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Abstract

Following conception, the phenotypic sex of the fetus can develop as either
male or female. Sex determination is mediated by a gene cascade. The Snj

gene on the Y chromosome is a key gene for testicular development

Fetuses contain two ductal systems, the Miillerian duct, the precursor of the
female genital system, and the Wolffian duct, the precursor of the epididymis
and vas deferens in males. In males, testosterone, synthesised by fetal Leydig

cells, maintains the Wolffian duct, whilst anti-Miillerian hormone (AMH),

synthesised by the fetal Sertoli cells, causes the degeneration of the Miillerian
duct.

Before day 18 post coitum (p.c.), the Wolffian duct is a simple, straight tube
which runs from the efferent ducts which are directly attached to the testis.

By the day of birth, the epididymis has begun to form from the portion of the
Wolffian duct proximal to the testis and efferent ducts. This is a highly
convoluted duct, with distinct epithelial and stromal/mesenchymal cell

types. More distally, the vas deferens forms.

The aims of the studies described in this thesis were threefold. Firstly, to

establish an in vitro culture system for the Wolffian ducts. Secondly, to

elucidate the role of androgens in the development and differentiation of the
Wolffian duct from day 19 p.c. onwards and finally to examine the impact of

steroids and steroidogenic compounds on gene expression in the developing
Wolffian duct.

Immunoexpression of six markers was examined in the freshly isolated

Wolffian duct on days 19.5 p.c. through to dO, the day of birth: the androgen

xii



receptor (AR), the two oestrogen receptors (ERa and ER|3), the two 5a-

reductase isotypes (types 1 and 2) and a marker of testicular differentiation,

namely smooth muscle a-actin. AR was expressed throughout the duct in
both stromal and epithelial cells. ER|3 expression followed a similar pattern
to AR. ERa expression was localised to the epithelial cells of the efferent
ducts. Both 5a-reductase isotypes were found to be immunoexpressed along
the length of the Wolffian ducts. Smooth muscle a-actin was localised to the

peri-ductal stromal cell layer immediately surrounding the epithelial cells,
and expression proceeded temporally in a cranial-caudal direction.

Wolffian ducts were cultured successfully in vitro. The

elongation/convolution of the ductal lumen responded to testosterone in a

dose-dependant manner. Flutamide, an anti-androgen caused the duct to die
within 48 hours. The ducts did not respond to the presence of oestrogens
within the culture medium. The efferent ducts were found to be necessary for
survival of the ducts in vitro. Following in vitro culture, the same six

immunohistochemical markers were examined, and compared to their

immunoexpression before culture. No significant differences were noted.

To elucidate the role of androgens in vivo, developing fetuses were exposed
to three compounds in utero: the anti-androgen flutamide, the synthetic

oestrogen diethylstilboestrol (DES), and di-n-butyl phthalate (DBP).

Again, immunoexpression of the six markers was examined following in
utero exposure and compared to controls. Exposure to DES in fetal life caused
an increase in immunoexpression of smooth muscle a-actin at the distal end
of the Wolffian duct, perhaps indicating premature differentiation of the
stromal tissue. Exposure to DBP in vivo reduced the concentration of
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testosterone in homogenates of fetal rat testes. Subsequent in vitro culture of
the ducts exposed to the three compounds showed a significant reduction of
in vitro growth compared to un-exposed controls in all three treatment

groups. Exposure to DES or flutamide in ntero, followed by in vitro culture,

caused ablation of ERa and ER|3 immunoexpression and reduced growth in

vitro, suggesting a role for oestrogen signalling through these receptors

during Wolffian duct growth and differentiation.

The experiments performed in this thesis confirm the fact that growth and

development of the Wolffian duct from day 19 p.c. is dependent on

androgens. The in vitro culture system was shown to provide a useful model
of in vivo growth and differentiation of the Wolffian duct. In vivo exposure to

flutamide, DES and DBP each affected the subsequent in vitro development
of the ducts in a similar manner, despite the fact that each acts via a different
mechanism.

The results provide an important insight into the androgen regulated

differentiation of the Wolffian duct into epididymis.
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l Literature Review

1.1 Introduction

The development and differentiation of the Wolffian ducts in the rat is a

complex process about which there is a great deal known, but even more yet

to be discovered. Its early histogenesis and development is relatively well

understood, as is the structure and function of the fully developed

epididymis and vas deferens. In contrast, relatively little is known about the

processes by which the straight undifferentiated Wolffian duct develops into
the convoluted epididymis and the relatively unconvoluted vas deferens
over a period of just a few days towards the end of fetal development,

although androgens are known to be important.

The studies presented in this thesis were directed at increasing our

understanding of the factors controlling development of the Wolffian duct

using immunohistochemical observations, in utero steroid manipulation and

in vitro organ culture.

1.2 Sex determination

1.2.1 Primary sex determination

Primary sex determination is defined as the determination of gonadal sex

(Gilbert 1994). Mammalian gonadal sex is determined entirely by the genetic

sex of the individual animal, and is not influenced by the environment

(Bogan and Page 1994; Gilbert 1994). A normal female carries two X

chromosomes, whereas a normal male has one X and one Y chromosome. All

eggs produced by a female contain one X chromosome, whereas sperm
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Chapter 1 Literature Review

produced by the male can contain either an X or a Y chromosome. If a sperm

carrying an X chromosome fertilises an egg, an XX (female) embryo results.

Fertilisation with a sperm carrying a Y chromosome results in an XY (male)

embryo (Gilbert 1994). Embryos with multiple X chromosomes still develop
as male if there is a single Y chromosome present (Gilbert 1994).

A specific region of the Y chromosome, the testis-determining region Sry,

functions dominantly and will induce differentiation of the sexually

indifferent embryonic gonads into testes; in the absence of Sry gonads

develop as ovaries (Gubbay, Collignon et al. 1990; Sinclair, Berta et al. 1990).

Sry is the sole gene on the Y chromosome needed to bring about male

development. In transgenic experiments, XX mice carrying an Sry-containing

transgene developed as males (Koopman, Gubbay et al. 1991). Conversely,

disruption of the Sry in both mice and humans can cause them to develop as

females (Gubbay, Vivian et al. 1992; Hawkins, Taylor et al. 1992).

1.2.2 Secondary sex determination

Once the gonadal sex has been determined, the gonads develop and in males

they secrete hormones which determine the secondary sexual characteristics,

i.e. the bodily phenotype outside the gonads which is the result of secondary
sex determination (see Figure 1.1). Male mammals develop the penis

externally, and secondary sexual glands internally, while a female develops a

vagina, cervix, uterus, oviducts and mammary glands (Gilbert 1994).

In the presence of an ovary or the absence of gonads a female phenotype

results, which reinforces the importance of hormones produced by the fetal
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testis in the development of male secondary sexual characteristics (Jost 1953;

Bogan and Page 1994; Gilbert 1994).

In males secondary sex characteristics include the formation of the

epididymis, vas deferens, seminal vesicles and prostate internally and penis

externally, with regression of the Miillerian ducts (Gilbert 1994).

Development of these male secondary sexual characteristics is under the
control of two hormones produced by the fetal testis: anti-Miillerian

hormone (AMH) and testosterone (Bogan and Page 1994; Gilbert 1994;

Huhtaniemi 1994). AMH is produced by the fetal Sertoli cells and causes the

precursor to the female uterus and oviducts, the Miillerian ducts, to regress

(Lee and Donahoe 1993; George and Wilson 1994; Gilbert 1994; Huhtaniemi

1994). In contrast, testosterone is synthesised within the fetal Leydig cells

(Huhtaniemi and Pelliniemi 1992; Huhtaniemi 1994), and this provokes

development and differentiation of the Wolffian duct (George and Wilson

1994) (see Figure 1.1).
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1.3 Formation of the male phenotype

Sry on
Y chromosome

1 1
Anti-Mullerian hormone Testosterone

1 i
Regression of Mullerian ducts Development of

Wolffian duct

1
Differentiation into epididymis,
vas deferens and seminal vesicles

Figure 1.1: Schematic representation of the development of the testis and formation of the
male phenotype

The genetic sex of an individual affects the gonadal sex of the individual. The

gonadal sex influences the phenotypic sex of the individual. Unlike the
undifferentiated gonad, which is the same structure in each sex and follows
one of two developmental pathways, two sets of internal ductal systems

initially develop in each sex, the Wolffian and Mullerian ducts. In males,
testosterone is required for stabilisation and development of the Wolffian
duct into its differentiated structures (epididymis, vas deferens and seminal

4
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vesicles), whilst anti-Miillerian hormone (AMH) causes regression of the

Miillerian duct. Females produce neither of these hormones. The lack of
AMH causes the Miillerian duct to persist, and the lack of testosterone causes

regression of the Wolffian duct (George and Wilson 1994; Gilbert 1994).

