic acid method) was determined to

be 300 mg/dL and estrogen was reported to increase total plasma lipid by up to four-

fold) and total cholesterol by two-fold (Follet and Redshaw, 1967).

Clinical studies on lipid and lipoprotein mechanisms include studies that

employed Xenopus laevis and other amphibians as study animals (Peacock et al., 1988;

Mao et al., 2001). Other studies in this field, where Xenopus is employed as study

animal focused on the optimisation of separation techniques, such as high-performance

liquid chromatography (HPLC), for the quantification of phospholipid classes in

amphibians (Stith et al., 2000).

Studies pertaining to Xenopus investigated lipoprotein receptors and binding

mechanisms and lipoprotein genetics (Mehta, 1991; Yamada, 2000), but apart from the

early descriptive studies and the mechanism-based studies, there are little data on the

plasma lipid composition of Xenopus, per se, especially natural concentrations and

differences between sexes. No information regarding lipoproteins in Xenopus laevis
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could be obtained from present literature. Due to the fact that amphibians are oviparous,

the plasma lipid and lipoprotein composition could differ from that of viviparous

vertebrates

The influence of estrogens on plasma lipids in Xenopus laevis has, to some

extent, been illustrated (Follet and Redshaw, 1967). Being estrogen-dependant, these

lipedic responses could be used as markers for estrogen exposure. These responses are

induced in a similar way as vitellogenin.

The objectives of this study were twofold. Firstly to determine base-line

electrophoretic profiles of the lipoproteins in Xenopus laevis as well as differences

between males and females. Assays were also performed to measure the concentrations

of cholesterol, triglycerides and phospholipids that can be expected in the plasma of

these (natural) populations used in this study. Secondly, as a preliminary study, groups

of animals were also exposed to estrogen to indicate estrogen-sensitive changes in the

lipoprotein profiles and lipid concentrations in Xenopus and to evaluate the potential of

these parameters to be employed as biomarkers for estrogenic influences.

MATERIALS AND METHODS

ANIMALS

Analyses were performed using the plasma from natural populations. Xenopus laevis

were obtained from natural water bodies in the South coast region of South African.

Baited traps were used to collect adult frogs (with a body length> 70 mm). The study

area is located within the natural distribution range of Xenopus laevis (Passmore and

Carruthers, 1995; Tinsley and Kobel, 1996). Frogs were kept cool and hydrated and

transported under moist conditions to the laboratory. The frogs were maintained in a

climatically controlled room at 26 DC with a 12: 12 photoperiod. They were fed
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commercial pet food ad libitum. After a 12-hour fasting period, the animals were

sacrificed and wet body, gonad, liver and ovary masses were recorded in order to select

average individuals. Twelve males and twelve females were selected for the study.

EXPOSURE TO ESTRADIOL

At the onset of the study, the animals were divided into four groups of six individuals

each viz. Female (F), Female Treated (FT), Male (M) and Male Treated (MT). Two

groups (FT and MT; treatment groups) were exposed to estrogen by injection of l7~-

estradiol (Sigma, USA) in DMSO into the dorsal lymph sac at a concentration of 1 ug

estradiol per gram body weight. The other two groups (F and M; control groups) were

only injected with corresponding amounts of DMSO. The animals were maintained

under identical conditions in glass aquaria for a period of seven days. This exposure

period allowed significant induction ofvitellogenin (Hurter et aI., 2002).

POLY ACRYLAMIDE GRADIENT GEL ELECTROPHORESIS (GGE)

Laemmli polyacrylamide gels were prepared. Non-denaturing, vertical gradient gel

slabs (0.75 mm thick) containing 2 - 18 % acrylamide were used. Whole plasma was

used for the GGE procedures. A human plasma standard (normolipidemic male) was

included on each gel. After mixing the plasma to ensure homogeneity, 2 f.llwas mixed

with 3 ul filtered 0.1 % (v/v) Sudan Black in ethylene glycol and 15 f.llof 0.125 M Tris-

HCI (pH 6.8). The samples were centrifuged at 12000 g for 15 min at 4 °C and the

samples applied to the gels at 10 ul/well, Human plasma standard was added to each gel

to serve as reference and the front was visualised with Bromophenol Blue.

Electrophoreses was performed at 20 mA per gel at 150 V for approximately 4 hours at

4°C.
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LIPID ASSAYS

Plasma cholesterol, phospholipid and triglyceride concentrations were determined using

enzymatic, colorimetric kits (Boehringer-Mannheim, Germany). A Precinorm® plasma

sample standard (Boehringer-Mannheim, Germany) was included in every assay as

reference.

STA TISTICAL ANALYSES

The concentration (mean and standard error of the mean) of the various lipids for each

group was calculated. T-tests were performed after normality and equal variance were

confirmed to test for differences between groups. Non-parametric data sets were tested

with Mann-Whitney Rank Sum Tests. All statistical analyses were performed using

SigmaStat 2.0 statistical software (SPSS & Jandel Scientific).

RESULTS

Table 1 shows the size properties of the different classes of lipoproteins (Montgomery

et al., 1996).

Table 1: Size properties of plasma lipoproteins.

Lipoprotein Density Range (g/ml)

Chylomicron <0.94

Very low density (VLDL) 0.940 - 1.006

Intermediate density 1.006-1.019

Low desity 1.019 - 1.063

High density 1.063 - 1.210
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The results of the electrophoresis are shown in Figure 1. Sudan Black stained the lipids

and made it visible on the gel.

A variable, large lipoprotein or chylomicron band near the origin was observed

in both females and males (l; Figure lA & B). The density of this band varied between

individuals. No VLDL or IDL was observed.

When compared to human plasma (H), there was little LDL in these samples of

Xenopus laevis (2; F & M). LDL bands separated, but, especially in the females (2; F),

were almost absent.

HDL bands in the 250 kDa-range could be visualised in both female and male

samples (3; F & M). These molecules were larger (approx. 350 kDa) than the HOL in

the control (human sample; H) and appeared HDL II-like. There was generally greater

variation in the HDL in the female plasma compared to the males. The male plasma

samples showed a level of conformity that was absent in the females.

Estradiol induced changes in lipoprotein composition in both sexes and this

effect can clearly be seen (Figure 1; FT & MT). In the females (FT), estradiol had no

universal effect on the large lipoprotein or chylomicron particle observed near the origin

(compare F vs. FT). This large lipoprotein disappeared in the male treated plasma (M

vs. MT) when estradiol was introduced.

Estradiol treatment in females caused up-regulation of LDL, while no significant

differences were observed in males.

The HDL particles increased in size and quantity in response to estradiol and, in

males, a new species of lipoprotein (± 500 kDa) appeared in estrogen treated plasma

(MT).

The data from the total cholesterol, triglyceride and phospholipid assays are

summarised in Figure 2.
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Figure 1: Gradient gel electrophoreses separation of female (A) and male (B) Xenopus laevis lipoproteins. The natural lipoprotein patterns
of female (F) and male (M) animals were altered by exposure to estradiol (FT & MT). A human standard plasma sample (H) was included
on each gel as control. 1,2 and 3 indicate the expected VLDL, LDL and HDL locations respectively.
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Figure 2: Mean plasma cholesterol (A), triacylgliserol (B) and phospholipid (C)
concentrations in Xenopus laevis. F and FT refers to females and estrogen-treated
females respectively, while M and MT refers to males and treated males. Error bars
indicate standard errors of the mean.
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Mean cholesterol concentrations were higher in the females (125 mg/dl) than in the

males (50 mg/dl)(I = 2.621; p < 0.05). The triglyceride concentrations between females

and males were comparable, showing no significant difference by Mann- Whitney test (p

> 0.05). The phospholipid concentration in the females (198 mg/dl) were significant

higher than in males (112 mg/dl)(Mann- Whitney: p < O.05).

Estradiol induced changes in lipid concentrations In both sexes. Estradiol

treatment induced increased total cholesterol (I = -4.492; P < O.001) and triglyceride

(Mann-Whitney: p < 0.05) levels only in males. Due to large individual variation in

response to estradiol treatment in females, there was no significant change in these

parameters. There is no significant difference in triglyceride levels between sexes after

exposure to estradiol (I-test: p = 0.937). Estradiol increased the phospholipid

concentration in both females (Mann-Whitney: p < 0.05) and males (I = -5.402; p <

0.001).

DISCUSSION

Estradiol induced changes in lipoprotein composition and lipid concentrations in both

sexes. In general, all the lipids in the plasma of Xenopus laevis occurred at high

concentrations (compared to humans). Estrogen induced lipedic responses that

dramatically increased these concentrations. This might be due to sequestration of lipids

from organs by lipolyses or by hepatic synthesis.

The fact that the chylomicron band is not sex-specific, suggests that it might be

dietary fat derived from the reserves in the fat bodies, as opposed to sex-specific

hormonal regulation. The variation in HDL between females could be because of

differences in reproductive stages in females and would therefore not show in males.

The differences in reproductive stages between individuals have been shown to be large
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at any given time (chapter 2). These differences were noted in vitellogenin levels, stages

of oocyte and ovarian development as well as in hepato-somatic and fat body indices.

The effect of estrogen on the lipoproteins is especially clearly seen in the case of

males, where the new species of lipoprotein (approx 500 kDa) appeared. This

lipoprotein is probably the dimer form ofvitellogenin, which has been determined to be

460 kDa in Xenopus laevis (Ho et al. 1982; Norris and Jones, 1987; pers. obs.). It has

been shown that, although males do not normally have vitellogenin in their plasma, they

can synthesise this protein when exposed to estrogens (Gronen et al., 1999). This band

was present and varied in untreated females (F), as would be expected from normal

variation in plasma vitellogenin concentrations (chapter 2).

The disappearance of the chylomicron and increased size ofHDL when estradiol

was introduced is probably partly due to increased synthesis or enzymatic degradation

by lipoprotein lipase, an estrogen-dependant enzyme (Lindberg and Olivecrona, 1995).

The similar levels of triglyceride in the sexes could be explained by the fact that

differences between male and females are mostly based on the estrogen present In

females and would therefore not manifest in the triglycerides. This argument is

confirmed by the fact that there is no significant difference between sexes after

exposure to estradiol it-test: p = 0.937). The high phospholipid concentration in the

females (compared to males) could be explained by the fact that the plasma of females

normally has vitellogenin, a phosphoprotein. It is known that estradiol stimulation

causes a grater vitellogenic response (faster synthesis and at higher concentrations) in

females than in males (Green and Tata, 1976; Hurter et aI., 2002).

The gradient gel electrophoretic patterns shed light on the situation regarding

lipoproteins in Xenopus laevis and clearly showed the difference between humans and

amphibians or rather viviparous and oviparous organisms. Because of the presence of
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fat bodies in Xenopus, it was expected that the 12-hour fasting period, used in clinical

trials, would not lead to substantial decreases in plasma lipid and lipoprotein levels. A

general trend could be observed and the electrophoresis showed the types of

lipoproteins that occur in this animal. The effect of yolk in blood renders additional

dynamics to lipid metabolism. The relatively short lifespan of vitellogenin in blood

causes the status of amphibians, as far as lipoproteins and lipids are concerned, to

remain variable and underlines the random patterns observed in the reproductive studies

(Chapter 2).

It is clear that estradiol produced a significant increase in both the lipoproteins

and the relative plasma lipids in both sexes. Apart from rendering data pertaining to the

natural lipid and lipoprotein profiles in Xenopus laevis, this study illustrated that these

parameters have the potential of being incorporated into the array of screens for

environmental estrogens.
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lCHAPTER 4: VALIDATION OF AN EX VIVO XENOPUS LIVER
SLICE BIOASSAY FOR ENVIRONMENTAL ESTROGENS AND
ESTROGEN MIMICS

INTRODUCTION

There are indications that a large number of chemicals, so-called endocrine disrupting

contaminants (EDe's), might cause the disruption of human and animal endocrine

systems (Guillette, 1994; Korach and McLachlan, 1995; Soto et al., 1995; Safe and

Gaido, 1998). These EDe's modulate, block or mimic the effects of natural hormones.

The resultant interference may have a drastic effect on the regulation of reproduction

and development; embryonic and early post-natal (Soto et al., 1995; Palmer et al., 1998;

Kime et aI., 1999). A wide range of chemicals have been categorised as EDC's. Some

of these are present in natural water resources, drinking water and in an accumulated

form in the food of many human and animal populations, and therefore potentially

poses a great health threat upon exposure (Soto et aI., 1995; Palmer et al., 1998).

The best-studied environmental EDC's include chemicals that induce responses

mimicking the effects of natural estrogen (Korach and McLachlan, 1995; Gillesby and

Zacherewski, 1998; Toomey et al., 1999; Feldman and Krishnan, 1995; Soto et al.,

1995; Lutz and Kloas, 1999) or act as anti-estrogenic compounds (Kirne et al., 1999).

By binding or blocking the nuclear estrogen receptor proteins, EDe's initiate the

abnormal transcription of several genes in target cells. The effects of these estrogen-

mimics are, among others, hermaphroditism, altered male.female sex ratios, gonadal

abnormalities, reproductive dysfunction, precocious sexual development and

'feminisation' of the animal (in the sense that the animal shows physiological and

morphological responses normally associated with high circulating estrogen)(White et

I Published in Ecotoxicology and Environmental Safety. B. 53: 178 - 187 (2002).
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al., 1994; Sumpter, 1995; Sumpter and Jobling, 1995; Danzo, 1997; Gagné et al., 1999;

Kime et al., 1999; Kloas et al., 1999).

In order to detect biological responses to estrogenic compounds in the

environment, indicator species with relevant biomarkers must be developed and

employed. Bioassays measuring estrogenicity, either employing in vivo or in vitro

biomarker models, have been widely reported and include the induction of prolactin and

ovalbumin (Soto et al., 1995), the mitogenic tempo in human MCF-7 cells (Soto et al.,

1995), induction of reporter genes (Korach and McLachlan, 1995), sexual

differentiation of amphibians during the larval stage (Kloas. , 1999), the production of

apolipoproteins by hepatocytes (Hermann et al., 1997), competitive ligand binding (Ruh

et al., 1973; Ankley et al., 1997; Gillesby and Zacherewski, 1998), post-confluent cell

accumulation, endogenous protein expression, recombinant receptor gene assays,

mRNA determinations, and yeast-bed assays (Ankley et al., 1998).

The production of vitellogenin by the liver and its subsequent appearance in the

plasma of oviparous animals has been employed as a biomarker for estrogenic activity

(Sumpter and Jobling, 1995). Vitellogenin, a large phospolipoglycoprotein, occurs

naturally in the serum of adult, female, non-mammalian, oviparous vertebrates such as

fish, amphibians, reptiles and birds. It serves as precursor to the egg-yolk proteins

during egg-production (Ho et al., 1982; Heppell et al., 1995; Wallace, 1985; Palmer et

al., 1998).

Estrogen binds to specific receptors in the cytosol (cytosolic receptors) and

nuclei (nuclear receptors) of hepatocytes with high affinity. The estrogen-receptor

binding is the primary stimulus for RNA production and hypertrophy of the liver

(Paolucci and Botte, 1988; Ho et al., 1992; Gillesby and Zacherewski, 1998; Palmer et

al., 1998). Following the binding of estrogen to the receptors, vitellogenin appears in the
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blood and this coincides with increased levels of protein, calcium and cholesterol in the

plasma. The vitellogenin is taken up by receptor-mediated endocytosis into the

developing oocytes and is incorporated into yolk protein, lipovitellins and phosvitins

(Sumpter and Jobling, 1995; Palmer et aI., 1997).

The genes for vitellogenin are found in the liver of both females and males

(Gronen et al., 1999). Therefore, although males do not normally synthesise

vitellogenin, they possess the ability to synthesise vitellogenin upon estrogen-exposure

(Green and Tata, 1976; Sumpter and Jobling, 1995). Studies have shown that

vitellogenin synthesis can be induced in vivo in fish, frogs and turtles by exposing the

animals to water containing estrogen (Palmer and Palmer, 1995; Sumpter and Jobling,

1995; Sumpter, 1995; Harries et aI., 1997; Kime et aI., 1999). This ability of males to

synthesise vitellogenin after estrogen exposure has been exploited as a biomarker for

measuring exposure of oviparous animals to environmental estrogens (Palmer and

Palmer, 1995; Palmer et aI., 1998; Sumpter, 1995; Gronen et aI., 1999).

The presence of vitellogenin in the blood plasma of males can therefore serve as

a reliable biomarker for exposure to estrogenic substances. Several studies have been

done in which caged fish, frogs and turtles have been exposed to river water or

ecological relevant experimental concentrations of suspected EDC's. The plasma

vitellogenin levels of exposed animals were determined and this was used as biomarker

to evaluate the estrogenic activity in these waters or chemicals (White et al., 1994;

Palmer and Palmer, 1995; Sumpter, 1995; Sumpter and Jobling, 1995; Harries et al.,

1999).

Although in vivo vitellogenin-induction is a sensitive and rei iable method, it is

labour-intensive, expensive, and time-consuming and requires large numbers of animals

to survive for extended periods in cages or laboratory conditions. Furthermore, the
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ethical controversy surrounding in vivo assays and an ever-increasing directive towards

minimising the use of test animals, have resulted in research towards first tier in vitro

(and ex vivo) assays as screening systems for estrogenic activity (Soto et aI., 1995;

Gillesby and Zacherewski, 1998). Although concerns have been expressed regarding the

use of in vitro assays in risk-assessment studies, these assays have apparent advantages,

being labour-, time- and cost-effective and reproducible. Large numbers of samples can

be screened at the same time, minimising the numbers of animals used. Experimental

conditions, e.g. temperature, can be controlled to ensure similar conditions for assays.

The control and experimental samples are done on tissue from the same animal, thus

minimising the number of variables. However, although in vitro assays have great

potential to be employed as screening tools for EDC's, these assays are complementary

to, and not substitutes for, in vivo tests on whole animals (Jobling, 1998).

In vitro production of vitellogenin by hepatocytes of fish and amphibians has

been employed to study estrogenicity (Heppell et aI., 1995; Toomey et aI., 1998; Gagné

et aI., 1999). Estrogenic compounds added to the hepatocyte culture medium activate

the same receptor-mediated gene transcription mechanisms as endogenous estrogen,

resulting in vitellogenin production.

It has been reported that vitellogenin synthesis in liver cultures (exposed to

estrogen) of males, reached maximum levels after approximately nine days (Wallace

and Jared, 1969; Green and Tata, 1976). Secondary in vitro estrogen exposure of liver

cultures from males, after in vivo pre-exposure to estrogen, resulted in a much quicker

maximum vitellogenic response (six days)(Green and Tata, 1976; Wallace and Jared,

1969).

In search for sensitive in vitro screens for estrogenic activity, it was found that

estrogen pre-exposed male liver cultures were superior, more sensitive biomarkers for
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detecting environmental estrogenic activity than of the conventional, unexposed male

liver cultures currently used.

On the other hand, females are naturally 'pre-exposed' by endogenous estrogen

cycles, and should therefore react similar to pre-exposed male liver cultures. However,

potentially high vitellogenin background levels and seasonal variation in receptor

number need to be evaluated.

The objective of this study was to investigate the viability of ex vivo liver slices,

as opposed to isolated hepatocytes or receptor binding experiments, as reliable

biomarker-model for estrogenic activity in the environment (e.g. in water,

pharmaceuticals, industrial chemicals, pesticides, etc.). Specific aims were firstly, to

evaluate sensitivity of the assay to estrogenic test samples and to determine optimal

protocol conditions for vitellogenin production by ex vivo Xenopus laevis liver tissue

culture and secondly, to study the increased sensitivity of such bioassays when

employing the secondary estrogen response in males and female frogs.

MATERIALS AND METHODS

ANIMALS

Xenopus laevis were obtained from natural water bodies in the South coast region of

South African. Baited traps were used to collect adult frogs (with a body length> 70

mm) in the George-Knysna area (34° Ol' S; 22° 23' E). The study area is located within

the natural distribution range of Xenopus laevis (Passmore and Carruthers, 1995;

Tinsley and Kobel, 1996).

Frogs were transported in cardboard boxes to the laboratory, where they were

housed in fresh-water aquaria (size: 300 x 220 x 220 mm) in a climate-controlled room
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set at a 12: 12 LD-cycle and ambient temperature of 25°C (± 2°C). Frogs were fed

every l O days on pet food (Pets Products (Pty) Ltd, South Africa) ad libitum.

ESTROGEN PRE-EXPOSURE OF MALES

Male X laevis were pre-exposed by injecting them intra-peritoneally with 1 mg 17[3-

estradiol (Sigma Chemical, USA) dissolved in Dimethylsulphoxide (DMSO; Merck,

Germany). The estrogen-treated adult males, unexposed adult males and unexposed

adult females, were all kept separately in solvent-cleaned lOvliter aquaria under

identical environmental conditions. Experimental frogs were maintained for 45 days

before being sacrificed for tissue culture experiments.

TISSUE CULTURE MEDIUM PREPARATION

The medium used for tissue culture was RPMI 1640 medium containing L-glutamine,

NaHC03 and 25 mM HEPES (Highveld Biologicals, South Africa). A mixture of

Penicillin, Streptomycin and Fungizone (Highveld Biologicals, South Africa) was added

to the RPMI medium according to manufacturer's instructions. The RPMI medium

containing the antibiotics will subsequently be referred to simply as medium.

XENOPUS VITELLOGENIN ELISA

Liver tissue vitellogenin synthesis was monitored using an ELISA that was developed

specifically for Xenopus plasma vitellogenin (Pool et aI., submitted for publication). In

brief, the aspirated medium, stored as described below, was thawed at room

temperature. The samples were placed on an orbital mixer to ensure a homogenous

solution. The assay was done in 96-Well Nunc-Immuno MaxiSorp® plates. After

coating the wells with the spent tissue culture medium, vitellogenin was detected with
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biotinylated rabbit anti-frog vitellogenin antibody. Bound antibody was detected with an

avidin-peroxidase complex (Amdex, Denmark). POD BM Blue (Boehringer-Mannheim,

GmbH) was used as peroxidase substrate. Optical densities were measured with a

Labsystems MultiscanMS® plate reader at 450 nm. Vitellogenin concentrations were

calculated from a standard curve, prepared using samples of known vitellogenin

concentration on each plate.

TISSUE CULTURE

Frogs were decapitated and then placed in 70% ethanol for three minutes in order to

decontaminate the skin. All subsequent procedures were carried out ascetically in a

laminar flow cabinet. Cubes of liver tissue, measuring approx. I mm:', were prepared

and placed in Nunclon Surface™ multiweIl plates (Nalge Nunc, Denmark) at one cube

per well. Four replicates were prepared for each variable investigated. The tissue sample

(liver slice) was then covered with medium and subsequently incubated in the dark at a

constant 25°C in a Labcon (model L.T.G.C.) growth chamber. The medium was

replaced after 3 days. The aspirated medium was stored at -80°C for the determination

of vitellogenin concentrations in the medium using the Xenopus vitellogenin-ELISA.

COMPARISON BETWEEN UNEXPOSED MALE, PRE-EXPOSED MALE AND

FEMALE LIVER CULTURES

Cultures containing liver slices excised from unexposed male, estrogen pre-exposed

male and unexposed female frogs were prepared. Liver slices were covered with 400 III

medium containing 1 ppm estrogen. Culture medium was replaced with fresh medium

after three days. Medium collected after day six were used for vitellogenin analysis.
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EFFECT OF ESTROGEN CONCENTRATION ON IN VITRO VITELLOGENIN

PRODUCTION

Cultures prepared from estrogen pre-exposed males were incubated with different

amounts of estrogen added to them. 17~-estradiol, solubilised in DMSO (Sigma,

Germany), was added to the medium to final concentrations of 1 ppm, 0.1 ppm, 0.01

ppm, and 0.001 ppm. Cultures containing neat medium (without the addition of

estrogen) acted as controls. Medium was replaced with fresh medium after three days

in culture. The medium was finally aspirated on day six of culture and stored at - 80 DC

for vitellogenin determinations.

INTRA-SPECIFIC VARIATION IN THE ESTROGEN-VITELLOGENIN RESPONSE

Eight cultures (four treatment cultures and four control cultures) of each of the five pre-

exposed frogs were prepared as described above. The tissue cubes were placed in 24-

well Nunclon Surface™ plates at one cube per well. The treatment cultures were

incubated with 400 ul per well of medium containing 1 ppm estrogen. The control

cultures contained the same medium, but without the estrogen. The cultures were

incubated at 25 DC in the dark. Medium were changed with fresh medium after three

days and finally aspirated after six days, after which it was assayed to determine

vitellogenin concentrations.

OPTIMAL TISSUE CULTURE CONDITIONS

To optimise the culture conditions for in vitro studies of vitellogenin production by ex

vivo liver slices, the effect of variation in several culture conditions, viz. temperature,

medium dilution, and the addition of foetal bovine serum, on the estrogen-induced

vitellogenin response in estrogen pre-exposed male frogs was investigated. Liver slices
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were prepared from pre-exposed males as described previously. Medium was changed

after three days and the medium aspirated after six days of culture was stored at - 80 "C

vitellogenin analyses.

Temperature

Liver cultures were incubated at various temperatures to determine the optimum

temperature for vitellogenin synthesis. The five incubation temperatures were 15 "C, 20

-c, 25 -c, 30 -c and 35 -c.

The effect of medium dilution

Medium was diluted with sterile, pharmaceutical grade water to 90 % v/vand 80 % v/v

respectively. Eight liver cultures (four treatments and four controls) were set up at each

of the medium concentrations investigated. Cultures were incubated at 25 "C.

The effect of added foetal bovine serum

Liver slices from pre-exposed males were incubated in medium containing either 0 %,

10 % or 20 % of heat-inactivated foetal bovine serum (Highveld Biologicals, South

Africa). Cultures were incubated at 25 ac.

CHEMICAL EXPOSURE TO REPORTED EDC'S

Pre-exposed male animals were sacrificed and liver tissue cultures were prepared as

before. The tissue cubes were placed in 24-well Nunclon Surface™ plates at one cube

per well. Four cultures were prepared for each treatment sample. All chemicals were

solubilised in DMSO prior to addition to medium. The chemicals investigated were

Diethylstilbestrol (DES) at 1 ppm and nonylphenol at 25 ppm and 100 ppm

respectively. Negative controls contained DMSO only and positive control cultures

received 1 ppm 17-13estradiol. The final DMSO concentration in the medium was the
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same for the control- and the treatment cultures. The control- and treatment samples

were added to the wells at 400 III per well and incubated at 25 oe.

Medium was replaced with fresh medium after 72 hours. The medium was

aspirated after day 6 and stored at -80°C for vitellogenin analysis.

ANAL YSIS OF ENVIRONMENTAL WATER SAMPLES FOR ESTROGENICITY

Collection and filtration of water samples

Water samples were collected from agricultural water bodies in the Boland area and

from a sewage treatment plant. The water was collected in glass jars with foil tops. The

water was filtered through 0.2 urn cellulose acetate filters (Renner, Germany) and

stored at -20°C in 10 ml glass vials with foil tops (Anachem, South Africa).

Preparation of medium containing neat water samples

Water samples (lO % v/v) were added to culture medium. 1 ppm of 17-~ estradiol in

sterile pharmaceutical grade water (10 % v/v) was used as positive control, while sterile

pharmaceutical grade water (10 % v/v) added to medium was used as negative control.