1.3.1 The role played by testosterone in maintenance of
the Wolffian duct

Testosterone, along with dihydrotestosterone described in section 1.3.3

below, are the principal male sexual hormones, and have important
functions in both fetal and adult life (George and Wilson 1994; Sharpe 1994).

1.3.1.1 Production of testosterone

Testosterone is a steroid hormone, and is synthesised from cholesterol or

acetyl coenzyme A (Miller 1988), within the Leydig cells of the testicular
interstitial tissue. Once inside the Leydig cells, cholesterol is converted to

pregnenolone, catalysed by the enzyme cytochrome P450 side chain cleavage

(P450scc). The pregnenolone is further metabolised to progesterone by 3(3-

HSD, and further metabolised to androstenedione, the precursor to

testosterone. Finally, 17(3-hydroxysteroid dehydrogenase reduces
androstenedione to testosterone (Miller 1988) (see figure 1.2).
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hydroxypitegnenolone
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progesteronepregnenolone

t

cholesterol

: a
t

Figure 1.2: Pathways involved in the biosynthesis of steroid hormones from
cholesterol. The enzymes involved in each step are lettered, and are as
follows: a. P450scc; b. 3J3-HSD; c. P450cl7 (17a-hydroxylase); d. P450cl7
(C17/20-lyase); e. 17[3-hydroxysteroid dehydrogenase; f. P450aromatase
The A4 pathway, predominant in the rat, is indicated by red arrows.
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In the rat fetus, production of testosterone by the Leydig cells commences on
about day el5.5 (Picon 1976; Feldman and Bloch 1978). Expression of both

3(3-HSD and P450 has been localised to leydig cells on el4.5 and el5.5

respectively (Majdic, Saunders et al. 1998). Testicular testosterone levels start
off low on day el5.5, rise rapidly reaching a peak on day el8.5, and the
remain at a level slightly lower than peak throughout the remainder of fetal
life (Picon 1976; Feldman and Bloch 1978).

This pathway is illustrated in Figure 1.2.

1.3.1.2 Targets of testosterone action

Testosterone acts via the nuclear hormone receptor, the androgen receptor

(AR) (George and Wilson 1994) which is a member of the steroid receptor

superfamily. The gene for the AR is located on the X chromosome, and in

both humans and rodents is encoded by eight exons (Lubahn, Joseph et al.

1988; Tan, Joseph et al. 1988; Lubahn, Tan et al. 1989). The AR also binds

dihydrotestosterone (DHT) with high specificity and affinity (George and
Wilson 1994; Roy and Chatterjee 1995).

A/B CD

N- DNA Ligand -c

i DNA binding
Hormone binding

Dimerisation

AF1 AF2

Figure 1.3: The generic structure of steroid hormone receptors
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The AR, like other steroid hormone receptors including the oestrogen

receptor, consists of four domains (figure 1.3): a centrally located DNA

binding domain, flanked by a complex NTE-terminal region important in

transcriptional activation, a hinge region, and the carboxyl-terminal portion,
which is responsible for high affinity androgen binding (Jenster, van der

Korput et al. 1991; Zhou, Wong et al. 1994; Chang, Saltzman et al. 1995). The
inactive androgen receptor is bound to heat shock proteins which prevent its

entry into the cell nucleus. When testosterone binds to the AR, the heat shock

proteins dissociate allowing the ligand-bound AR to move into the cell

nucleus, where they can bind to androgen response elements (ARE), which
are found in the promoters of androgen regulated genes (Zhou, Wong et al.

1994; Chang, Saltzman et al. 1995).

In the developing Wolffian duct, AR has been localised on day el5 to nuclei
of both the epithelial and mesenchymal cells of the mesonephros of the rat.

The intensity of immunostaining for AR and number of AR positive cells
increased over time (You and Sar 1998). Other studies report that AR was

detectable in the mesonephric mesenchyme on day el6, and from day el7

onwards AR protein was expressed in Wolffian duct epithelial cell nuclei

(Majdic, Millar et al. 1995). Studies in the mouse substantiate this, and

suggest that epithelial AR expression in the developing male reproductive
tract occurs temporally, and proceeds in a cranial-caudal direction (Cooke,

Young et al. 1991a).

In adult rats, the expression of the androgen receptor is regulated by

androgens. For example, when endogenous androgen was suppressed,

8
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expression levels of AR in the testis and epididymis dropped dramatically.

Following androgen replacement, complete recovery of AR expression was

noted in some cell populations (Sertoli and epididymal cells) but not others

(Leydig and myoid cells) (Zhu, Hardy et al. 2000). In rats in which Leydig
cells were ablated by administration of ethane dimethane sulfonate (EDS), a

severe loss of AR immunostaining was observed in all cell types (Bremner,

Millar et al. 1994). Replacement of T in EDS-treated animals resulted in a

pattern of AR immunostaining comparable to that in controls, although

staining intensity was reduced. Further studies in which Leydig cells were

ablated by administration of ethane dimethane sulfonate (EDS) on el4.5,

followed by administration of testosterone from dO, nuclear

immunoexpression of the androgen receptor was reduced or absent from the

testis following these treatments (Turner, Morley et al. 2001). If animals were
then administered either testosterone, 17|3-oestradiol benzoate (EB) or

diethylstilbestrol (DES) for 1 or 4 hours on day 6 after EDS-treatment,

Northern blot analysis showed that EB and DES as well as testosterone

administration 4 hours earlier could modulate mRNA expression of two

androgen-responsive genes in the prostate. This suggests that the action of
testosterone in the male reproductive system may in part be mediated by its

conversion to oestradiol.

1.3.1.3 Function and action of testosterone

In fetal life, testosterone is responsible for masculinisation of the male fetus.
In the absence of testosterone, the Wolffian ducts regress, and the external

genitalia develop as in the female (George and Wilson 1994).

9
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The importance of androgen is underlined by a genetic defect in humans
known as androgen insensitivity syndrome (AIS). This syndrome is

associated with mutations in the gene for the AR. These recessive mutations,

which are linked to the X chromosome, manifest in varying degrees of

under-virilisation (Sultan, Lumbroso et al. 2002). There are two grades of

AIS, complete (also known as testicular feminisation) and partial. In cases

where the AR contains mutations (e.g. premature stop codons) and are

completely unable to bind androgens, sufferers develop a female external

phenotype and lackWolffian duct derivatives, despite the presence of a fully

developed testis (Quigley, De Bellis et al. 1995; Sultan, Lumbroso et al. 2002).

Partial androgen insensitivity encompasses a wide spectrum of phenotypes

ranging from slight under-masculinisation to female phenotypes

corresponding to different point mutations within the AR resulting in
different degrees of functional impairment of the AR (Sultan, Lumbroso et al.

2002).

An animal model which highlights the importance of testosterone in

development of the male urogenital system is the AR knockout (ARKO)
mouse (Yeh, Tsai et al. 2002). It has been reported that male ARKO mice have
80% smaller testes, and lower serum testosterone concentrations. The

external genitalia appear ambiguous or feminised, and the vas deferens,

epididymis and seminal vesicles do not form (Yeh, Tsai et al. 2002). The

testicular feminised (Tfm) mouse contains a single base-pair deletion in the

gene encoding the androgen receptor (Lyon and Hawkes 1970). Gene

transcription produces a truncated form of the receptor protein (Young,

Johnson et al. 1989), which has a conformational change preventing

10
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androgen binding (Yarbrough, Quarmby et al. 1990). Affected male animals

are rendered androgen insensitive (Yarbrough, Quarmby et al. 1990) and

17a-hydroxylase deficient, a key enzyme in the steroidogenesis pathway

(Murphy and O'Shaughnessy 1991). XTfmY males have reduced circulating

levels of testosterone because of this deficiency (Jones, Pugh et al. 2003).

Using androgen receptor knockout mice and complete androgen insensitive

patients to elucidate the functions of testosterone in male differentiation, the

disadvantage of both situations is that all androgen signalling is removed,

i.e. neither dihydrotestosterone nor testosterone can act. This means that the

individual effect of either DHT or testosterone cannot be revealed by using

knockouts. In addition, the loss of function is complete and effects

development of all organs from the earliest point of development. Thus,

effects of androgens on certain tissues which may not develop in the absence

of androgens themselves cannot be ascertained.

1.3.2 The role of anti-Mullerian hormone

The concept of a factor produced by the testis which was responsible for the

regression of the Miillerian ducts was first anticipated by Alfred Jost in 1953

(Jost 1953). When a fetal rabbit testis was transplanted into a female fetus
near the Miillerian ducts, the ducts regressed. Transplanting a fetal ovary

into the male fetus had no effect on the Wolffian ducts. The classic

experiment suggested the presence of a hormone other than testosterone,

synthesised by the testis in fetal life. This hormone has been identified and is

now known as anti-Miillerian hormone (AMH) or Miillerian inhibiting

substance (MIS) (Josso, Cate et al. 1993).
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1.3.2.1 Production of AMH

Production of AMH mRNA and protein begins in the fetal rat testis as early
as day el4, and expression remains high throughout the remainder of fetal

life, dropping off rapidly shortly after birth (Lee, Cate et al. 1992). AMH is

also detectable in the adult ovary and the testis in early neonatal life. It has
been suggested that it has additional biological functions such as such as

control of germ cell maturation and gonadal morphogenesis, induction of the
abdominal phase of testicular descent, suppression of lung maturation, and

growth inhibition of transformed cells (Josso, Cate et al. 1993; Lee and

Donahoe 1993; Josso, di Clemente et al. 2001).

1.3.2.2 Targets and function of AMH

AMH acts through a specific receptor, a member of the serine/threonine

receptor II family (Baarends, van Helmond et al. 1994; Grootegoed, Baarends
et al. 1994).

The primary function of AMH appears to be the regression of the Mlillerian
ducts in males, but it has been suggested that it may also play an important

role in ovarian folliculogenesis (Durlinger, Visser et al. 2002).

In organ culture experiments, purified AMH induced regression of rat

Miillerian ducts (Lee and Donahoe 1993), and transgenic mice with a non¬

functional AMH gene develop both male and female reproductive organs

(Behringer, Finegold et al. 1994), whilst chronic expression of AMH in female
mice led to the inhibition of Mullerian duct differentiation, resulting in a

blind vagina and no uterus or oviducts (Behringer, Cate et al. 1990).

12
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1.3.3 The role of dihydrotestosterone

Dihydrotestosterone (DHT), along with testosterone described in section

1.3.1 above, are the principal male sexual hormones, and have important

functions in both fetal and adult life (George and Wilson 1994; Sharpe 1994).

1.3.3.1 Production of dihydrotestosterone

Once testosterone has been synthesised (section 1.3.1), it can be converted

into 5a-dihydrotestosterone by the enzyme 5a-reductase (Andersson, Bishop
et al. 1989). Rats have been shown to have two 5a-reductase genes encoding

isozymes designated type 1 and 2 (Russell and Wilson 1994), which are

differentially regulated and expressed in the adult rat epididymis (Berman
and Russell 1993; Viger and Robaire 1996). Furthermore, each of the 5a-

reductase genes in the rat is regulated by DHT, the product of the regulated

enzyme (George, Russell et al. 1991), in a feedback loop.

The literature suggests that 5a-reductase type 2 has a 10 to 15 times higher

affinity for testosterone that does type 1. Type 2 has been localised to the

testis, epididymis and vas deferens, whilst type 1 appears more abundant in

seminal vesicles and ventral prostate (Normington and Russell 1992). Most

5a-reductase activity in the epididymis is due to type 2 activity, as it

performs optimally in an acidic pH (Normington and Russell 1992).

1.3.3.2 Targets and function of dihydrotestosterone

Dihydrotestosterone also acts via the androgen receptor, as testosterone does

(see section 1.3.1.2 above) (George and Wilson 1994; Roy and Chatterjee

1995).
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In fetal life, dihydrotestosterone is involved in different developmental

events to testosterone. Whilst testosterone is responsible for the virilisation of

the Wolffian ducts, dihydrotestosterone causes the differentiation of the

urogenital sinus and the external genitalia (Imperato-McGinley, Sanchez et

al. 1992; George and Wilson 1994). The different roles of testosterone and

dihydrotestosterone have been established in studies using compounds such

as Finasteride, an inhibitor of the 5a-reductase enzyme. In such studies, the
internal reproductive organs (testis, epididymis, vas deferens) of male rats

treated in litero with Finasteride were found to develop as normal, whilst the

external genitalia remain feminised (Imperato-McGinley, Binienda et al.

1985; George, Johnson et al. 1989).

Additionally, humans with a congenital 5a-reductase deficiency display a

female phenotype externally as children, but subsequently show male
characteristics at puberty when the testes begin to produce higher
concentrations of testosterone causing the development of secondary sexual
characteristics (Imperato-McGinley, Guerrero et al. 1974; Imperato-

McGinley, Peterson et al. 1980).

It has been shown, at least in in vitro studies on rat Wolffian ducts, that

dihydrotestosterone is a more potent androgen than testosterone, in that
DF1T elicits a similar level of in vitro convolution of the Wolffian duct at a

concentration 10 times less than testosterone (Tsuji, Shima et al. 1991), i.e.

DF1T is ten times more potent in vitro.
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1.3.4 The role of oestrogens

The role played by oestrogens in normal male development is not fully

understood. Most studies aimed at elucidating the role of oestrogens have
been conducted using rats and mice. Initially, it was reported that the
Wolffian duct is grossly normal in ERa knockout mice (Eddy, Washburn et

al. 1996), though a subsequent study showed subtle defects in the efferent

ducts and initial segment of the epididymis (Hess, Bunick et al. 2000).

1.3.4.1 Production of oestrogens

The ability to produce oestrogens relies on the expression of cytochrome
P450 aromatase (see figure 1.2f) (Simpson and Davis 2001; Simpson, Clyne et

al. 2002). In fetal life aromatase activity is found in Sertoli cells testis

(Dorrington and Kahn 1993), but is immunolocalised to the Leydig cells and

maturing germs cells in adulthood (Carreau, Bourguiba et al. 2001; Carreau,

Bourguiba et al. 2002a; Carreau, Bourguiba et al. 2002b). Aromatase activity

is stimulated by either cyclic AMP or FSH (Weniger 1993).

1.3.4.2 Targets of oestrogens

Prior to the identification and sequencing of the oestrogen receptor in 1986

(Greene and Press 1986), indirect detection methods such as steroid

autoradiography were the only means to deduce where oestrogens bound in

the developing Wolffian duct (Cooke, Young et al. 1991b). Reports in the
literature disagreed as to where oestrogen acted within the Wolffian duct,
with some reports suggesting binding throughout the male reproductive
tract (Cooke, Young et al. 1991b), whilst others showed binding was limited
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to the epithelial cells of the efferent ducts (Greco, Furlow et al. 1992). In 1996,

a second oestrogen receptor gene was cloned, designated oestrogen receptor

(3 (ER|3), and the previously identified oestrogen receptor was renamed as

oestrogen receptor a (ERa) (Kuiper, Enmark et al. 1996). Once it was known
that there were two oestrogen receptors, studies of their distinct expression

patterns were made. In late fetal life in the rat (el7.5 and el8.5), ERa was

found to be immunoexpressed in epithelial cells surrounding the efferent
ducts (Fisher, Millar et al. 1997; Nielsen, Bjornsdottir et al. 2000), whereas

immunoexpression of ER|3 appears ubiquitously throughout the Wolffian
duct (Hess, Gist et al. 1997; Saunders, Maguire et al. 1997; Sar and Welsch

2000), results confirmed by in situ hybridisation studies using probes specific
for the subtypes (Mowa and Iwanaga 2001). The majority of studies agree

that the efferent ducts are the major site of oestrogen action within the male

reproductive tract. Targeted disruption of the ERa gene, expressed in the
efferent ducts, results in dilation of the rete testis and efferent ductules,

causing an accumulation of fluid in the seminiferous tubules of the testis,

dilution of sperm and infertility (Lubahn, Moyer et al. 1993; Eddy, Washburn

et al. 1996; Hess, Bunick et al. 1997). Elegant studies by Hess et al (Hess,
Bunick et al. 1997) have shown that oestrogens play a role in fluid resorption

by the efferent ducts. Further studies have shown that these responses

induced by disruption of the ERa gene are similar to those following
occlusion of the reproductive tract (Ilio and Hess 1994). Studies have also
shown that the use of anti-estrogenic compounds in the rat cause phenotypes
similar to those shown in the ERKO mouse (Hess, Bunick et al. 2000).
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1.3.5 Histogenesis of the male reproductive tract

1.3.5.1 Histogenesis of the gonads

The gonadal rudiment can differentiate into either a testis or an ovary,

depending on the presence of a functional Sry gene as described in section
1.2.2.

The gonadal rudiments first appear as a bulge on the ventral cranial side of
the mesonephros (Pelliniemi, Frojdman et al. 1993; Byskov and Hoyer 1994;
Gilbert 1994). By age el3.5 in the rat, the gonadal ridge has formed, which

appears identical in both sexes (Satoh 1985). Within half a day, epithelial

strands migrate from the endodermal yolk sac through the hindgut and
infiltrate the underlying mesenchyme, where they develop into the primitive
sex cords of the male fetal gonad (Mittwoch, Delhanty et al. 1969; Kaufman

1992; Byskov and Hoyer 1994). Once the testicular cords have formed, Sertoli
cells are the first differentiated cells that can be recognised in the fetal testis.

By day el4, they begin to produce anti-Miillerian hormone (AMH),

production of which continues throughout fetal life (Lee and Donahoe 1993).