Preparation of medium containing C-18-extracted samples

Water samples were extracted using Isolute SPE 6 ml C-18 solid phase columns

(Anachem, South Africa). Bound, hydrophobic substances were eluted with solvent

mixture containing 40 % hexane, 45 % methanol and 15 % 2-propanol. The eluate was

collected in glass tubes, dried under air and re-dissolved in ethanol to 1/100 of original

volume. The ethanol extract was made up to the original volume with medium.

Screening of water samples for estrogenicity

Pre-exposed male animals were sacrificed and liver tissue cultures were prepared as

before. The tissue cubes were placed in 24-well Nunclon Surface™ plates at 1 cube per

well. The medium containing the water samples or C-18 extract were added to the wells
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at 400 ul per well and incubated at 25°C. Medium was replaced with fresh medium

after 72 hours. The medium was aspirated after day six and was stored at -80°C for

vitellogenin analysis.

STATISTICAL ANALYSES

The induction of vitellogenin was calculated to indicate true estradiol-induced

vitellogenin synthesis and to standardise between the different liver cultures or types.

The induced vitellogenin is therefore defined as the effective estrogen-induced

vitellogenin synthesis in ex vivo liver cultures and is the vitellogenin value of the

control subtracted from the vitellogenin value of the sample. Means and standard

deviations were calculated for each treatment group.

Statistically significant differences (p < 0.05) were confirmed by one-way

analysis of variance (AN OVA) and analyses of co-variance (ANCOVA) after normality

and equal variance was determined using SigmaStat® computer software.

RESULTS

THE QUANTIT ATION OF VITELLOGENIN SYNTHESIS BY EX VIVO XENOP US

LAEVIS TISSUE SLICES

The ELISA does not differentiate between the X laevis plasma and liver slice culture

vitellogenin preparations (Figure 1). This ELISA was subsequently used for all

experiments. The detection range for the assay is between 62.5 ng/ml and 1000 ng/ml

and interassay-variation is 7 %.
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Figure 1: ELISA standard curves for plasma and tissue slice-synthesized Xenopus
laevis vitellogenin. Circles indicate values obtained for plasma vitellogenin and
triangles indicate values obtained for tissue slice-synthesised vitellogenin.

THE EFFECT OF IN VIVO ESTROGEN PRE-EXPOSURE ON EX VIVO

VITELLOGENIN SYNTHESIS

Figure 2 presents data showing the temporal profiles of mean vitellogenin production by

ex vivo liver slices in culture of normal (wild) male, 17~-estradiol pre-exposed male and

normal (wild) female X laevis, respectively. Estrogen-induced vitellogenin synthesis

was observed in all three of the in vitro culture combinations (types).

In normal male cultures, initial (day two) vitellogenin production was low (7.58

ug/rnl) and no significant difference was recorded between control and estrogen-treated

liver slice cultures (Student's t-test: df = lO, t = 1.78, p > 0.05; Figure 2A & B).

Significant temporal variation (ANOVA: df = 4, H = 12.83, p < 0.05; Figure 2A) was

recorded in the estrogen-treated cultures. Vitellogenin production appeared to plateau

71
Stellenbosch University http://scholar.sun.ac.za



after eight days in culture (mean: day eight = 43 ug/ml, day ten = 45 ug/ml vitellogenin;

Figure 2A). Multiple comparison analysis showed that after a 4-day incubation, the

estrogen-treated cultures produced significantly more vitellogenin than control cultures

(Figure lA). Production ofvitellogenin by control cultures remained low throughout the

culture period. The consistent low background did not significantly (ANCOV A, group

as covariant: dj = 1, F = 31.702, p < 0.001) affect the integral line (difference between

vitellogenin in estrogen-treated and control cultures).

In contrast to the natural unexposed male cultures (Figure 2A), male Xenopus,

pre-exposed with 17[3-estradiol 45 days ago, showed high initial vitellogenin production

levels in both control and estrogen-treated liver slice cultures, but there was still a

significant difference (Student's t-test: dj = 10, t = -2.486, P < 0.05) between the

estrogen-treated and control cultures.

The vitellogenin production in the control cultures differed significantly between

aliquots aspirated at two days in natural and pre-treated males (Mann-Whitney Rank

Sum Test: p < 0.001; Figure 2A vs. Figure 2B). However, control cultures showed a

significant (ANOVA: dj= 4,35, F = 32.66, P < 0.001) degree ofvitellogenin washout

over the experimental period (32.86 ug/ml at day 2 vs. 2.36 ug/rnl at day 10, mean

values; Figure 2B).

Secondary exposure of liver slices to estrogen resulted in significant temporal

variation in vitellogenin production by pre-exposed liver slices (ANOV A: dj = 4, H =

13.59, p < 0.01) and peak vitellogenin production levels were measured after six days in

culture (Figure 2B) compared to the ten days in normal unexposed males (Figure 2A).

Although the maximal vitellogenin response occurred earlier in the pre-treated males,

the production of vitellogenin by these slices did not differ significantly from the

maximum levels of production in the untreated males (Student t-test, vitellogenin at
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eight days in Figure 2A vs. vitellogenin at six days in Figure 2B: dj = 4, t = 1.08, p =

0.34).

As indicated in Figure 2B, initial (up to four days in culture) high background

vitellogenin levels in control cultures from pre-exposed males affected (ANCOV A;

Groups as covariant: dj = 1, t = 63.51, p < O.001) the integral line. At the end of culture

(ten days), vitellogenin production levels decreased significantly (Student t-test,

vitellogenin at six days vs. vitellogenin at ten days in Figure 2B) to reach similar

vitellogenin levels (Student's t-test, day ten in Figure 2A vs. day ten in Figure 2B: dj =

5, t = 1.18, p = 0.29) as measured in untreated males exposed to 17~-estradio1.

Liver slice cultures from natural females showed similar initial vitellogenin

production levels (19.46 ug/ml vitellogenin) to that measured in cultures from pre-

exposed male frogs (32.86 ug/ml vitellogenin; Students t-test, Control slice on Day two,

Figure IC vs. Figure 2B: p > 0.05). The high initial vitellogenin back ground levels in

the control cultures of females, similarly to the control cultures in the pre-exposed

males, decreased with time to reach similar background vitellogenin levels encountered

in liver cultures of untreated males (Mann-Whitney Rank Sum Test, day ten: p < O. 05)

in the female control cultures. After six days of culture, the vitellogenin in these control

cultures, in the absence of added estrogen, tended towards zero. From then on, the

vite1logenin levels did not change much and good resolution compared with vitellogenin

synthesis in the presence of estrogen was obtained. The vitellogenin values for the

unexposed male control cultures were low when compared with those of the pre-

exposed male and female culture control values.

Vitellogenin production in the pre-exposed male tissue cultures showed no lag-

period. There was a slight induction ofvitellogenin synthesis by day two (ANOVA: p =

0.032). The induced vitellogenin levels increased towards and peaked at day six. A
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Figure 2: Vitellogenin synthesis by ex vivo liver cultures in the absence (dotted line)
and in the presence (solid line) of estrogen in the culture medium over a ten-day period
of unexposed male (A), pre-exposed male (B) and female (C) Xenopus laevis. The
broken line indicates estrogen-induced vitellogenin induction.
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subsequent gradual decrease in vitellogenin production was observed for the remainder

of the ten-day culture period.

The vitellogenin in the pre-exposed male control cultures were initially high,

when compared to the unexposed male controls.

The female cultures, even with no detectable lag-period, showed a very slight

induced response by day two. The small amount of induced vitellogenin was

insignificant (ANOV A: p = 0.084). There was a rapid increase in vitellogenin synthesis

from day four onwards, and vitellogenin levels peaked at day eight. There was a

decrease in vitellogenin synthesis between day eight and day ten.

As in the unexposed male and pre-exposed male cultures, the control decreased

to reach low values at day four and these low values were maintained throughout the

remainder of the culture period.

THE EFFECT OF CONCENTRATION ON VITELLOGENIN SYNTHESIS

The vitellogenin concentrations in the spent medium from ex vivo liver cultures, after

incubation for six days with estrogen at different concentrations, are shown in Figure 3.

A significant dose-response was observed (ANOVA: df = 4, H = 32.44, P < 0.001).

Estrogen induced maximal vitellogenin synthesis at 1 ppm. A logarithmic trend-line (/

= 0.99; y = -5.3576 In (x) + 12.007) fits the vitellogenin values over the estrogen

concentration range between 1 ppm and 0.001 ppm.

The ex vivo liver tissue cultures incubated with estrogen synthesised

significantly more vitellogenin than the control group (with no estrogen) at all the tested

estrogen concentrations (ANOVA: df = 5, H = 40.16, P < 0.001). The lowest

concentration of estrogen that could be detected (delivering significant higher
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vitellogenin values than the control) using in vivo estrogen pre-exposed male liver was

0.001 ppm.

INDIVIDUAL VARIATION IN SECONDARY VITELLOGENIN RESPONSE

Figure 4 shows that vitellogenin production in liver cultures from several pre-exposed

males, when incubated under similar conditions with 1 ppm 17~-estradiol, did not

exhibit significant inter-individual variation (ANOV A: dj = 4, 34, F = 1.91, p = 0.132).

Vitellogenin production by estradiol-stimulated cultures (n = 5; range: 18.5 ug/rnl -

24.0 ug/ml) was significantly different from that of control liver slice cultures in all

individuals.
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Figure 3: The effect of estrogen concentration on vitellogenin synthesis by in vivo pre-
exposed male Xenopus laevis liver cultures ex vivo. Medium was assayed after a six-day
culture period.
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TISSUE CULTURE OPTIMISATION: THE EFFECT OF TEMPERATURE ON

VITELLOGENIN SYNTHESIS

Medium vitellogenin concentrations after the six-day culture period differed

significantly between different incubation temperatures (Figure 5; ANOV A: dj = 4, H =

35.95, p < 0.001). Vitellogenin production by control liver cultures was low in all

cultures and differed significantly (ANOVA: dj = 4, H = 16.31, P < 0.01) from

vitellogenin production by estrogen-stimulated cultures over the range temperatures

investigated (15 °C - 35°C). Vitellogenin production in estrogen-treated cultures

increased gradually with increased incubation temperatures up to 30°C (Figure 5). At

temperatures higher than 30 °C a significant (Mann-Whitney Rank Sum Test: p <

O.001; Figure 5) drop-off in vitellogenin production occurred.
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Figure 4: The effect of incubation temperature on estrogen-induced vitellogenin
synthesis by ex vivo liver cultures of in vivo pre-exposed male Xenopus laevis. Liver
cultures were incubated at temperatures as described in Materials and Methods. At the
end of a six-day culture period, the culture medium was assayed for vitellogenin. The
solid line indicates the vitellogenin in estrogen-treated cultures and the broken line
indicates the vitellogenin in control cultures without estrogen.
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Figure 5: Variation in estrogen-stimulated vitellogenin synthesis between ex vivo liver
cultures of in vivo pre-exposed male Xenopus laevis individuals. Cultures medium was
assayed for vitellogenin after a six-day culture period as described in Materials and
Methods.

TISSUE CULTURE OPTIMISATION: THE EFFECT OF MEDIUM DILUTION ON

VlTELLOGENIN SYNTHESIS

The effect of medium dilution on vitellogenin synthesis by the liver cultures is

summarised in Table 1. Decreasing the medium concentration from 100 % to 90 % v/v

and 80 % with water for injection increased ex vivo estrogen-induced vitellogenin

synthesis by estrogen pre-exposed male liver slice cultures (ANOVA: df = 2, 21, F =

74.38, p < 0.001). Although the mean effective vitellogenin induction (Induced -

Control) had increased for the 10 % v/v medium dilution culture, compared to the 100

% v/v dilution cultures, the vitellogenin levels did not differ significantly (Student's t-

test: p > 0.05). However, the vitellogenin production in liver cultures subjected to

estrogen in 80 % medium was significantly higher than cultures of 100 % medium

(Student's t-test: df = 14, t = -12.15, p < O.001).
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Table 1: The effect of medium concentration on estrogen-induced vitellogenin
synthesis by ex vivo liver cultures of in vivo pre-exposed male Xenopus laevis
individuals. Liver cultures were incubated with RPMI and sterile water (WFI) as
described in Materials and Methods. After the six-day culture period, culture medium
was assayed for vitellogenin. Vitellogenin values are expressed as mean ± standard
deviations.

Vitellogenin

Medium composition concentration (ug/rnl)
Estrogen-inducedControl 1 ppm Estrogen vitellogenin

100 % RPMI 6.02 ± 0.48 20.95 ± 4.91 14.93

10 % WFI, 90% RPMI 6.96± l.19 27.00 ± 5.52 20.03

20 % WFI, 80 % RPMI 9.25 ± 3.57 50.16 ± 4.71 40.91

TISSUE CULTURE OPTIMISATION: THE EFFECT OF SERUM ON

VITELLOGENIN SYNTHESIS

Heat-inactivated foetal bovine serum (FCS) inhibited ex vivo vitellogenin synthesis by

liver slices in culture (ANOVA: df = 5, H = 40.18, P < O.001; Table 2). At 10 % FCS:

90 % RPMI, the effective induced vitellogenin production was significantly (ANOV A:

df= 5, H = 40.18, P < 0.001) decreased (Table 2) compared to vitellogenin production

by slices incubated in 100 % RPM!. Similarly 20 % FCS: 80 % RPMl further reduced

effective induced vitellogenin production, and vitellogenin production by these cultures

differed (Table 2) from vitellogenin production by slices incubated in 100 % RPM!.