Immunoexpression of 3|3-HSD has been detected on el4.5 (Majdic, Saunders
et al. 1998). Subsequently, by day el5.5, some mesenchymal cells

surrounding the testicular cords differentiate into fetal Leydig cells, and

begin to express P450cl7 (Majdic, Saunders et al. 1998), part of the pathway
in the production of the steroid hormone testosterone (Huhtaniemi and
Pelliniemi 1992; Saez 1994). Fetal Leydig cells have a much higher capacity
for steroid production that adult Leydig cells (Huhtaniemi, Nozu et al. 1982;
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Tapanainen, Kuopio et al. 1984), most likely as they need to provide

sufficient levels of testosterone for masculinisation of the fetus (Huhtaniemi

1994).

1.3.5.2 Embryonic source of the male reproductive tract

Three nephric structures arise simultaneously during mammalian fetal

development: the pronephros, mesonephros and metanephros (Byskov and

Hoyer 1994). Each of the structures arises from the nephric cord. In

mammals, the pronephros never functions as a kidney, but induces

development of the mesonephros and metanephros (Du Bois 1969). The

metanephros eventually forms the kidney (Gilbert 1994).

The Wolffian duct develops from the excretory duct of the mesonephros. It is

distinguishable before the gonads have formed, whilst the Miillerian duct,

known at this early stage of development as the paramesonephric duct,

develops in a cranial-caudal direction along the back of the Wolffian duct as
the gonad forms (Dohr and Tarmann 1984). Nephrons in the mesonephros

develop from the nephrogenic cord and connect with the forming Wolffian
duct.

1.3.6 Development of the testis

The embryonic origin of the testes is discussed in section 1.3.6 above.

1.3.6.1 Development of Sertoli cells

Sertoli cells are the first cells within the testis that are morphologically

differentiated. In rats at age el4, epithelial cells start to surround the germ
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cells. The epithelial cells express Sry, initiating testicular differentiation

(Byskov 1986; Pelliniemi, Frojdman et al. 1993). The expression of Sry

triggers the formation of Sertoli cells, and initiates AMH production (Swain
and Lovell-Badge 1999). The role of the Sertoli cell in fetal life is to produce
AMH and orchestrate fetal sexual development (Byskov and Hoyer 1994).

Fetal and neonatal life are very important times for Sertoli cell proliferation

(Sharpe 1994); proliferation of Sertoli cells is complete in rats by day 18

postnatally (Orth 1982). One production of Sertoli cells is complete, no

further proliferation takes place and numbers are fixed for life (Sharpe 1994).

1.3.6.2 Development of Leydig and other interstitial cells

Leydig cells differentiate from interstitial cells. They can be distinguished
from undifferentiated cells on day el5.5 in the rat (Magre and Jost 1980).

Fetal Leydig cells tend to be seen in groups of several cells positioned closely

together (Huhtaniemi 1994). Fetal Leydig cells have a much higher capacity
for steroid production that adult Leydig cells (Huhtaniemi, Nozu et al. 1982;

Tapanainen, Kuopio et al. 1984), as they need to provide sufficient levels of

testosterone for masculinisation of the fetus (Huhtaniemi 1994).

Relative numbers of Leydig cells in the fetal rat testis reach their maximum

on day el8.5 (Roosen-Runge and Anderson 1959). After this point, both the
relative and absolute numbers of Leydig cells decline, and, post-partum, fetal

Leydig cells are gradually replaced with adult Leydig cells (Lording and De

Kretser 1972).
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1.3.7 Development of the Wolffian duct

The embryological origin of the Wolffian duct is discussed in section 1.3.5.2

above.

The Wolffian duct develops eventually into three sections: the cranial portion

becomes the epididymis, the central region develops into the vas deferens,

and the caudal area develops into the seminal vesicles (Byskov and Hoyer

1994). The mesonephric tubules develop into the efferent ducts, which link
the differentiated epididymis to the testis (via the rete testis) (Marshall,

Reiner et al. 1979; George and Wilson 1994).

As the epididymis develops and differentiates, it elongates and the duct itself

becomes highly convoluted. The epithelial cells of the duct are bordered by a

mesenchymal layer, which develops a layer of smooth muscle cells. The vas

deferens can be differentiated from the epididymis as the former develops a

broad layer of trilaminar muscle (Byskov and Hoyer 1994).

It is known that androgens, specifically testosterone, are responsible for
stabilisation of the Wolffian duct early in fetal life, and for the further

development of the excurrent ducts (George and Wilson 1994). There is

evidence to suggest that testosterone is the primary androgen involved in

Wolffian duct development. Firstly, in the early stages of sexual

differentiation, production of DHT does not occur in the Wolffian duct of

embryonic rats, but high levels of 5a-reductase are observed later on in

development (Higgins, Young et al. 1989; Tsuji, Shima et al. 1994). Secondly,

when male rats treated in utero with Finasteride were examined, the internal
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reproductive organs (testis, epididymis, vas deferens) were found to develop
as normal, whilst the external genitalia remained feminised (Imperato-

McGinley, Binienda et al. 1985; George, Johnson et al. 1989). Finally, some

humans have a mutation in the gene encoding the 5a-reductase enzyme.

They display a female phenotype externally as children, but then develop
male characteristics at puberty as the gonads begin to produce testosterone

causing the development of secondary sexual characteristics (Imperato-

McGinley, Guerrero et al. 1974; Imperato-McGinley, Peterson et al. 1980).

However, both testosterone and DHT have been shown to cause growth of

the Wolffian duct both in vitro (Tsuji, Shima et al. 1991) and in vivo (Schultz
and Wilson 1974).

The above studies suggest that testosterone is the androgen responsible for

growth and differentiation of the Wolffian duct. The fact that DHT elicits a

similar response is simply due to the fact that it is an androgen capable of

binding the AR. In fact, it has been shown in in vitro studies on rat Wolffian

ducts, that dihydrotestosterone is a more potent androgen than is

testosterone, in that DHT elicits a similar level of in vitro convolution of the

Wolffian at a concentration 10 times less than that of testosterone (Tsuji,

Shima et al. 1991). The weaker androgenic potency of testosterone compared
to dihydrotestosterone is due to its weaker interaction with the androgen

receptor, especially in the increased dissociation rate of testosterone from the

androgen receptor (Grino, Griffin et al. 1990). When present in relatively high

concentrations, however, testosterone overcomes this defect by mass action,

and this suggests that the reason structures located further from the testes

(the external genitalia and prostate) require conversion of testosterone to
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dihydrotestosterone is due to the lower concentrations of testosterone

reaching them.

The exact mechanism by which testosterone, and possibly DHT, induce

differentiation and development of the Wolffian duct is still unclear. It is

likely to involve interactions between the mesenchyme/stroma and the

epithelial cell populations, where the androgen signal is received in the

mesenchymal cell layer, which acts as the mediator of the morphogenetic
effects of androgens upon the epithelium (Cunha, Shannon et al. 1981;

Cunha, Alarid et al. 1992).

Some studies have shown that prostaglandin E2 can masculinise the male

reproductive tract in in vitro organ cultures, and Wolffian duct differentiation
can be inhibited by the addition of an antibody raised to prostaglandin E2

(Gupta 1989; Gupta and Bentlejewski 1992).

1.3.8 Development of the external genitalia

As has already been discussed above, dihydrotestosterone induces the

development of the external male sexual organs. It is locally produced by

conversion of testosterone in target tissues by the two isotypes of the enzyme

5a-reductase (Wilson and Lasnitzki 1971; George and Wilson 1994).

Throughout gestation in rats, the external sexual organs are virtually

identical in both male and female. Various structures have the ability to

differentiate into either male or female forms, such as the urogenital folds on

either side of the urogenital membrane, the labio-scrotal swellings next to the

urogenital folds, and the genital tubercule formed by the fusion of the
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urogenital folds. When exposed to dihydrotestosterone in a developing male

embryo, the tubercule elongates through the urogenital folds to form the

glans penis, as the urogenital folds fuse to form the penile shaft. The labio-
scrotal swellings fuse to form the scrotum (George and Wilson 1994; Gilbert

1994). In the developing female embryo, in the absence of testosterone, and
therefore dihydrotestosterone, the tubercule develops little to become the

clitoris, while the labio-scrotal swellings and urogenital folds become the
labia majora and minora respectively (George and Wilson 1994).

1.4 Influence of steroidogenic and steroid-

modulating chemicals on reproductive

development

Whilst mammalian primary sex determination is determined genetically

(Bogan and Page 1994; Gilbert 1994), and is therefore largely free from
environmental interference, secondary sex determination is governed by

hormone production and action (Jost 1953; Bogan and Page 1994; Gilbert

1994) and thus reproductive development induced by secondary sex

determination is open to modulation by steroidogenic and steroid

modulating chemicals.