Significant inhibition ofvitellogenin production was also observed in the control group

(no 17~-estradiol added to culture medium; df= 5, H = 40.18, P < 0.001; Table 2) to

such an extent that there was no significant difference between control and treatment

groups (ANOVA: p = 0.837).
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Table 2: The effect of serum on estrogen-induced vitellogenin synthesis by ex vivo
liver cultures of in vivo pre-exposed male Xenopus laevis individuals. Liver cultures
were incubated with RPMI and sterile heat-inactivated foetal calf serum (FCS) as
described in Materials and Methods. After the six-day culture period, culture medium
was assayed for vitellogenin. Vitellogenin values (ug/ml) are expressed as mean ±
standard deviations.

Vitellogenin

Medium composition concentration (ug/ml)

Control I ppm Estrogen
Estrogen-induced

vitellogenin

100 % RPMI 6.20 ± 0.44 19.49 ± 5.06 13.92

10 % FCS, 90% RPMI 1.38±0.18 2.17 ± 0.42 0.79

20 % FCS, 80 % RPMI 1.29±0.18 1.32 ± 0.35 0.03

THE USE OF IN VITRO LIVER SLICE CULTURES: SCREENING SUSPECTED

EDC'S:

Vitellogenin synthesis by liver slices incubated in the presence or absence of the man-

made chemicals diethylstilbestrol (DES) and nonylphenol differed significantly

(ANOVA: dj = 4, H = 32.36, p < 0.001). Vitellogenin synthesis by liver slices

increased in the order: negative control < 25 ppm nonylphenol < 100 ppm nonylphenol

< 1 ppm estrogen < 1 ppm DES (Table 3).

THE USE OF IN VITRO LIVER SLICE CULTURES: SCREENING NATURAL

WATER SAMPLES

From Figure 6 it is clear that the estrogenicity of laboratory prepared standards was not

significantly affected/enhanced by the method of sample preparation, i.e. C-18

extraction vs. unextracted (ANCOVA: dj= 1, F = 0.04, P = 0.835). C-18 extraction of

samples, when compared to unextracted samples, significantly increased the
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estrogenicity as measured by the liver slice bioassay of lake (Student's t-test: dj = 14, t

= 6.56, p < 0.001) and farm dam (Student's t-test: dj= 14, t = 9.44, P < 0.001) water.

Although Figure 6 suggests that C-18 extraction of sewage, compared to unextracted

sewage, increased vitellogenin production by liver slices (higher mean vitellogenin

concentration), this difference was not significant (Mann-Whitney Rank Sum Test: p <

0.195).

Table 3: Vitellogenin synthesis stimulated by man-made chemicals in ex vivo liver
cultures by in vivo pre-exposed male Xenopus laevis individuals. The vitellogenin in
culture medium was assayed after a six-day culture period as described in Materials and
Methods. Vitellogenin values are expressed as mean ± standard deviation.

p < 0.05 Compared
to negative control

---_._----_._------_._---_ .._._._-_._-_ .._ ....._ .....-.._--_.-
Treatment chemical

Vitellogenin
(ug/rnl)

p < 0.05 Compared
to positive control

RPMI medium (Control) 6.05 ± 0.79 N/A

Diethylstibestrol (1 ppm) 19.70 ± 4.16 Yes

Nonylphenol (25 ppm) 7.76 ± 0.73 Yes

Nonylphenol (100 ppm) 8.34 ± 1.63 Yes

1713-estradiol (1 ppm) 17.28 ± 4.59 Yes

Yes

No

Yes

Yes

N/A

Apart from the unextracted water sample collected from a dam, all other water samples

assayed (Figure 6) induced significantly higher ex vivo vitellogenin production by liver

slice cultures when compared to the laboratory control (ANOVA with Dunn's multiple

range test: dj= lt), H = 68.65, p< 0.001).
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Figure 6: Induction of vitellogenin synthesis by environmental samples using ex vivo
liver cultures of in vivo pre-exposed male Xenopus laevis. Cultures were incubated with
samples as described in Materials and Methods. The culture medium was assayed for
vitellogenin after a six-day culture period. ' * ' indicate a significant (p < 0.05)
difference from the control, using Dunnett's All Pairwise Multiple Comparison
ANOVA.

DISCUSSION

Vitellogenin, a yolk precursor protein, is synthesised by non-mammalian vertebrates

upon stimulation with estrogen. Estrogen binds to specific hormone receptors in the

hepatocytes of these animals, resulting in an increase in the transcription of mRNA and

upon translation, an increase in plasma vitellogenin protein (Paolucci and Botte, 1988;

Ho et al., 1992).

Previous studies have shown that liver tissue slices and isolated hepatocytes

from male Xenopus leavis can be stimulated in vitro with estrogen to produce

vitellogenin by the same mechanisms that operate in vivo (Wallace and Jared, 1969;

Green and Tata, 1976). For the present study it was decided to only investigate liver

tissue slices because this system is more representative of in vivo conditions than

isolated hepatocytes. This is due to the fact that all the cell types are present and can
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interact as they would in vivo, as they are in the right spatial orientation with one

another in the liver slice system. In isolated hepatocyte cultures, only a specific fraction

of the liver cells is used and these cells do not necessarily interact with one another as

they would in vivo.

Pre-exposure of male X laevis to estrogen in vivo results in a major up-

regulation of inducible vitellogenin synthesis and also shortens the time required for

maximal vitellogenin synthesis from eight days in culture to six days upon secondary

exposure to estrogen in tissue culture (Green and Tata, 1976). This increase in ex vivo

vitellogenin synthesis upon in vivo estrogen exposure was found to be due to an

increase in nuclear estrogen receptors and this increase is regulated by estrogen pre-

exposure i.e. estrogen regulates its receptor, thus making the animal more sensitive to

subsequent estrogen exposures (Paolucci and Batte, 1988; Norris, 1997). The present

study confirmed these reports. Liver cultures from estrogen pre-exposed males and

cultures from mature females synthesised higher concentrations of vitellogenin faster

than liver cultures from unexposed males upon estrogen stimulation ex vivo. As far as it

could be established, this is the first time that liver cultures from female animals were

used to study estrogen inducible gene products. Mature females are naturally exposed to

high levels of estrogen during their natural reproductive cycle and this could lead to the

up-regulation of estrogen receptors, similar to results found for estrogen pre-exposed

male animals. In fact, studies on receptor-binding have shown a much higher estrogen

receptor number for female non-mammalian vertebrates than for males (Pottinger, 1986;

Campbell et aI., 1994). Due to the fact that endogenous estrogen is washed out during

the initial stages of ex vivo culture, vitellogenin synthesis induced by the addition of

estrogen to culture medium can be accurately determined during the later stages (after

four days) of ex vivo culture. Female liver tissue slices, being equally if not more
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sensitive than estrogen pre-exposed male liver tissue slices, can thus be used as an

alternative to traditional studies that only used male animals to study the effects of

estrogen and estrogen mimics on endocrine disruption.

The literature describes several different protocols for culturing Xenopus liver

tissue cultures (Green and Tata, 1967; Toomey et al., 1998; Gagné et al., 1999). These

culture systems differ with respect to temperature, osmolarity and additives from the

medium. However, none of these papers indicate why specific culture conditions were

used. This study optimised culture conditions for liver tissue slices. The optimum

temperature for cultures to induce maximum vitellogenin synthesis was found to be

between 25 and 30°C. This temperature appears to be higher than the average air

temperature (20°C; George weather office) found in the natural habitat of the Xenopus

leavis colony used in this study. Studies done in our laboratory on Xenopus leavis in

vivo showed that high (> 25°C) temperatures resulted in a large number of fatalities

(data not shown). This might be due to a high temperature-induced shortage of oxygen

in the water, a major source of Xenopus respiratory oxygen in vivo. This temperature

(25°C - 30°C) did not have any noticeable effect on the stability and viability of

Xenopus leavis liver tissue slices in vitro. The optimum osmolarity of the medium was

found to be 230 mOsm. This was expected, as the mean ionic strength of Xenopus

plasma was also 230 mOsm.

Addition of foetal calf serum to medium caused a major decrease in detectable

vitellogenin synthesis by Xenopus leavis ex vivo liver slice cultures. This decrease might

be due to estrogen binding proteins in the serum that could effectively decrease the

available estrogen to the liver cultures (Norris, 1997). The optimum conditions for

vitellogenin synthesis by Xenopus leavis liver cultures were found to be six to eight
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days at 25 DC- 30 DC in 80 % v/v RPMI and 20 % v/v sterile water, and in the absence

of additional serum to the culture medium.

The optimised Xenopus leavis liver tissue slice assay is a very sensitive system for

detecting natural estrogen (lowest detection level was 1 ppb). The assay system was

also investigated to be used as a screening system to detect man-made estrogens and

estrogen mimics in the environment. Present studies shows that the optimised Xenopus

leavis liver slice assay could be used to detect man-made estrogen mimics that might

pollute the environment. Preliminary environmental studies done for this paper showed

that the present assay detects estrogen and/or estrogen mimics in dams and lakes in

agricultural areas, as well as in sewage effluent pumped into the rivers in the Western

Cape. This could be due to phytoestrogens, anthropogenic estrogens or estrogen mimics

(Safe and Gaido, 1998). Further studies must be done to confirm the extent of the

estrogen and/or estrogen mimic pollution in these water bodies and also whether this

estrogenic activity occurs throughout the year or whether it is a seasonal phenomenon.

In conclusion, the Xenopus liver tissue slice assay for estrogen and estrogen

mimics is a very sensitive assay for screening both chemicals and environmental

samples. It is suggested that this assay, being more representative of in vivo conditions

than the isolated hepatocyte assay and the yeast screen assay for estrogen, should be

included in the battery of tests for endocrine disruptors.
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CHAPTER 5: SCREENING OF DRINKING AND AGRICULTURAL
WATER FOR POTENTIAL ESTROGENIC ACTIVITY

INTRODUCTION

Due to the nature of the endocrine system and the many possible interactions, it is

evident that environmental chemicals could produce endocrine disruption (Witorsch,

2002). There is growing scientific evidence that suggest that environmentally persistent

chemicals are disrupting the normal endocrine pathways in humans and animals. This

could cause reproductive and developmental abnormalities (Soto et al., 1995; Palmer et

aI., 1997; Naz, 1999). The most well known endocrine disruptors are environmental

xenoestrogens (Soto et aI., 1994; Arcand-Hoy and Benson, 1997). These are exogenous

chemicals that elicit responses similar to that of the endogenous estrogens (Palmer et al.,

1998). Many xenoestrogens have been identified. They can be natural estrogens (from

female animals) or from plants and fungi (phytoestrogens and mycoestrogens; Safe and

Gaida, 1998), but most are derived from man-made chemicals. These include pesticides

and herbicides (e.g. methoxychlor, dieldrin, endosulphane and dichloro-diphenyls),

industrial chemicals (e.g. polychlorinated biphenyls), pharmaceuticals including

contraceptives (e.g. diethylstilbestrol), and the degradation products of plastics,

alkylphenols (e.g. Nonylphenol; White et al., 1994; Soto et al., 1995; Toomey et al.,

1999).

Many of these estrogenic chemicals have been found to occur in various

concentrations in the environment (Toomey et aI., 1999; Feldman and Krishnan, 1995;

Soto et al., 1995; Lutz and Klaas, 1999; McLachlan, 1980; White, 1994). They are not

only in the environment, but find their way into humans by, for instance, being added to

food and beverages by the polycarbonate plastic materials that they are packaged in

(Feldman and Krishnan, 1995) or by run-off from crops into drinking water. The
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concentrations of these chemicals in the environment are determined chemically and

laboratory experimentation performed to evaluate the potency or estrogenic activity.

Although these extrapolations do not consider aspects such as bioavailability or

synergism, for instance, they are indirect indications of potential risk.

Some of the harmful estrogenic effects associated with xenoestrogens manifests

as breast- or testicular cancers and reduced sperm counts in humans. Various

reproductive abnormalities in animals have been documented. These include

abnormalities such as cryptchorchidism, abnormal development of reproductive organs

in mammals and reptilians, sex reversal in fish, birds, laboratory rodents and alligators

as well as eggshell thinning and altered social behaviour in birds (Colborn et al., 1993;

Guilette, 1994; Gillesby and Zacherewski, 1998; Lutz and Kloas, 1999).

Recent studies have shown that certain EDCs may also have anti-estrogenic or

anti-androgenic effects (Ankley et al., 1998; Naz, 1999; Vollmer, 2002). Due to the fact

that much of the endocrine modulation is effected on a sub-lethal level, caution should

be taken not to ignore the potentially detrimental changes it brings about on population

and individual level. The American Food Quality Protection Act and the Safe Drinking

Water Act were therefore amended in 1996 and now require the testing of chemicals for

endocrine disrupting effects (Gillesby and Zacherewski, 1998; Bolger et aI., 1998). The

U.S. Environmental Protection Agency (EPA) was compelled, by Congress, to develop

screening assays for xenoestrogens by August 1998 and to implement a water-and

pesticide-screening program by August 1999. The EPA has also initiated an Endocrine

Disruptor Screening and Testing Advisory Committee (EDST AC) to guide it, so that the

EPA would comply with mandates from Congress (Ankley et al., 1998).

Globally attention is given to the potential problems posed by EDCs in the

environment to wildlife and humans. Worldwide many workshops and seminars are
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being held, analytical techniques and bioassays are researched and validated and

chemicals and environmental samples tested for estrogenicity in order to evaluate the

very real danger of xenoestrogens (Ankley et aI., 1998). The urgent development and

application of specific bio assays as part of a testing battery, together with the

introduction of the appropriate legislation, will ensure that industrial effluent are

properly disposed of. This will further aid the identification of EDC hotspots and the

health and welfare of the public and the country's fauna and flora (Ankley et aI., 1998;

Korach and McLachlan, 1995; Sumpter and Jobling, 1995; Heppell et al., 1995).

Although the USA-EPA has published an extensive report (December, 1999) on

potential bioassays to screen chemicals for EDC activity, few of these bioassays have

been employed to screen natural water resources.

In South Africa, the new National Water Act (Act No. 36 of 1998) now

mandates the government to establish a national monitoring system to assess and

monitor local water resources. Several studies have shown that EDCs are distributed in

the South African environment and have been detected in various water bodies and

organisms (Heath and Claassen, 1999). Van Wyk et al. (2002) have shown how EDCs

can and have disrupted endocrine systems in frogs and other lower vertebrates. These

and other studies illustrate that EDCs pose a threat, also in South Africa, and that there

exist a great need for the screening of local waters, as well.

The bioassays employed for the detection of EDC are based on various in vivo

and in vitro assays that use certain key animals species as models (Ankley et aI., 1998;

Gillesby and Zacherewski, 1998; McLachlan and Korach, 1995). A number of studies,

for instance, have demonstrated how the production of the yolk precursor protein,

vitellogenin, by fish, amphibians and birds could successfully be employed to indicate

contamination of river systems with estrogenic contaminants (Sumpter and Jobling,
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1995; Harries et al. 1997; Harries et al. 1999). Animals are maintained in cages and

exposed to suspected contaminated environmental water and their vitellogenin

responses measured as a marker for the presence of estrogenic compounds. Van Wyk et

al. (submitted for publication) have used caged male Xenopus laevis and detected

contaminated water bodies with high levels of vitellogenin in the plasma of these

animals. In vivo screening tests are representative of the true biological responses of

organisms to estrogenic activity, but are often laborious, expensive and time-

consuming. The need for fast in vitro screens has led to the development of several in

vitro screens. The production of vitellogenin by isolated hepatocytes of some fish and

amphibian species are used to detect estrogenic activity of chemicals (Jobling and

Sumpter, 1993). Yeast cells, transfected with the estrogen receptor, are used and binding

of estrogenic compounds to the receptors are tested by vitellogenin-related genetic

markers (Arnold et al., 1996; Tanaka et al., 200 I).

The liver slice bioassay in this study has been developed for fast and routine

screening of many samples. It is an ex vivo screen, not having the problems of in vivo

screens, but more representative than an in vitro, as the liver tissue with all the different

cells remain intact. The liver slice bioassay has been shown to be effective and sensitive

for the detection of estrogenicity, but is not yet used extensively in screening programs.

This screening test (Hurter et aI., 2002) employs intact liver tissue of an endemic

aquatic amphibian species, the African clawed toad Xenopus laevis, that occurs

throughout the country and is suitable for large scale screening of estrogenic

compounds in the environment. The estrogenic activity of a particular water body can

be assessed by exposing liver cultures to the water. Vitellogenin synthesis by the liver

tissue is then measured using a Xenopus laevis vitellogenin ELISA (Pool et aI.,
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submitted for publication) and if positive for vitellogenin, indicates estrogenic activity

of the water sample.

The aim of this study, therefore, was to implement the Xenopus laevis ex vivo

liver slice bioassay as part of a water screening program and to demonstrate how

drinking and agricultural water bodies of the Western Cape and Boland regions, South

Africa can be tested for estrogenic contaminants. In addition, this study will serve as a

first evaluation of estrogenic contamination in South African waters. It was not the

purpose of this study to do risk assessment or determine the sources of estrogenicity.

MATERIALS AND METHODS

STUDY AREAS

Water samples to be screened for estrogenic activity were collected as three types and

eight groups.

Drinking Water

Reservoirs: Water was obtained directly from reservoirs.

Distribution points: This water was obtained from randomly chosen distribution points

in Cape Town residential areas. The water was treated (chlorinated etc.) by the

municipalities at the respective reservoir, and again during the distribution process.

Agricultural Water

Dam water from Grabouw agricultural area: Samples were collected from randomly

selected farm dams. Fruit is intensively produced in this study area, which is situated in

mountainous terrain. These dams are used in orchard irrigation, receiving water from

rain run-off in the orchards, which are characterised by extensive crop-spraying

programs.
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River water from Hex River Valley agricultural area: This valley is intensively farmed

with table grapes for the export market and contains several tributaries that pass through

the area and eventually drain in the Hex River. With mountains on both sides, the water

runs into the valley and southwards towards De Doorns and the town of Worcester.

Extensive crop spraying is also found in this area.

River water from Eerste River, Stellenbosch: Water samples were collected the Eerste

River and its tributaries. The Eerste River originates from a pristine catchment area in

the Jonkershoek valley. It runs past two trout breeding centres, grape and wine

producing areas and residential and industrials areas of the town Stellenbosch. It also

receives water from other rivulets, which on their turn have passed through industrial

areas, informal settlements, past the Stellenbosch sewage treatment works and more

agricultural areas.

Aquaculture farms: Water was sampled from two trout aquaculture farms in the

Stellenbosch region.

Reclaimed Water

Direct reclamation: The water from the City of Windhoek, where raw sewage water is

reclaimed by treatment and mixed back into the supply channels, were sampled. Water

is received from a natural water catchment area and bore holes and supplemented with

treated water from the sewage treatment and reclamation plants.

Indirect reclamation: Water for distribution in the town of Atlantis is obtained from an

underground aquifer through several boreholes. The aquifer is shallow (approx. 3 m

underground) and fresh water seeps through lower laying areas to form ponds between

the sand dunes. The aquifer also receives effluent water from the local sewage treatment

works. Water samples from the boreholes are raw (untreated) whilst those from the

distribution points have been treated.
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WATER SAMPLES

Water from farm dams, lakes, rivers and drinking water reservoirs and distribution

points were tested for possible estrogenic activity. Water samples from each site were

collected in borosilicate glass bottles using aluminium foil in the lids. Prior to

collection, the glass bottles were prepared according to the protocol described below:

• washed with phosphate free detergent (Extran ™ liquid; Merck, South

Africa), warm hot water and a brush

• rinsed three times with hot tap water

• rinsed three times with deionised reverse osmoses water

• rinsed once with HPLC-grade methanol

• and finally rinsed once more with deionised reverse osmoses water and

allowed to dry and recapped.

Before a water sample was taken, the sampling bottle was rinsed once with the water

from that particular site. The bottle was submerged and opened approximately 10 cm

under water to exclude the biofilm on the water surface as part of the water sample.

The samples were then transported back to the laboratory in cooler boxes, where

the hydrophobic compounds were extracted using Isolute SPE 6 ml C-18 solid phase

columns (Anachem, South Africa) within 48 hours of collection. The water was stored

at 4 °C and the extraction procedures were carried out within 48 hours.

Hydrophobic substances, bound to the solid phase, were eluted with an elutant

mixture containing 40 % hexane, 45 % methanol and 15 %, 2-propanol. The eluate was

collected in glass tubes (16 ml auto sampling vials), dried under air and re-dissolved in

ethanol to a final volume of 1/100 of that of the original volume. Extracted samples

were stored at -20°C in these vials until later analyses using the Xenopus laevis ex vivo

liver slice bioassay.
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ANIMALS

Adult male Xenopus laevis were acquired from natural water bodies in the Knysna area.

They were transported to the laboratory in cardboard boxes and kept hydrated with wet

sponges. The frogs were injected intra-peritoneally with 1 mg 17~-estradiol (Sigma

Chemical, Missouri) in Dimethylsulphoxide (Merck, Germany) per animal. They were

maintained in glass aquaria in a temperature-controlled room with a 12: 12 photoperiod

at 25 DC (± 2 "C) for 30 days in order for the estradiol stimulation to effect the

sensitisation by pre-exposure (Hurter et aL, 2002).

WATER ESTROGENICITY: EX VIVO LIVER SLICE BIOASSAY

Culturing of the water sample extracts were performed as described in Hurter et al.

(2002). All procedures were carried out aseptically in a laminar flow cabinet.

In brief, cubes of liver tissue were prepared and placed in Nunclon Surface™

multiweIl culture plates (Nalge Nunc, Denmark). Four replicate cultures were prepared

for each water sample tested. The tissue was then covered with the water sample

extracts, which have been reconstituted to the original volume with tissue culture

medium (RPMI 1640 medium containing L-glutamine and NaHC03 and 25 mM

HEPES; Highveld Biological, South Africa) at 500 ul per well. A Penicillin,

Streptomycin and Fungizone antibiotic mixture (Highveld Biological, South Africa)

was added to the RPMI medium according to manufacturers instructions. Control

samples were included on every plate. Negative controls contained medium and ethanol

only, while positive controls contained medium with 0.1 ppm 17-~ estradiol (Sigma

Chemical, Missouri) and ethanol. The cultures were incubated in the dark at 27 De.

After six days the medium was aspirated and stored at -80 DC for vitellogenin

determination using a Xenoups laevis vitellogenin ELISA.
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XENOPUS LAEVIS VITELLOGENIN ELISA

A locally developed ELISA (Pool et al., submitted for publication) was employed to

measure the amount of vitellogenin synthesised by the cultures. In brief, the medium,

stored as previously described, was thawed at room temperature. The culture

supernatant samples were placed on an orbital mixer to ensure a homogenous solution.

The assay was done in 96-well Nunc-Immune MaxiSorp™ plates (Nalge Nunc.

Denmark). After coating the wells with the medium, the vitellogenin was detected with

biotinylated rabbit anti-frog vitellogenin antibody. Bound antibody was detected with

horseradish avidin-peroxidase complex (Amdex, Denmark).

TMB substrate (POD BM Blue; Boehringer-Mannheim, GmbH) was used as

peroxidase substrate for the chromogenic reaction, which was stopped with 100 f.!1of

0.5 M H2S04. The optical densities were measured with a Labsystems MultiscanMS™

plate reader at 450 nm. Vitellogenin concentrations were calculated from a standard

curve prepared using samples of known vitellogenin concentration on each plate.

STATISTICAL ANALYSES

Vitellogenin concentration (mean and standard error of the mean) for each treatment

sample was calculated. Statistically significant differences between the samples and the

negative control were identified by one-way analyses of variance (ANOV A) and the

groups differing from other groups identified with Kruskal-Wallis (for normally

distributed data with equal variance) or Dunn's (for non-parametric data) tests using

SigmaStat® computer software. Samples rendering vitellogenin concentration

significantly higher than the negative control were regarded as positive (containing

significant estrogenic activity to be regarded as potentially endocrine modulating:

requiring further, 2nd and 3rd tier testing).
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RESULTS

The results from the screening assays are summarized in Tables I. The sampling sites

were grouped according to type, albeit that there might be no association between some

of them. The positive control cultures showed significantly higher vitellogenin levels

than the negative control cultures in all cases.

Several of the culture supernatants showed significantly higher vitellogenin

concentrations than the control, as measured by the ELISA (p < 0.05), and were

therefore positive in terms of estrogenic activity. These high vitellogenin cultures were

incubated with water from several of the said groups, and were not limited to a specific

group or sampling area.

Table 1: Summary of results from bioassays for estrogenic activity. Samples associated
with drinking water were coded. Samples with values of p < 0.05 tested positive for
estrogenicity.

Water Type/Group Sample p < 0.05

Drinking Water
Reservoirs Rl No

R2 No
R3 No
R4 No
R5 No
R6 Yes
R7 Yes

OWl No
OW2 No
OW3 No
OW4 No
OW5 No
OW6 Yes

Distribution Points
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Table I (continued)

Water Type/Group Sample p < 0.05

Agricultural Water
Farm Dams Restonwaid No

Lily Dam No
Beaulieu Dam No
Pentlands Palmiet No
Valley Green Yes

Rivers: Hex River Valley Confluence No
Amandel No
Hills No
Bo-Vallei No
Groothoek Yes

Rivers: Stellenbosch Jonkershoek No
Jonkershoek Dam No
Breeding Centre Out No
Breeding onfluence No
Paul Roos No
Industria No
Spier No
Hangbrug Yes
Nooitgedacht Yes
Stellenbosch STW Yes
Post Planck Yes
Cheetah Yes

Aquaculture Farms Elsenburg No
Welgevallen No

Reclaimed Water
Direct Reclamation Von Bach Mix No

Von Bach Final No
Goreangab Raw No
Goreangab Final No
Gammans Raw Yes

Indirect Reclamation BHl No
BH2 No
BH3 No
BH4 No
BH5 No
BH6 Yes
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DISCUSSION

Several of the sampling sites proved to have estrogenic activity, since water from these

induced synthesis of significantly more vitellogenin than the control samples. This

estrogenic activity could be as a result of an estrogen, estrogen-mimics or both as the

nature of the bioassay is such that it takes into account any synergism, inhibition etc. of

compounds on each other. The ex vivo bioassay is an end-point assay, which measures a

physiological response to the water, rather than detecting a specific compound in it. The

results thus show the sum of effects of all the compounds in and/or other effects exerted

by the water. The samples that tested positive are water that contains estrogenic

qualities, which disrupt the endocrine system by inducing an estrogen-like response.

Whether these endocrine disrupting qualities are due to one substance or due to a variety

of agricultural activities, needs to be evaluated on second and third tier levels.

This estrogenic activity was not limited to one group, but was detected randomly

across the spectrum of sampling groups. Water from rivers, farm dams, reservoirs and

drinking water outlets tested positive. This water was taken from the West Coast,

Grabouw, Hex River, Stellenbosch and Greater Cape Town regions. This implies that

the estrogenic activity is limited neither to one area, nor to one type of water source.

Caution should thus be taken when extrapolations and inference are being made based

on strategically determined sampling areas.

Positive results from the agricultural water from the Eerste River (Table 5) could

be explained by the fact that these sites were in the lower reaches of the sample area and

have received most of the effluent from surrounding vineyards and from the

Stellenbosch sewage treatment works (STW).
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The positive result from the direct reclamation water (Table 7) could be

explained by the fact that this was raw sewage water. The negative results could

indicate that potential estrogenicity was effectively removed from this system.