1.4.1 Influence of anti-androgenic chemicals on

reproductive development

Unlike oestrogens, whose role in the development of the male reproductive
tract is still not fully understood (see 1.4.2 below), the role of androgens is

well documented: the early classic studies of Jost et al. demonstrated that in
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fetal life, testosterone is responsible for masculinisation of the male fetus by

inducing differentiation of the Wolffian duct, external genitalia and prostate

(Jost, Vigier et al. 1973). In the absence of testosterone, the Wolffian ducts

regress, and the external genitalia develop as in the female (George and

Wilson 1994). As a result, exposure to anti-androgenic chemicals, i.e. those
chemicals which interfere with either the production, action, or both

production and action of androgens, will result in the partial or complete

prevention of masculinisation.

1.4.1.1 Fhitamide

Flutamide (a-a-a-trifluoro-2-methyl-4'-nitro-m-propionotoluidide) has been

shown to effectively block the action of both testosterone and

dihydrotestosterone by competing at the level of the androgen receptor

(Peets, Henson et al. 1974).

Initial studies in the rat concentrated on the effects of flutamide on testicular

descent (Spencer, Torrado et al. 1991; van der Schoot 1992). Later dose-

response studies scrutinized the effects of in utero exposure to flutamide

during the critical period for male reproductive development (el2-e21).

Complete failure of masculinisation of the external genitalia occurred at a

dose of 24 mg/kg/day in all animals; additionally the prostate was absent at
this dose. At 18 mg/kg/day, Wolffian duct differentiation occurred, but
seminal vesicle weight was decreased. At doses above 100 mg/kg/day, the

vas deferens was absent uni- or bi-laterally, with only remnants of the

epididymal head and tail present (Imperato-McGinley, Sanchez et al. 1992).
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More recent dose-response studies (Mclntyre, Barlow et al. 2001) have used a

range of smaller doses (6.25, 12.5, 25 or 50 mg/kg/day, on days el2-e21), and

followed development of the flutamide-exposed offspring to determine
whether in utero exposure to flutamide results in permanent developmental

changes to factors such as ano-genital distance (AGD). It was ascertained that
in utero flutamide exposure significantly decreased the AGD on dO and

increased nipple retention on dl3. These observations correlated with a

reduction in AGD and nipple retention observed in later life. Epididymal
malformations were noted mainly in the highest dose group (50mg/kg/day),
as would be expected from previous studies described above (Imperato-

McGinley, Sanchez et al. 1992) which showed similar results at doses of

lOOmg/kg/day and above. It was concluded that flutamide-induced

alterations in DHT- and testosterone-dependent development each had
similar respective dose-response curves, and that DHT-mediated

development was more sensitive to in utero flutamide exposure than were

testosterone-dependent processes (Mclntyre, Barlow et al. 2001).

1.4.1.2 Finasteride

Finasteride (17|3-(N-terf-butylcarbamoyl)-4-aza-5a-androstan-l-en-3-one,
Merck MK906) is a potent, reversible inhibitor of the 5a-reductase enzyme.

This blocks the conversion of testosterone to dihydrotestosterone (Imperato-

McGinley, Shackleton et al. 1990). Although initially assumed to be a 5a-

reductase type II specific inhibitor, further studies indicate that finasteride is

a time-dependent irreversible inhibitor of both human 5a-reductase

isozymes in vitro (Faller, Farley et al. 1993; Tian, Stuart et al. 1994), meaning
that type I enzymatic activity may also be inhibited in vivo after prolonged
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treatment. Biosynthesis of testosterone is unaffected by the compound, and it
has no affinity for the androgen receptor (Imperato-McGinley, Sanchez et al.

1992).

Male pseudohermaphroditism secondary to 5a-reductase deficiency (and

therefore decreased DHT) was first described in humans in 1974 (Imperato-

McGinley, Guerrero et al. 1974). The abnormality in humans is limited to the
external genitalia and the prostate, leading to the hypothesis that

differentiation of these structures located distally (relevant to the testis) is

mediated by the enzyme 5a-reductase through conversion of testosterone to

DHT. The internal structures derived from the Wolffian duct differentiate

normally into the epididymis, vas deferens and seminal vesicles, suggesting

this process is mediated by testosterone which is at a locally higher
concentration.

When finasteride is administered to pregnant rats and subsequently their

offspring on days e20 to d27 (320mg/kg/day), it has minimal effects on

testicular descent in the developing male rats, when compared with the

effects of flutamide (Spencer, Torrado et al. 1991). Further studies treated

pregnant rats during the critical period for male reproductive development
on days el2 to e21, using doses of finasteride of 25, 50, 120, 160 and 320

mg/kg/day (Imperato-McGinley, Sanchez et al. 1992). Significant feminisation
of the external genitalia was noted at all doses. However, Wolffian duct

differentiation occurred at all doses evaluated, and vas deferens and

epididymal weights were unchanged at all doses compared to control. This

26



Chapter 1 Literature Review

reinforces the hypothesis that Wolffian derived structures are dependant on
testosterone not DHT for their differentiation.

1.4.1.3 Influence of phthalates on reproductive development

Phthalate esters were originally studied extensively in the 1970s and 1980s

because of high levels of human exposure. They were shown to be relatively
non-toxic in most organ systems, although some reproductive effects were

shown in males at very high doses. At exceptionally high doses (>lg/kg/day),
DBP and some other phthalate esters including di(2-ethylhexyl) phthalate

(DEHP) are testicular toxicants in prepubertal rodents, and can cause

degeneration of the seminiferous tubules (Foster, Thomas et al. 1980).

The first study to demonstrate the multi-generational reproductive toxicity

showed that di-n-butyl phthalate (DBP) is a reproductive and developmental
toxicant in Sprague-Dawley rats exposed both as adults and during

development. It also indicated that the adverse effects of DBP on the second

generation were greater than on the first generation (Wine, Li et al. 1997).

More recent studies have shown that in litero exposure to some but not all

phthalate esters indicate that they act anti-androgenically. Mylchreest et al.

administered DBP at 250, 500, or 750 mg/kg/day to pregnant rats throughout

pregnancy and lactation until their offspring were at postnatal day 20. The
male offspring showed reduced ano-genital distance at the two higher dose
levels. The epididymis was absent or under-developed depending upon dose
and this was associated with testicular atrophy and widespread germ cell
loss. Other reproductive malformations were noted including hypospadias
and poorly developed prostate and seminal vesicles (Mylchreest, Cattley et
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al. 1998). Further studies by Mylchreest et al compared the effect of flutamide

with that of DBP, and concluded that flutamide and DBP disrupted the

androgen signalling necessary for male sexual differentiation but with a

different pattern of anti-androgenic effects(Mylchreest, Wallace et al. 2000).

Briefly, DBP disrupts androgen-regulated male sexual differentiation
without interacting directly with the AR, in contrast to flutamide (see section

1.4.1.1) (Mylchreest, Sar et al. 1999).

Not all phthalates appear to have anti-androgenic effects. Whilst DBP,

diethylhexyl phthalate (DEHP), benzyl butyl phthalate (BBP) and diisononyl

phthalate (DINP) all altered sexual differentiation of the male rat when

exposure occurred perinatally, diethyl phthalate (DEP), dimethyl phthalate

(DMP) and dioctl tere-phthalate (DOTP) did not affect male reproductive

development (Gray, Ostby et al. 2000).

Rodents metabolise phthalate diesters, such as DBP and DEEIP, to

monoesters in the gut following oral administration (Kluwe 1982). It seems

that it is the monoester (mono butyl phthalate, MBP, in the case of DBP) that
is the active causal agent of reproductive and developmental abnormalities

(Foster, Lake et al. 1981; Foster, Cook et al. 1983; Davis, Weaver et al. 1994;

Ema, Kurosaka et al. 1995). MBP has been shown to inhibit trans-abdominal

migration of the testis, and lower intratesticular testosterone levels (by

88.6%). It also induced developmental abnormalities of the epididymis and

reproductive tract in male rats when administered during the crucial period
of male development and differentiation (el5-el8) (Shono, Kai et al. 2000).
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Most studies have focused on di-n-butyl phthalate (DBP), di-(2-ethylhexyl)

phthalate (DEHP) and butyl benzyl phthalate, with most information

relating to dose-response relationships obtained for DBP (Mylchreest,
Wallace et al. 2000). DBP and DEHP, and their major metabolites (MBP and

MEHP) have been shown not to interact directly with human or rodent

androgen receptors (AR) when tested in transcriptional activation assays

(Foster, Mylchreest et al. 2001). The anti-androgenic action of DBP in vivo is

due to the suppression of fetal Leydig cell androgen production (Mylchreest,
Sar et al. 2002), and changes in occurrence of cryptorchidism and

hypospadias, as well as other reproductive malformations, are consequential.
Gene profile studies show increased expression of cell survival proteins,

suggesting DBP-induced Leydig cell hyperplasia, and down regulation of c-
kit may play a role in gonocyte degeneration (Shultz, Phillips et al. 2001).
Aberrant gonocyte development such as the appearance of multi-nucleate

gonocytes in rats exposed to DBP or DEHP (Li, Jester et al. 2000), suggests

altered Sertoli cell function and proliferation after such an exposure. It has
also been suggested that DEHP and its metabolite MEHP can inhibit
aromatase (Davis, Weaver et al. 1994), and thus could interfere with

oestrogen production in the fetal testis.