This study shows estrogenic activity in our water resources and that this EDC

activity can be detected and the sites identified. Estrogenic activity in river and drinking

water specifically should be evaluated as a matter of priority due to the detrimental

effects that this activity will have on animals and the consumers of these animals and

water.
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lCHAPTER 6: MONOCLONAL ANTIBODIES AGAINST
ESTROGEN-SPECIFIC PROTEINS IN XENOPUS LAEVIS AND ITS
USE IN ENVIRONMENTAL SCREENING

INTRODUCTION

The naturally occurring estrogens are 17~-estradiol, estrone and estriol. Amongst these

18-C steroids, 17~-estradiol is the most potent estrogen (Norris and Jones, 1987;

Ganong, 1997). The primary responsibility of estrogens is the maturation and proper

functioning of secondary sex organs and estrous behaviour in animals (Zubay, 1993;

Ganong, 1997).

Under normal conditions, the binding of endogenous estrogens to the estrogen

receptor forms a complex that binds to DNA and this is the primary stimulus for the

induction of estrogen-induced mRNA and subsequent translation that modifies cell

function (Paolucci and Botte, 1988). The estrogenicity or estrogenic activity of (the

estrogenic influence caused by) estrogen is accompanied by certain biochemical

changes in an organism, such as the appearance of certain estrogen-induced proteins

(EIPs) together with the proliferation of certain target tissue types. These effects include

follicular growth, increased motility of uterine tubes and the co-regulation of cycl ical

endometrial changes in mammals. Estrogen is also responsible for secondary sex

characteristics and, in oviparous vertebrates, causes hypertrophy of the liver (Ho et aI.,

1982; Paolucci and Botte, 1988; Gillesby and Zacherewski, 1998; Palmer et al., 1998),

vitellogenesis, mating behaviour etc. Low plasma concentrations of Elf's in an animal

during a reproductive inactive period is therefore a result of low estrogen levels

(Paolucci and Botte, 1988).

It is not only the natural estrogens In vertebrates, i.e. estradiol, estrone and

estriol, which exert estrogenic effects through receptor-mediated pathways (Vollmer et

1 Submitted for publication in Comparative Biochemistry and Physiology.
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al., 2002). It has been determined that many nonsteroidal and exogenous chemicals can

also bind to these nuclear receptors. More than 230 individual compounds possess

properties that may cause an estrogenic effect or interfere with estrogen function (the

estrogenic response as a whole) in an organism (Soto et al., 1995; Vollmer et al., 2002).

These estrogenic substances (compounds that elicit estrogen-like responses), together

with the estrogenic responses they elicit, are studied in a wide variety of applications.

These include studies on the estrogenicity of phytestrogens (e.g. the flavonoids

genistein and coumesterol; Safe and Gaido, 1998), pesticides (Soto et al., 1994),

industrial chemicals and pharmaceuticals (White et al., 1994; Feldman and Krishnan,

1995), the effects of estrogen on ischemia (Stupka and Tiidus, 2001), lipid metabolism

and immunity. Some of these estrogenic or estrogen-mimicing compounds are

distributed in the environment. These (xenoestrogens) could potentially disrupt normal

endocrine activity of animals and interfere with population dynamics (Gillesby and

Zacherewski, 1998; Safe and Gaido, 1998; Gronen et al., 1999). Although several of

these compounds occur naturally in plants and fungi (phytestrogens and mycestrogens;

Safe and Gaido, 1997), most are derived from man-made chem icals such as pesticides

and herbicides (e.g. methoxychlor, dieldrin, endosulphan and dichloro-diphenyls),

industrial chemicals (e.g. polychlorinated biphenyls), pharmaceuticals or synthetic

estrogens (e.g. ethinyl estradiol and diethylstilbestrol), and the degradation products of

plastics, alkyl phenols (e.g. Nonylphenol; Toomey et al, 1999; White et al., 1994; Soto et

al., 1995). Like estrogen, these environmental estrogens can induce estrogenic effects or

interferences by the modulation of receptor complexes or transcription of mRNA and

the resultant induction ofEIP synthesis (Gillesby and Zacherewski, 1998).

Various estrogen-specific proteins have been identified and described. The yolk

precursor, vitellogenin, appears naturally in the blood of adult, female, non-mammalian
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oviparous vertebrates such as fish, amphibians, reptiles and birds. Estrogen is the

primary stimulus for vitellogenin production and, as is the case with other reproductive

processes, is regulated through the hypothalamo-hypophysial axis (Lofts, 1974; Ho et

al., 1982; Norris and Jones, 1987). It serves as precursor to the egg-yolk proteins during

egg-production (Wallace and Jared, 1969; Ho et al., 1982; Heppell et al., 1995; Palmer

et al., 1998). Vitellogenin is a protein complex that belongs to a family of proteins

which includes several lipoproteins, various vertebrate and invertebrate vitellogenins,

Apolipoproteins (apo AI, Apo, ApolII ApoClll etc.) in birds and also certain human

serum proteins (apolipoprotein B-I00 and Von Willebrand Factor)(Palmer et al., 1998;

Blue et al., 1980; Hermann et al., 1997).

Vitellogenin is conservative in its functional traits, but can vary considerably

between taxa on genetic and structural level. Even if vitellogenin of two species might

have similar polypeptide compositions, antibodies against these will have strong epitope

specificity. Studies have shown that a universal anti-body developed for the detection of

vitellogenin often binds to vitellogenin of only certain species (Heppell et al., 1995).

Other estrogen-specific proteins are zona radiata proteins (Maack et al., 1985;

Arukwe et al., 2000). These are the egg-shell or envelope proteins which make up part

of the egg shell in fish and amphibians. These have been isolated characterised and the

inducing effect of estrogen upon them has been well documented.

Various studies have shown how apolipoproteins are induced by estrogen in

fish, frogs and chickens and how this induction is linked to lipoprotein lipase (Lindberg

and Olivecrona, 1995; Hermann et al., 1997; Yao and Vieira, 2002). The

apolipoproteins are small peptides, which binds to the surface of lipoproteins during its

transport in the blood.
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These and other proteins are synthesised in response to estrogen binding to the

appropriate receptors. The presence or absence of these proteins is therefore a direct

indication of the presence of estrogens or estrogen-mimics. Due to the fact that the

estrogenic activity of estrogen plays such an important role in reproduction and

development and also because unwanted estrogenic substances will influence this

normal estrogenic activity, it is important to evaluate the absence or presence of these

compounds in various environments. Estrogen-specific proteins are the result of

exposure to estrogen and can therefore be used as indicators of estrogen- and estrogenic

mimic exposure (Gillesby and Zacherewski, 1998).

Indicator animal species with relevant biomarkers for estrogenic activity have

been widely developed and employed. Bioassays measuring estrogenicity, either

employing in vivo or in vitro biomarker models, have been widely reported. These

include the induction of prolactin and ovalbumin (Soto et al., 1994), the mitogenic

tempo in human MCF-7 cells (Soto et al., 1995), induction of reporter genes (Korach

and McLachlan, 1995), sexual differentiation of amphibians during the larval stage

(Kloas et al., 1999), the production of apolipoproteins by hepatocytes (Hermann et al.,

1997), competitive ligand binding (Ruh et al., 1973; Ankley et al., 1997; Gillesby and

Zacherewski, 1998), post-confluent cell accumulation, endogenous protein expression,

recombinant receptor gene assays, mRNA determinations, and yeast-bed assays (Ankley

et al., 1998). Many of these assays are based on the fact that, although EIPs are

normally limited to female oviparous animals, males do possess the mechanisms for

synthesis. In an environmental health perspective, the presence of these proteins in

males can therefore indicate abnormal exposure to EDCs.

Studies have shown that vitellogenin synthesis can be induced in vivo 111

oviparous animals by exposing them to water containing estrogen (Green and Tata,
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1976). The production of vitellogenin by the liver and its subsequent appearance in the

plasma of oviparous animals has also been employed as a biomarker for estrogenic

activity (Sumpter and Jobling, 1995). Several studies have been done in which caged

fish, frogs and turtles were exposed to river water or experimental concentrations of

estrogens. The plasma vitellogenin levels of exposed animals were determined with

polyclonal antibody-based assays and used as biomarker to evaluate the estrogenic

activity in these waters or of these chemicals (White et aI., 1994; Palmer and Palmer,

1995; Sumpter, 1995; Sumpter and Jobling, 1995; Harries et aI., 1999).

Ex vivo fish and amphibian liver- and hepatocyte cultures are widely used and

studies of estrogenic effects and the detection of estrogens are often based on these

techniques. Vitellogenesis can be induced in amphibian liver cultures and has proved to

be a popular way to test different compounds for estrogenicity (Sumpter and Jobling,

1995; Gagne et al., 1999; Toomey et al., 1999).

Apart from the fact that £IPs can be employed as biomarkers, their presence or

absence may pose problems in itself, as they are directly related to reproductive aspects

such as egg size and clutch number and reproductive success (Kime et aI., 1999;

lalabert et aI., 2000). In addition to being an estrogenic response, EIPs can also be

indicative of exposure to other chemicals. Compounds such as ~-

hexachlorocyclohexane and other alkyl phenols stimulate the secretion of pituitary

gonadotropins that inhibits spermatogenesis and testicular development, but as a

secondary effect, causes vitellogenin to be synthesised. Heavy metals, such as arsenic

and cadmium, again, lead to the suppression of estrogen synthesis by the gonads and the

subsequent lack of vitellogenin. An induction or inhibition of vitellogenin synthesis by

certain compounds or environmental samples in an in vitro assay, for example, could
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therefore indicate various other endocrine disrupting effects that are taking place In

parallel with an estrogenic or anti-estrogenic influence.

The only screening systems described for Xenopus laevis EIPs is that for

vitellogenin and is based on polyclonal antibody ELISAs (Palmer et al., 1998; Pool et

aI., submitted for publication). No detection systems are available for any of the other

Xenopus laevis EIPs. Because monoclonal antibodies are, by nature, much more

specific and sensitive than polyclonal antibodies, the development of monoclonal

antibodies would minimise background values in assays and the propagation of

antibody-forming hybrid cell lines would ensure standardisation between assays as well

as between laboratories. Clones of monoclonal antibodies can also be selected with

various specificities.

In order to eliminate the isolation procedures for specific ElPs, it is hypothesised

that raising monoclonal antibodies against estrogen-treated whole plasma will render

clones specific, and others non-specific, for estrogen-induced plasma proteins. Further,

in order to accurately measure vitellogenin, both in physiological studies and the

environmental sciences, and due to the sensitive and specific nature of monoclonal

antibodies, it is necessary to develop these. Xenopus laevis, used as a model animal in

this study, is endemic to Southern Africa and has been established as a good

experimental organism (Ankley et aI., 1995; Passmore and Carruthers, 1995). These

animals can be exposed to a wide variety of substances under different conditions

(dietary etc.) both in vitro and ex vivo and the estrogenicity of such compounds

evaluated. Therefore, the aims of the present study were to develop and characterise

monoclonal antibodies against estrogen-specific proteins (especially vitellogenin) in

Xenopus laevis. For this, whole plasma, instead of isolated purified antigens, was used

as immunogen. Further, to design ELISAs for the accurate determination of £IPs. In the
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final phases of the study, actual river water samples were tested for potential estrogenic

activity by using these monoclonal-based ELISAs in conjunction with an ex vivo

Xenopus laevis liver slice bioassay (Hurter et al., 2002).

MATERIALS AND METHODS

PRODUCTION OF MONOCLONAL ANTIBODIES

Antigen preparation

Adult Xenopus laevis frogs were injected intra-peritoneally with 1 mg 17~-estradiol in

DMSO and maintained in glass aquaria at 25 DCand in a 16:08 LD-cycle. Two weeks

after injection, the frogs were immobilised and blood was drawn from the ventricle. The

blood plasma was separated from the cellular components by centrifugation at 3000 rpm

for 5 minutes. The plasma was aspirated and stored at - 80 De. To ensure that the frogs

responded to the estradiol treatment, vitellogenin, one of the known estrogen-specific

proteins, was measured by ELISA as described by Pool et al. (subm itted for

publication).

Animals

BaibiC mice were obtained from the Central Medical Research Department of the

Tygerberg Medical School (Stellenbosch University, South Africa). They were

maintained in a climate-controlled room at 25 DCwith a LD-cycle of 14: 10 and supplied

with commercial rodent food (WPK Aqua Feeds (Pty) Ltd, South Africa) ad libitum.

Immunisation

Six to eight week old female mice were immunised by intra-peritoneal injection with 50

ul immunogen (plasma from the said estradiol-treated frogs) in Freund's Complete

Adjuvant. A booster injection of 50 !-tI immunogen in Freund's Incomplete Adjuvant

was given 14 days later.
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Fusion

Four days after the final immunisation booster injection, spleen cells were harvested and

fused with SP2 myeloma cells (ATCC, USA) in the presence of Polyethylene Glycol

(PEG 1500; Roche, USA) according to the method of Galfre and Milstein (1981).

Colonies containing hybrid oma cells were selected by exposure to Hypoxanthine,

Aminopterin and Thymidine (HAT; Highveld Biologicals, South Africa) and plated to

48-well plates.

SCREENING OF HYBRIDOMA COLONIES

Potential colonies to be used for cloning were selected by screerung the culture

supernatant of hybridomas for affinity to the antigen as described in the ELISA

procedure below. Colonies of hybridomas rendering the highest absorption values were

cloned twice by limiting dilution, in order to obtain stable monoclonal antibodies-

producing cell lines. Large volumes of antibody were produced in 75 cm2 tissue culture

flasks (Nunclon ™ Surface; NalgeNunc, Denmark) and by the production of ascetic fluid

in mice.