It is not know exactly how phthalates such as DBP and DEHP affect

testosterone production in the fetal testis. Phthalate esters are a member of a

family of chemicals known as peroxisome proliferators. It has been suggested
that exposure of Leydig cells to peroxisome proliferators prevents cholesterol

transport into the mitochondria following hormonal stimulation, thereby

inhibiting steroid synthesis (Gazouli, Yao et al. 2002).
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1.4.2 Influence of oestrogenic chemicals on reproductive

development

The role of oestrogens in male reproductive development is not fully
understood. The enzyme aromatase, which converts testosterone into

oestrogen is certainly produced within the fetal testis (Weniger 1993), and
both the oestrogen receptors (ERa and ER(3) are expressed in the

reproductive tract. In late fetal life (el7.5 and el8.5) in the rat, ERa was found
to be immunoexpressed in epithelial cells surrounding the efferent ducts

(Fisher, Millar et al. 1997), whereas immunoexpression of ER|3 appears

ubiquitously throughout the Wolffian duct (Hess, Gist et al. 1997; Saunders,

Maguire et al. 1997; Sar and Welsch 2000).

Transgenic mice and rats have been the primary method for elucidating the
normal role of oestrogens in Wolffian duct development. Initially, it was

reported that the Wolffian duct is grossly normal in ERa knockout mice

(Eddy, Washburn et al. 1996), though subsequent study showed subtle
defects in the efferent ducts and initial segment of the epididymis (Hess,
Bunick et al. 2000).

1.4.2.1 Specific effects of oestrogens on the male reproductive tract

In mammals, exposure of the developing fetus to oestrogenic chemicals
results in the abnormal development of the male reproductive tract. Early
studies showed administration of a high dose of diethylstilboestrol (DES) to

pregnant rats affected fetal development detrimentally (Green, Burril et al.

1939). All fetuses appeared externally female, and were only sexed by
internal examination of the gonads. The male offspring of DES treated
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pregnant rats showed abnormally delayed development of the seminal

vesicles, epididymis, vas deferens and prostate. The female offspring were

reported to also have reproductive abnormalities, including the observation
of Wolffian duct remnants.

Studies involving exposure of pregnant mice to DES indicate that when

injected daily (e9 to el6) at lOOpg/kg, male offspring appeared externally
similar to offspring from control mothers, but the fertility of DES-exposed

offspring was impaired. In adulthood, the mice showed a high incidence of
testicular abnormalities and epididymal cysts (McLachlan, Newbold et al.

1975).

Neonatal exposure to DES has been shown to cause underdevelopment of
the epididymal duct, reduced epithelial height in the epididymis and vas

deferens, coiling of the extra-epididymal vas deferens, and thickening of the
stromal cell layer in the distal cauda and vas (Atanassova, McKinnell et al.

2001). This form of epithelial underdevelopment in the epididymis,

combined with overgrowth of stromal tissue has been reported in a number
of studies following early oestrogen exposure (Orgebin-Crist, Eller et al.

1983; Gaytan, Aceitero et al. 1990; Limanowski, Miskowiak et al. 1996; Khan,

Ball et al. 1998). Similar changes have also been reported in the prostate

(Prins and Birch 1997) and seminal vesicles (Williams, Saunders et al. 2000) of

rats.

1.4.2.2 Mechanisms of oestrogenic action on the male reproductive tract

As discussed above, oestrogen receptors of both subtypes have been

localised to the fetal testis, and the developing male reproductive tract.
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However, this is not the only way in which oestrogens may modulate male

reproductive development The 'oestrogen hypothesis' as proposed by

Sharpe and Skakkebaek (Sharpe and Skakkebaek 1993), which postulated
that the apparent increase in human male reproductive developmental

disorders may have occurred due to increased oestrogen exposure of the
human fetus, named two primary mechanisms by which oestrogen exposure

could alter normal male reproductive development: suppression of

gonadotrophin (especially FSH) secretion via negative feedback on the

pituitary/hypothalamus by oestrogens and impairment of Leydig cell

development, leading to inadequate testosterone production (Sharpe and

Skakkebaek 1993). Evidence for the importance of the androgen-oestrogen
balance was illustrated by Rivas et al. when it was shown that similar

developmental abnormalities were noted when a low dose of DES was

combined with removal of androgens using GnRH antagonists or flutamide
as were seen with a high dose of DES alone (Rivas, Fisher et al. 2002). It was

concluded that reduced androgen action sensitises the reproductive tract to

oestrogens, demonstrating that the balance of androgens to oestrogens may

be more important than their absolute levels.

Since this hypothesis was first proposed, further investigations have led to

the emergence of additional mechanisms by which oestrogens may affect

male reproductive development. Studies in the rat show that potent

oestrogens such as DES and ethinyl oestradiol can drastically suppress

Leydig cell function, to the extent that testosterone levels in the testis and

blood are dose-dependently suppressed in fetal life (Haavisto, Nurmela et al.

2001). The cause of the suppression is unknown, but it is possible that
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suppression of 17a-hydroxylase-Ci7-2o-lyase (Majdic, Sharpe et al. 1996) and

steroidogenic factor-1 (SF-1) (Majdic, Sharpe et al. 1997) are the pathways

involved.

Reports from studies in the rat reveal that DES treatment is able to suppress

the expression of the androgen receptor in the testis and developing male

reproductive tract following neonatal administration at high doses (>

lOOpg/kg) (McKinnell, Atanassova et al. 2001; Williams, McKinneli et al.

2001), and that oestrogen induced reproductive tract abnormalities are

coincident with the suppression of AR. In combination with the lowering of
testosterone levels discussed above (Haavisto, Nurmela et al. 2001),

interference with male reproductive development is obviously very likely.
There is no information in the literature as to the ability of in litero exposure

to oestrogens to cause a similar suppression of AR expression.

A recently discovered pathway by which oestrogen exposure can cause male

reproductive abnormalities is via suppression of secretion of insulin-like
factor-3 (InsL3). This factor is produced by fetal Leydig cells, and is known to

act on the gubernaculum, the tissue which helps to guide the testis on its

trans-abdominal descent. Exposure of pregnant rats to oestrogens at the time
of male sexual differentiation causes suppression of InsL3 expression,

consequently causing failure of testicular descent (Emmen, McLuskey et al.

2000; Nef, Shipman et al. 2000). Additionally, mice with a disrupted InsL3

gene are bilaterally cryptorchid (Nef and Parada 1999; Zimmermann, Steding
et al. 1999). It is clear that InsL3 plays an important part in normal male fetal

development, and also that InsL3 secretion is suppressed by oestrogens.
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1.5 In vitro culture of the male reproductive tract

There are two basic methods by which tissues isolated from an organism can

be manipulated in vitro: cell culture and organ culture. Cell culture involves
the culture of a collection of individual cells in a nutritional media. The cells

may interact in a limited fashion, if the signalling can travel from cell to cell

via the encapsulating media, but tend to grow as individual cells unaffected

by their surrounding partners.

Organ culture involves placing an entire organ into culture, isolated from the

organism. Thus, cell-cell interaction is preserved, at the cost of limited

survivability due to the difficulty of supplying the entire organ with

nutrients from the culture medium, and oxygen due to lack of a functioning
blood supply.

1.5.1 Cell culture of male reproductive tissues

Culture of epididymal cells has been performed from a variety of species,

including bull (Joshi 1985), rat (Cooper, Yeung et al. 1989) and mouse (Sun,
Lin et al. 2000). An in vitro primary cell culture system was tested to

investigate the viability of primary rat epididymal epithelial cells in culture

(Chen, Bunick et al. 1998). The system demonstrated that the cells grown in
vitro maintained many of the organelles characteristic of these cells in vivo,

including dense-staining granules, indented nuclei and apical cilia, and

ciliary beat was observed for up to 10 days in culture. More recent studies

(Kirchhoff, Carballada et al. 2000) suggest that despite their flattened and

apparently androgen receptor-negative phenotype, the epithelial cells kept
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characteristics of the epididymal duct epithelium for a short period, i.e.,

expression of the tissue-specific marker CD52 and responsiveness of its
mRNA toward temperature elevation and androgen withdrawal.

1.5.2 Organ culture

The ideas and principles of organ culture were initially developed by

Strangeways and Fell for the culture of chick embryos in vitro (Strangeways
and Fell 1926a, b). Methods were then perfected by Eagle, Fischer and

Waymouth (Morton 1970).