ELISA FOR SCREENING

Assays were carried out in 96-well Nunc-Immuno MaxiSorp® plates (Nalge Nunc,

Denmark). Plasma from estrogen-exposed animals (containing high concentrations of

estrogen-specific proteins) was used as positive plasma and plasma from unexposed

male individuals (containing no or very little estrogen-specific proteins) was used as

negative plasma respectively.

Plates were coated with 50 ul/well of plasma diluted 111000 in phosphate buffered

saline (PBS) by a 2-hour incubation at ambient temperature. The coating solution was
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aspirated and any unbound sites on the plates were blocked with 200 Ill/well of 5 % milk

powder in PBS for 30 minutes at ambient temperature. After washing the plate three times

in 0.9 % NaCl, 50 III of the various hybridoma culture supernatants was added to each

well and the plate was again incubated at ambient temperature for 2 hours. The plate was

then washed four times followed by the addition of a peroxidase-labelled goat anti-

mouse immunoglobulin conjugate complex (Amersham, South Africa) diluted to 1/4000

with 0.1 % (m/v) human serum albumin in PBS at 50 Ill/well. The plate was incubated for

1 hour at room temperature and then it was washed four times. Tetramethylbenzidine

(POD Substrate; Roche, Germany) was used as substrate at 100 Ill/well and the plate was

incubated at ambient temperature in the dark for 20 minutes. The chromogenic reaction

was stopped by the addition of 50 Ill/well of 0.5 M H2S04. The optical densities were

measured with a plate reader at 450 nm.

SDS-PAGE, ELECTRO-BLOTTING (WESTERN BLOTTING) AND IMMUNO-

DETECTION

In order to visualise the specificity of the monoclonal antibodies for Xenopus laevis

estrogen-specific proteins, culture supernatants from these clones were used to detect

the different proteins. Positive and negative plasma was used and the proteins separated

by sodium dodecyl sulphide polyacrylamide gel electrophoresis (SDS-PAGE). The

binding of the monoclonal antibodies to these proteins was evaluated using electro-blot-

and immuno-detection analyses.

For blotting, 1/100 dilutions of the negative and positive plasma, respectively,

was prepared by separation during denaturing SDS-PAGE, both with and without the

presence of 2-Mercaptoethanol. Laemmli polyacrylamide gels were prepared. Vertical

slab gels (1.5 mm thick) containing 7.5 % acrylamide were used and the negative and
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positive plasma samples subjected to electrophoresis. The plasma samples were

prepared by mixing 2 ul of plasma with 96 f.llPBS, 2 ul of 1 % (m/v) bromophenol blue

and 100 ul of 0.125 M Tris, pH 6.8 containing 4 % (m/v) SOS and 20 % (v/v) glycerol.

To this was added 10 % mercaptoethanol when required. Samples (5 ul) were applied to

the wells and electrophoreses performed by subjecting the gels to a constant current of

20mA.

Gels were stained with 0.125 % (m/v) Coomassie Blue in 50 % methanol and 10

% (v/v) acetic acid. A protein molecular weight marker (AEC-Amersham, South Africa)

was included on each gel as reference.

The proteins were then transferred from the gels onto nitrocellulose membranes

(Amersham, South Africa) at 25 Vand 300 mA for 1 hour. The membranes were

allowed to dry and the non-specific binding sites were blocked with 0.1 % (v/v) human

serum albumin in 0.9 % NaCI. A 1/5 to 1/10 dilution (depending on the colony size) of

the supernatants from the various cloned colonies was incubated on the membranes for

one hour. The membranes were then washed in 0.9 % NaCI and incubated with

horseradish peroxidase-labelled goat anti-mouse immunoglobulin (Amersham, South

Africa) in 0.9 % NaCI containing 0.1 % (v/v) human serum albumin, 0.1 % (v/v) Tween

20 (Riedel-de-Haën, Germany; blocking solution) for 1 hr. The membranes were

washed again in the blocking solution after which it was treated with precipitating

trimethyl benzidine (TMB Substrate, Boehringer-Mannheim, Germany). To ensure that

bands on the nitrocellulose membrane were only due to the detection by the monoclonal

antibodies, stock culture medium was used as a control.
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FURTHER CHARACTERISATION OF ANTIBODiES

Two of the monoclonal antibodies were used and developed in order to detect estrogen-

specific proteins in Xenopus laevis for use in routine analyses. These were monoclonal

antibodies against vitellogenin in positive plasma as well as in an isolate and in an ex

vivo in culture supernatant. The other was EP 160a, a smaller estrogen-specific protein

detected in positive plasma and culture supernatant.

Plasma

The estrogen-specific proteins were detected in positive plasma as described previously.

Ex vivo synthesised liver proteins

Vitellogenin was measured in the supernatants of Xenopus laevis liver slice cultures

(Hurter et aI., 2002). In brief, sensitised males were decapitated and placed in 70%

ethanol for three minutes in order to decontaminate the skin. All subsequent procedures

were carried out ascetically in a laminar flow cabinet. Cubes of liver tissue, measuring

approx. 1 mnr', were prepared and placed in Nunclon Surface™ multiweIl plates (Nalge

Nunc, Denmark) at one cube per well. The tissue sample (liver slice) was then covered

with medium (negative culture) as well as with medium containing 1 ppm 17~-estradiol

(positive culture) and incubated in the dark at a constant 27°C in a growth chamber

(LABCON, South Africa). After the incubation period, the medium was aspirated and

stored at -80°C for the determination of estrogen-specific protein concentrations in the

medium by ELISA and for visualisation with electro-blotting.

Isolated vitellogenin

Vitellogenin was isolated from estrogen-treated (Hurter et aI., 2002) male Xenopus

laevis according to (Palmer et aI., 1995). All centrifugation steps were carried out at 4

°C. In brief, 250 )..il plasma was mixed with 1 ml 20 mM Na2-EDT A and 80 !-lI500 mM

MgCb and centrifuged at 2500 X g for 15 minutes. The supernatant was discarded and
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the pellet was solubilised in 150 ul of 1 M NaCl, 50 mM Tris-HCl (pH 7.5). It was

centrifuged at 2500 X g for 30 minutes to remove insoluble material and the supernatant

was added to 1.24 ml distilled water. The precipitate containing the purified vitellogenin

was collected by centrifugation at 2500 X g for 15 minutes. The pellet was dissolved in

1 M NaCl, 50 mM Tris-HCl (pH = 7.5) and stored at -20 oe.

SETTING UP OF ELISA

General

Indirect ELISAs were designed, following methods similar to those used for the

screening of the monoclonal antibodies. Various antigen, primary antibody, conjugate

complex dilutions etc. were prepared according to the common method of ELISA

development (Catty, 1990; Zwitser and Garrety, 1999). Optimum concentrations and

incubation times were determined and used in future applications.

Monoclonal antibodies against vitellogenin

A variety of Xenopus laevis plasma-, ex vivo culture supernatant- and isolated

vitellogenin samples were screened for vitellogenin. The monoclonal antibodies were

used to measure vitellogenin in plasma from 130 Xenopus laevis female individuals.

which were obtained over a one-year period. Blood was drawn into heparanised

syringes and centrifuged at 6000 g for 5 min. The plasma was aspirated and snapfrozen

in liquid nitrogen and stored at -80°C in microcentrifuge tubes for analyses.

These 130 samples were re-screened with a less sensitive, but broad-spectrum

anti-vitellogenin antibody (UniVTG; Department of Zoology, University of

Stellenbosch, South Africa). The data was compared and linear regressions were

produced using Microsoft Excel™ computer software and correlations determined by

calculating the Spearman's Correlation Coefficient.
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Monoclonal antibodies against EP160a

The immunisation protocol made it possible to employ unknown estrogen-specific

proteins with prior identification and/or preparation. After the production of ascites and

the setting up of the ELISA, EP160a was detected in plasma from adult Xenopus laevis.

Plasma from males, estrogen-exposed males, non-vitellogenic females and vitellogenic

females were tested. Blood was obtained from the heart and centrifuged for 5 min at

3000 X g. The plasma was coated onto 96-well plates and screened for EP160a.

The monoclonal antibodies also used to screen a variety of ex vivo culture

supernatants for EP I60a. Liver slices from Xenopus laevis were cultured with estradiol

under specific, optimised conditions (Hurter et aI., 2002). 1/25 dilutions of the culture

supernatants were and coated unto plates. EP160a was then detected by the ELISA.

TESTING RIVER WATER SAMPLES FOR ESTROGENIC ACTIVITY

Water samples and C-18 extractions

Water was collected under identical conditions and subjected to C-18 solid phase

column extraction. The hydrophobic compounds are then eluted, dried, resuspended

and applied to previously sensitised Xenopus laevis liver slice cultures.

Tissue culture

Water samples were tested for potential estrogenic activity with the Xenopus laevis liver

bioassay, used as described earlier. The liver tissue was cultured in the presence of

water samples that were prepared as described earlier. The estrogenic responses were

observed in terms of the synthesis of the estrogen-specific biomarker proteins by the

liver tissue. For both vitellogenin and the EPI60a assays a negative control, consisting

of extractions of pharmaceutical grade water and positive control (an extraction of a 100

ng/ml 17~-estradiol solution) were included on each culture plate. After the incubation
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period, the spent tissue culture medium was aspirated and stored at -80°C and

vitellogenin and EP160a measured by ELISA.

ELISAs

Microtiter plates were coated with 1/25 dilutions of the spent tissue culture and

incubated for 2 hrs. After blocking non-specific sites with a 0.1 % human serum

albumin solution, the vitellogenin and EP160a were detected with the respective

monoclonal antibodies by 90 min incubation. The secondary antibody, a horseradish

peroxidase-linked a-mouse whole immunoglobulin (from sheep; Amersham, South

Africa) was incubated for 45 min. Tetramethylbenzidine (BM blue; Roche, Germany)

was used as substrate and the reaction stopped with 0.5 M H2S04. Optical densities and

relative concentrations of the ErPs were measured with a LabsystemsMS platereader at

450 nm. Analyses of variance (ANOV A) was performed on the data and samples that

rendered significantly (p < 0.05) higher values than the negative controls, were regarded

as having estrogenic activity.

RESULTS

PRODUCTION OF MONOCLONAL ANTIBODIES

Monoclonal antibodies were successfully raised against the plasma from estradiol-

treated male Xenopus laevis. Male frogs treated with estradiol synthesised high levels of

plasma vitellogenin and rendered adequate positive plasma. The plasma vitellogenin for

these animals was in the region of 20 mg/ml (data not shown). Evaluation of the titers

indicated good immune responses to the antigen (Figure 1) and spleen cells were

harvested following a booster injection.
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Figure 1: Dilution curves of negative (triangles) and positive (squares) plasma and
detection with mouse o-vitellogenin serum. Balb/C mice rendered good titers of specific
antiserum.

SCREENING OF HYBRIDOMA COLONIES

Fused cells were plated into a total of 475 wells on 96 well trays. ELISA results showed

that 183 of these wells contained hybrids secreting antibodies against plasma from

estradiol-treated male Xenopus laevis. Colonies giving an ELISA reading of one OD

unit above background were transferred to a 48-well tray and grown up for 2 days

before re-screening them with ELISA. Of the 47 colonies transferred, 40 survived the

transfer. Nine hybrids were selected for cloning. One clone from each of the original

hybrids was selected (the clone giving the highest ELISA reading) and re-cloned. One

colony was again selected from each of the second cloning passage and subjected to

further characterisation. Nine clones were thus subjected to characterisation.

The clones were screened for antibody specificity by ELISA and Western

Blotting (Figure 2; Table 1). ELISA showed that 6 of the monoclonal antibod ies were
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against estrogen-specific proteins, while the other 3 recognised proteins which were

present in both negative (normal) and positive (estradiol-treated) plasma. These results

are summarised in Table 1. SDS-PAGE and Western Blotting confirmed data obtained

by ELISA. The blots also showed clear resolution of the specific clones. Four of these

specific clones (clones 2B2, l8E3, 20D7 and 37D6) recognised a protein with a

molecular weight similar to that of vitellogenin, while the other 2 recognised a protein

with a lower molecular weight (clones 9E12 and 30F4). The remaining 3 monoclonal

antibodies were non-specific and recognised proteins in both negative- and positive

plasma.

116 kDa ----

205 kDa ----

97 kDa ----

84 KDa ----

66 kDa ----

2B2 9E12 13El 18E3 20D7 24F9 30F4 37D6 41E3

Figure 2: Western blot of negative and positive Xenopus laevis plasma (-/+) and
immunodetection with the various hybridoma culture supernatants.
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Table 1: Summary of ELISA screening of hybrid om a culture supernatants.

MAb Typical 00 (450) Specific or Non-specific

Negative Plasma Positive Plasma

2B2 0.332 1.320 Specific

9E12 0.257 1.235 Specific

l3EI 1.165 1.166 Non-specific

18E3 0.327 1.351 Specific

2007 0.422 2.203 Specific

24F9 0.353 0.220 Non-specific

30F4 0.337 1.028 Specific

3706 0.328 1.302 Specific

4IE3 1.279 1.469 Non-specific

SETTING UP OF ELISAs

Monoclonal antibodies against vitellogenin

Figure 3 shows the antigen concentration curve. Although indications are that the

monoclonal antibodies will detect much lower concentrations of vitellogenin, the

ELISA has been validated for a detection range of 60 ng/ml to 4 ug/ml plasma

vitellogenin concentrations.
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The monoclonal antibodies detected vitellogenin in Xenopus laevis plasma by ELISA at

all the dilutions of the stock antibody preparation (up to 1/25000; Figure 4). The

monoclonal antibodies showed good specificity, rendering a clear resolution due to low

background detected in negative plasma samples.

The ELISA developed for Xenopus laevis vitellogenin has a linear detection

range for vitellogenin of concentrations of up to 0.5 ug/ml with r2 = 0.998 (Figure 5).

Linear regressions are shown in Figure 6. The monoclonal antibodies showed a linear

correlation with the previously developed UniVTG monoclonal antibodies and returned

a Spearman's Correlation Coefficient (Rs) ofO.84.

1.20 I

I
1.00 i

1

0' I
~ 0.80-1

"iii i.:8- 0.40 I

0.20 ~

i
0.00 -t-
1.00E+03

--------,...-_. __ .
1.00E+04

Antigen Dilution

1.00E+05

Figure 3: Detection of antigen at different plasma dilutions. The monoclonal antibodies
adequately detected the vitellogenin in female Xenopus laevis at plasma dilution at
around 1/10000, even though good resolution was obtained at higher dilutions.
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Figure 4: Dilution curve of ascetic fluid. For routine use, the stock antibody preparation
should be used at a 1/1000 dilution.
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Figure 5: ELISA standard curve for measuring Xenopus laevis vitellogenin using the
monoclonal antibodies.
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Figure 6: Comparison between monoclonal anti-vitellogenin assay with a broad
spectrum anti-vitellogenin polyclonal antibody (UniVTG).

FURTHER CHARACTERISA nON OF ANTIBODIES

Plasma

The monoclonal antibodies detected a protein of approximately 220 kDa in positive

culture supernatant, but not in the negative (Figure 7A). No proteins were detected in

the plasma under reducing conditions.

Ex vivo synthesised liver proteins

The protein in the culture supernatant appeared to be larger than that in the plasma

(Figure 7B).

Isolated vitellogenin

The monoclonal antibodies detected isolated vitellogenin under non-reducing conditions

only. The vitellogenin band is larger than 220 kDa and is similar to the protein detected

in the plasma supernatant (Figure 7C).
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c
Figure 7: Whole plasma under non-reducing (without MSH; lanes 1 & 2) and reducing
(with MSH; lanes 3 & 4) conditions. A protein in the 220 kDa region is detected under
non-reducing conditions in the positive control plasma (lane 2), but neither under
reducing conditions (lanes 3 & 4) nor in the negative control plasma (lane 1). B)
Detection of estrogen-specific protein in Xenopus liver culture supernatant ex vivo. The
supernatant under non-reducing (without MSH; lanes 1 & 2) and reducing (with MSH;
lanes 3 & 4) conditions. A protein larger than 220 kDa is detected under non-reducing
conditions in the positive control medium (lane 2), but neither under reducing
conditions (lanes 3 & 4) nor in the negative control plasma (lane 1). C) Detection of
vitellogenin isolate under non-reducing (without MSH; lane 1) and reducing (with
MSH; lane 2) conditions. The vitellogenin in the 220 kDa range is detected under non-
reducing conditions, but not under reducing conditions.

Monoclonal antibodies against EP160a

The western blotting showed that the monoclonal antibodies detected a 160-kDa protein

in the positive plasma (Figure 8) under denaturing conditions (in the presence of SOS,

but without 2-mercaptoethanol), but not in the negative plasma. The monoclonal

antibodies showed background in the form of slight cross reactivity with proteins in the
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200 to 400 kDa range. No detection was obtained in the presence of 2-mercaptoethanol

(blot not shown).

--- 220 kDa

--- 116 kDa

--- 97 kDa

Figure 8: Western blot of negative and positive (-/+) Xenopus laevis plasma and
immunodetection with a - EP 160a hybridoma culture medium.

The antigen protein was detected at dilutions greater than 1 x 106 (Figure 9). The

optimum coating dilution of female Xenopus laevis plasma was shown to be 1/4000

(Figure 9). The optimum dilution for the monoclonal antibodies were shown to be in the

region of 11100 000 and showed good distinction between the positive and negative

plasma with low background (Figure 10). In the ELISA, the monoclonal antibodies had

a second order polynomial standard curve with r2 = 0.991 (Figure 11). Adequate

incubation times proved to be 90 min for the coating with the relevant diluted plasma

sample, 60 min for the detecting (monoclonal) antibodies, 45 min for the peroxidase

anti-mouse IgG conjugate and 10 min for the trimethyl benzidine, all at room

temperature.
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Figure 9: Detection ofEP160a at different plasma dilutions. The monoclonal antibodies
adequately detected the protein in female Xenopus laevis at plasma dilution at around
1/10 000, even though good resolution was obtained at higher dilutions.
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Figure 10: Dilution curve of ascetic fluid. For routine use, the stock antibody
preparation should be used at a 1/100 000 dilution.
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Figure 11: ELISA standard curve for measuring Xenopus laevis EP160a using the
monoclonal antibodies.

Using the ELISA, EP160a was detected in vitellogenic females as well as non-

vitellogenic females (to a lesser extent). EP 160a was also detected in the plasma of 10

of the estrogen-treated males, but was absent in 8 out of ten normal, untreated males.

EP160a levels in these normal males were relatively low. ELISA of liver slice culture

supernatant showed low EP160a levels in the negative control cultures (incubated with

only culture medium) and up to eight fold higher levels in supernatant from cultures

exposed to estrogen (Figure 12).

TESTING RIVER WATER SAMPLES FOR ESTROGENIC ACTIVITY

The negative controls (in Figures 13 and 14) confirmed the fact that the cultures were

not contaminated to produce false positives, while the positive controls on all culture

plates confirmed that the liver tissue was estrogen responsive and that the assay was

working. The monoclonal antibodies detected the estrogen-specific proteins
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(vitellogenin and EP160a) in the supernatant of several cultures. Typical results where

the water samples proved positive and negative according to the assays are illustrated in

Figures 13 and 14.

0.45

0.40-s:::: 0.35Cl)-s::::0 0.30
0
ns 0.250
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Cl) 0.15>
:;:::l
ns 0.10Q)
0::
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0.00
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Figure 12: The detection of EP160a by monoclonal antibodies. The protein was
synthesised ex vivo in culture upon stimulation with estradiol. The negative control
cultures (-) had very little EPI60a compared to the estradiol-positive controls (+).

Results from the actual test site water sample screening are summarised in Table 2.

Known estrogenic sites were selected for the purpose of illustrating the functional use of

the monoclonal antibodies, and the results, therefore, contained a fair number of

samples that tested positive for estrogenic activity. Cultures of six samples rendered

vitellogenin concentrations that were significantly higher than the negative controls

(samples 9, II, 12, 14, 15 and 16), but negative in terms ofEPl60a.
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Figure 13: The evaluation of water samples for estrogenic properties using monoclonal
antibodies. An example of typically positive results where the positive control
(containing 1 ppm estradiol; Pos. Ctrl.) indicates that the liver was responsive to
estradiol and vitellogenin synthesised at concentrations higher than that of the negative
control (containing no estradiol; Neg. Ctrl) indicating potential estrogenic
contamination of the water sample.
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Figure 14: The evaluation of water samples for estrogenic properties using monoclonal
antibodies. An example of typically negative results where the positive control
(containing 1 ppm estradiol; Pos. Ctrl.) indicates that the liver was responsive to
estradiol and vitellogenin synthesised at concentrations that were not significantly
higher than that of the negative control (containing no estradiol; Neg. Ctrl).
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DISCUSSION

Male non-mammalian vertebrates do not normally synthesise egg precursor proteins,

due to the low levels of circulating estrogen. They do, however, possess the nuclear

estrogen receptors and transcriptional mechanisms to synthesise vitellogenin when

estrogen is available e.g. when injected or added to their habitat. Plasma of treated

animals contains the normal plasma proteins, but also several additional ones that are

under strict estrogen regulation. These estrogen-specific proteins inc Iude, amongst

other, proteins such as vitellogenin, zona radiata proteins and apolipoprotein II.

Previous investigators have used isolated preparations of the estrogen specific

proteins for antibody production. These isolation procedures were often tedious and

resulted in huge losses due to protein degradation and adsorption to surfaces of the

media that was used for isolation. Studies with cancer cells have shown that it is

possible to generate specific anti-cancer monoclonal antibodies by immunisation with

unfractionated cell preparations followed by selection using specific ELISA screening

procedures (Suguwa et al., 1992).

This procedure for antibody generation against unfractionated estrogen-treated

Xenopus laevis plasma was adopted. The fusion generated clones secreting antibodies

that were specific for plasma from estradiol-treated animals and clones that produce

antibodies that recognise plasma from estradiol-treated and untreated animals. The EIP

specific antibodies generated in this study recognised two different antigens present in

plasma from estradiol treated animals. The one set of four different clones recognised

vitellogenin (molecular weight: 220 kDa). The other set of two different clones

recognised a protein with a molecular weight lower than that of vitellogenin (160 kDa).

These antibodies are now being evaluated as screening tools for reproductive cycles of

females, and also as biomarkers for xenobiotics.
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The three clones recognising proteins present in plasma of both normal and estradiol

treated animals are also being further characterised. Preliminary studies show that these

antibodies can potentially be used as biomarkers of cytotoxicity.

This study shows that a large array of biomarkers for environmental screening

can potentially be generated from a single fusion using spleen cells from mice

immunised with plasma from appropriately stimulated bioindicators. The fact that the

monoclonal antibodies only detected vitellogenin in the positive plasma, positive culture

supernatant and isolated vitellogenin demonstrated that the hybridomas, which were

obtained, were specific for vitellogenin. This specificity, however, were not limited to

purified products only, but the vitellogenin was detected in several types of media. The

larger form of vitellogenin detected in the isolated preparation suggests that the

monoclonal antibodies were selected for an epitope that existed on various forms of

vitellogenin, be it dimer or polymer forms. The larger polymer form detected in the

culture supernatant could possibly exist due to the absence of many plasma proteins and

might thus not be exposed to denaturing compounds as found when circulating in

plasma. Isolated vitellogenin has on several previous electrophoretic separations shown

to exist as a larger form than in plasma (data not shown).

The fact that the monoclonal antibodies recognised vitellogenin with SOS, but

not with MSH suggests that they detect epitopes that are linked by disulfide bridges and

that this epitope is resistant to detergents. Good correlation with UniVTG further

confirms that the monoclonal antibody detects vitel1ogenin. The UniVTG antibody

system was developed for recognition of a domain that has been conserved from Pisces,

Amphibia, Reptilia through to Aves, rendering it a good final control as a vitellogenin-

specific antibody.
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The vitellogenin ELISA that was developed can be used for the screening of plasma

samples, culture supernatants and isolated preparations for Xenopus laevis vitellogenin.

This should be a useful tool in environmental monitoring (in vivo, ex vivo and in vitro

studies), as well as studies on the reproductive physiology in Xenopus laevis as well as

the pharmacokinetics of vitellogenin. For routine measurement of Xenopus laevis

vitellogenin using these monoclonal antibodies, plasma should be diluted 1/8000 and ex

vivo or in vitro culture supernatant 1/200.

Recognition of partly denatured EP160a suggests that the monoclonal antibody

detects epitopes that are linked by disulfide bridges and that this epitope is resistant to

detergents. As partly denatured EP160a (due to SOS) is detected by the monoclonal

antibodies, it was expected that they should therefore detect polymer, monomer or

partly denatured forms of the protein. They should detect smaller EP 160a in plasma

(due to proteolytic enzymes present), but also, like the vitellogenin antibodies, these

should, for instance, be able to detect possible polymer forms of the protein in culture.

The fact that EP 160a was not detected in the presence of 2-mercaptoethanol suggests

that planar orientation of the amino acids could be an important aspect in the

recognition or that 2-mercaptoethanol denatured the primary structure of EP 160a.

The ascetic fluid that was produced contained high concentrations of

monoclonal antibodies, as can be inferred from the large dilution factors (I x 106 for the

antibodies and 4000 for the plasma) at which detection is still obtained. The ELISA that

was presented should be useful in routine screening of Xenopus laevis plasma or liver

culture supernatants.

Being an estrogen inducible protein, it was expected that EP 160a would be present in

females, and more so in those females which were vitellogenic (displayed high levels of

vitellogenin in the plasma and having large mature ovaries as determined by
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histological investigation). Likewise, it was expected that EPI60a would be absent in

males and its presence in estrogen-exposed males confirmed that EP 160a is expressed

in response to estrogenic activity. The presence of EP160a in some males appears to be

artefacts, and is probably due to contamination of the animals at the supplier's facilities.

This happened frequently, as noted in a study by Pool et al. (submitted for publication).

These findings do not, however, exclude the possibility that EP160a can be synthesised

in response to some other endocrinological stimulus, other than estrogenicity, and

further experimentation and characterisation will be desirable.

The ex vivo synthesis of EP160a and the subsequent detection with monoclonal

antibodies make it a versatile system to study estrogenic responses in Xenopus laevis.

As the culturing of liver slices are frequently used in, for instance, environmental

monitoring of estrogenic compounds in drinking water and the evaluation of estrogenic

activity of pharmaceuticals, it is suggested that these studies be extended to the

incorporation of the monoclonal anti-EPl60a system. It should be a valuable tool for

future research.

A next step would be to study the histochemistry of EPI60a in Xenopus laevis

and to determine whether this estrogen-inducible protein takes part in reproductive (e.g.

yolk deposition) and lipometabolic (e.g. fat body development) functions.

The difference in detectable estrogenic activity in terms of vitellogenin and

EPI60a concentrations could be due to different physiological areas of estrogenic

manifestation i.e. variation in response to different types of estrogenic substances in the

water. Certain chemicals will induce vitellogenin synthesis, but not necessarily the

EP160a responses, as is the case when purified 17(3-estradiol is added. The mechanisms

for vitellogenin synthesis are also very sensitive and the EP 160a responses might only

be induced upon the stronger estrogenic stimuli. This variability in estrogenic responses
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and its selective detection confirms the validity of the report by Huet (2000) that

multiple levels of screening must be used during environmental monitoring programs.
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