The organ culture system used in the present studies is based upon a series

of earlier organ culture experiments. The initial experiments were performed
on mouse bulbourethral glands (Cooke, Young et al. 1987a), and were

developed into a new model system for studying androgen-induced growth
and morphogenesis in vitro (Cooke, Young et al. 1987b). This initial system is

very similar to that used in the present studies, with some exceptions. The

original studies used an organ culture medium composed of Dulbecco's
Modified Eagle's Medium : Ham's F-12 medium (1:1) containing 10% fetal
bovine serum. The system was subsequently developed to investigate

murine seminal vesicles (Shima, Tsuji et al. 1990), which also develop from
the Wolffian duct, more distal than the vas deferens. The seminal vesicles

were cultured successfully both with and without the addition of fetal bovine
serum. Subsequently, the same system was used to culture prostate

(Lipschutz, Foster et al. 1997) without the addition of fetal bovine serum.
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The system was first used to culture mouse Wolffian ducts in 1991 (Tsuji,

Shima et al. 1991). The mouse ducts were cultured from day el5.5 for four

days in serum free medium as described above. The ducts were cultured

with 107M testosterone or 10~8M DHT. The effects of T and DHT were

mimicked by co-culture with fetal testes isolated at the same time as the

urogenital ridges. The studies concluded that T is an important hormone in

the development of the upper portion of the Wolffian ducts, but could not

rule out a role for DHT in epididymal development.

The advantage of organ culture over cell culture in studying the male

reproductive tract is that it more accurately reproduces the cell to cell
interactions of the living organism, while keeping the organ in question

isolated from the rest of the organism. Interactions between the

mesenchymal cell population and the epithelial cell layer have been shown to

be very important in the development of the prostate (Tenniswood 1986;

Chung, Gleave et al. 1991), and are thought to be important in differentiation

throughout the reproductive tract (Cunha, Shannon et al. 1981; Cunha,
Alarid et al. 1992). During differentiation, the mesenchymal cell layer

exhibits androgen receptor activity and is thought to be the actual target and
mediator of the morphogenetic effects of androgens upon the epithelium.

Mesenchyme induces specific patterns of epithelial morphogenesis,

cytodifferentiation, and is thought to also specify the functional activities of
the epithelium (Cunha, Shannon et al. 1981; Cunha, Alarid et al. 1992).

Tissue recombination experiments using portions of fetal mouse and rat

Wolffian ducts showed that the epithelia from upper and middle Wolffian
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ducts could be instructively induced to undergo seminal vesicle

morphogenesis by neonatal seminal vesicle mesenchyme (Higgins, Young et

al. 1989), suggesting that Wolffian duct epithelium differentiation is induced

by mesenchymal signalling.

1.6 Summary

The aims of the work described in the following chapters were threefold:

1. to establish an in vitro culture system of the ratWolffian duct,

2. to elucidate the role of androgens in the development and

differentiation of the Wolffian duct from day el9 onwards, and

3. to examine the impact of steroids and steroidogenic compounds on

protein expression in the developingWolffian duct.
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2.1 Animals and animal welfare

All animals used in these studies were treated in accordance with the

Animals (Scientific Procedures) Act, 1986. The animals used wereWistar rats,

bred at the Medical Faculty Animal Accommodation (MFAA), University of

Edinburgh. The rats were subjected to standard laboratory conditions of a

twelve hour light/dark cycle, and standard temperature of 21°C. Food and
water were available ad libitum. Animals were maintained throughout life on

a soy-free commercial diet ('Soy-free' breeding diet, SDS, Scotland).

Adult animals were killed by inhalation of a steadily rising concentration of

CCh, followed by cervical dislocation in accordance with Schedule One of the

Animals (Scientific Procedures) Act, 1986.

Once removed from the uterus, fetuses were killed immediately by severing

of the spinal cord.

2.1.1 Calculation of embryonic age

A seminal plug is the first obvious external sign that a female rat has been
mated. Animals were placed in a special mating cage with a metal grid floor
that allows the seminal plugs to fall onto a tray underneath, and thus be

noted. Following a standard convention, embryonic day 0 (eO), the time of

conception is considered to be the midnight before the first time a seminal

plug is noted. Cages were checked for seminal plugs on a daily basis by

members of staff at the MFAA, for which I am extremely grateful.
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Thus, the midday of the first day on which a plug is recorded is considered

to be embryonic day 0.5, or e0.5.

2.2 Treatment regimes and administered

compounds

A major part of these studies was to examine the effect of various

compounds on the development of the male reproductive tract in the rat. The
treatment regimes involved either subcutaneous injections or oral gavage of

pregnant female rats on successive or alternate days throughout a specific

period of gestation

2.2.1 Diethyistilboestrol (DES)

Diethylstilboestrol is a potent synthetic oestrogen which is known to mimic

the action of the natural oestrogen, oestradiol, in vivo.

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was given a subcutaneous injection of

lOOpg/kg DES (Sigma, Poole, Dorset, UK) in lml/kg corn oil obtained from a

supermarket. The second animal was administered the vehicle alone at

lml/kg to act as a control. Treatment was administered on alternate days

from gestation day el3 to el7 according to the protocol used by Haavisto et al

(Haavisto, Nurmela et al. 2001). Animals were killed on day el9.5 and the

embryos removed.
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2.2.2 Flutamide

Flutamide is an anti-androgen that binds to the androgen receptor and acts

as a receptor-binding antagonist.

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was given a subcutaneous injection of

50mg/kg flutamide (Sigma, UK) in lml/kg corn oil. The second animal was
administered the vehicle alone. Treatment was administered daily from

gestation day el5 to el8, according to the protocol of Imperato-McGinley et al

(Imperato-McGinley, Sanchez et al. 1992). Significant mortality was

experienced with doses greater than 50mg/kg. Animals were killed on day
el9.5 and the embryos removed.

2.2.3 Di(n-butyl) phthalate (DBF)

Di(n-butyl) phthalate (DBP, C16H22O4) is one of a number of phthalate esters

which are used throughout the manufacturing industry as plasticisers. When
added to hard plastics such as polyvinyl chloride, they act as a lubricant
between the vinyl molecules and soften the plastic.

It is known that phthalates will leach out of the plastics and this has raised

some concern for human health.

At doses > lg/kg/day, DBP and other phthalate esters including di(2-

ethylhexyl) phthalate (DEHP) are testicular toxicants in prepubertal rodents,
which cause degeneration of the seminiferous tubules. Not all phthalate
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esters show this effect; for example, dimethyl and diethyl phthalate show no

such toxicity (Foster, Thomas et al. 1980).

At lower doses, (< 250 mg/kg/day) DBP blocks male reproductive

development if administered during the critical period for male reproductive
tract differentiation (el2-e21). This results in malformations of the male

reproductive tract, impaired masculinisation of male pups, degeneration of
the seminiferous tubules and Leydig cell hyperplasia (Mylchreest, Sar et al.

1999).

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was administered DBP by oral gavage at

500mg/kg in lml/kg corn oil. The second animal was administered the
vehicle alone by gavage. Treatment was administered daily from gestation

day el3 to el8. Animals were killed on day el9.5 and the embryos removed.

2.3 Tissue collection and dissection

2.3.1 Collection of rat fetuses

Pregnant female rats were euthanased on day el9.5 of gestation, firstly by

inhalation of a steadily rising concentration of CCh, followed by cervical
dislocation in accordance with Schedule One of the Animals (Scientific

Procedures) Act, 1986.

Once the pregnant mother was confirmed dead, it was opened in a line from
the vaginal opening to the navel, the uterus located, cut away and removed
from the mother.
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The fetuses were then dissected from within the uterus and immediately

euthanased by severing the spinal cord with dissection scissors. The fetuses
were placed into Phosphate Buffered Saline (PBS; Sigma, Poole, Dorset, UK)
on ice until further microdissection took place.

2.3.2 Microdissection of rat fetuses

The foetuses were removed from PBS and placed on a Leica MS5

microdissection scope (Leica Microsystems, UK).

Sexing of the control animals was performed externally, by simple
examination of the anogenital distance. However, the compounds used for
treatment of the pregnant mothers were likely to disrupt formation of the
external genitalia and affect the anogenital distance. Therefore, all treated
animals were dissected to confirm their gender by examination of the

gonads.

Using ultrafine forceps, a tear was made from the tubercule to the anus, and

the foetus was opened up. The testes were located and excised using small

spring scissors, ensuring that the Wolffian duct/epididymis was removed

together with as much of the vas deferens as possible.

2.3.3 Collection and dissection of postnatal rat tissues

Rats up to the age of twelve days cannot be killed by inhalation of CO2

according to Schedule one of the Animals (Scientific Procedures) Act, 1986, as
the animals are resistant to the effects of oxygen deprivation. The Schedule

allows these animals to be killed only by cervical dislocation.
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Past this age, the schedule dictates that the rats must by killed by the

inhalation of a rising concentration of CO2 followed by cervical dislocation.

2.4 Tissue fixation, processing and staining

2.4.1 Tissue fixation for paraffin embedding

Tissues which were to be embedded in paraffin blocks were removed and

placed in Bouin's fixative (500ml 40% v/v formaldehyde, 100ml acetic acid,
2 litres saturated picric acid) for various times ranging between one and five
hours depending on the size of the tissue. The time was chosen in order to
allow maximum penetration of the tissue by the fixative solution. Leaving
the tissue for an excess amount of time in the Bouin's causes hardening of the

tissue; this makes it difficult to cut good sections and/or to detect antigens by

immunohistochemistry. Therefore, accurate and consistent timing of fixation
was necessary.

Following this fixation, the tissues were transferred into 70% ethanol before

being processed into paraffin wax.

2.4.2 Tissue processing and sectioning of paraffin blocks

Tissue was firstly dehydrated through a series of graded alcohols before

being saturated with paraffin wax. This took place using a 17.5h automated

process on a Leica TP-1050 processor (Leica UK Ltd, Milton Keynes, UK).
The tissue was then embedded in paraffin wax having been appropriately

oriented to obtain the correct cross-section.
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5pm paraffin sections were cut using a Leica RM2125 hand-operated rotary

microtome (Leica UK Ltd, Milton Keynes, UK) fitted with disposable blades.

Sections were floated in a heated waterbath containing distilled water at

approximately 45°C. Sections were then transferred onto Superfrost Plus
coated slides (BDH, Poole, Dorset, UK), and dried at 60°C overnight before

use.

2.4.3 Haematoxylin and Eosin (H & E) staining

2.4.3.1 Composition of stains

Harris's haematoxylin was prepared by dissolving 2.5g of haematoxylin in

absolute alcohol. This was then added to 500ml of warm distilled water in

which alum had been dissolved. This mixture was then boiled and either

1.25g mercuric oxide or 0.5g sodium iodate was carefully added. This was

then rapidly cooled by plunging the mixture into a sink containing iced

water. Once cold, 20ml glacial acetic acid was added.

Eosin Y was prepared as a 1% solution in distilled water, to which 0.5ml of
acetic acid was added per litre.

The two stains were routinely prepared in the Histology lab by Sheila

Macpherson and Arantza Esnal.

2.4.3.2 Procedure for Staining

Tissue sections mounted on slides were initially deparaffinised in two

washes of xylene for 5 minutes each, and a further 5 minutes in Histoclear
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before being re-hydrated through a decreasing series of alcohols (absolute,

95% and 70%) for 20 seconds each.

After being rinsed in water the slides were placed in Harris's Haematoxylin
for 5 minutes and then rinsed in running water. Cytoplasmic staining was

removed by immersing the slides in 1% acid alcohol for a few seconds with a

further rinse in running water. The blue nuclear staining was differentiated

by placing the slides in Scott's tap water until the nuclei turned blue. After

rinsing again in water, the slides underwent a twenty second incubation in

eosin, followed by a final water rinse.

The slides were then dehydrated through a series of increasing alcohols, then
cleared in xylene and coverslips were mounted using pertex (Cell Path,
Hemel Hempstead, UK).

2.5 immunohistochemistry

This is the method used to localise a specific protein within a cell or tissue

sample, using a specific antibody which has been raised to the protein in

question. The technique allows proteins to be localised to specific cell types
and even specific cellular locations.

The process utilises a layering of antibodies which increases the available

binding sites for the avidin-biotin complex. This layering amplifies a small
amount of signal which is visualised upon the addition of a horseradish

peroxidase (HRP) detection system.
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There are several different detection and visualisation systems which can be

employed in addition to the avidin-biotin and HRP detection system. Also,

the signal can be enhanced using a variety of specialised enhancement kits.

2.5.1 Immunohistochemistry for paraffin sections

2.5.1.1 Diaminobenzidene (DAB) detection

Slide mounted tissue sections were deparaffinised in two washes of xylene

(Sigma, Dorset, UK) for five minutes each, followed by a five minute wash in

Histoclear (National Diagnostics, Fleet Business Park, Ffull, UK). The tissue

was then rehydrated by washes in decreasing amounts of ethanol (absolute,

95%, 70%), and then immersed in water.

Depending on the protein which was being studied, antigen retrieval may
need to be performed. This is often the case for proteins localised to the cell
nucleus. The method of antigen retrieval used in the present studies was

pressure-cooking in 0.01M citrate buffer, which was routinely prepared by
staff in the histology laboratory. Slides were immersed in the boiling buffer
in a pressure cooker, which was then sealed. Once the cooker had reached

maximum pressure, the slides continued to incubate under pressure for 2

minutes. At this point the pressure was released and the heat source

extinguished. The slides were then left to sit in the hot buffer for a further 5

minutes then removed and washed in water.

The slides were then washed for 30 min in 270ml methanol, containing 30ml

of 30% hydrogen peroxide, in order to block any binding sites for

endogenous peroxidases which may be present in the normal animal serum.
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Following two five minute washes in tris buffered saline (TBS; pH 7.4), the

slides were incubated for 30 minutes at room temperature in a serum

blocking solution diluted 1:5 in TBS in which 5% bovine serum albumin

(BSA; Sigma, Dorset, UK) had been dissolved. The purpose of the serum

block was to reduce to a minimum the amount of non-specific staining. The

type of serum block used was dependant upon what species the secondary

antibody was raised in. If the secondary antibody was raised in goat, then a

goat serum block was used. The serum block binds to non-specific antigens

so that the secondary antibody is sterically inhibited from binding to them,
thus reducing the possibility of non-specific or 'background' staining.

After 30 minutes, the serum block was removed from the slides, and replaced

with an antibody specific for the protein to be localised at the appropriate

working concentration (the primary antibody). The primary antibody was

diluted in the serum blocking solution. Negative control slides were

incubated in the serum blocking solution alone. The slides were left to

incubate with primary antibody overnight at 4°C.

The slides were then washed twice in TBS to remove any unbound antibody.
Then the secondary antibody was added. The secondary antibody was raised

against the species in which the primary antibody was raised, and had a

biotin molecule conjugated to it. This was incubated at room temperature for
30 minutes.

Following a further two 5 minute washes in TBS, an avidin-biotin

horseradish peroxidase linking system (ABC-FiRP; DAKO, Cambridgeshire,

UK) was added for 30 minutes. This avidin-biotin complex binds to the
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secondary antibody. After two final 5 minute washes in TBS, the

diaminobenzidine substrate was added. This reacts with the horseradish

peroxidase on the ABC-HRP to form a brown precipitate at the site of

antibody localisation. Once sufficient staining had developed, the reaction

was stopped by immersing the slides in distilled water.

The slides were then counterstained with haematoxylin, dehydrated through

graded ethanols and then cleared in xylene. Finally, the slides were mounted

using Pertex mounting medium (Cell Path, Hemel Hempstead, UK) and

coverslips.

Figure 2.1 shows positive and negative control staining for the antibodies

used within these studies.

2.5.2 Quantification of staining

Figure 2.2 illustrates how the strength of staining was quantified. All of the

slides in a given run were viewed to see the range of intensity of staining.

Each area of tissue was then scored for intensity of staining, using a scale of

one, two, three or four plusses (+), or no plus (-) for an absence of staining.

Scores were then collated within runs, as well as between runs, by taking the

mode number of plusses. As immunohistochemical methodology was

optimised before running on critical samples, there was good consensus both

within runs and between runs.
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Figure 2.1: Positive and Negative controls for Immunohistochemistry
This figure shows positive and negative immunohistochemical controls for the
antibodies used within these studies. Images A, C, E, G and 1 show negative controls
for ERa, AR, SMactin, 5a-reductase type 1 and 5a-reductase type 2 respectively.
Images B, D, F, H and J show positive control staining for ERa, AR, SMactin,
5a-reductase type 1 and 5a-reductase type 2 respectively.
All control staining was performed on sections of dO rat testis.
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Figure 2.2: Quantification of immunohistochemical staining
This figure illustrates the method used for quantification of immunohistochemical staining
used throughout this thesis. Images of stained tissues were assigned a score of either one,
two, three or four plusses (+), depnding on the strngth of staining.
The four images above are shown as examples of the varying strength of staining and the
accompanying score.
Each individual immunohistochemical run was scored independently, and then a consensus
scorp was obtainpd bv usine the mode scorp.
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2.6 Image Analysis

2.6.1 Digital photomicroscopy

Stained tissue sections were examined using an Olympus Provis microscope

(Olympus Optical, London, UK). Images were captured using a Kodak
DCS330 digital camera (Kodak Eastman, Rochester, NY). Captured images

were stored on a Macintosh G4 (Apple Computer, Cupertino, CA), and were

processed and compiled using Adobe Photoshop 6.0 (Adobe Systems Inc,
Mountain View, CA).

2.7 Organ Culture

2.7.1 Preparation of media

The media used in these studies for culturing of the dissected Wolffian ducts
was based on that used by Tsuji et al. (Tsuji, Shima et al. 1991), with

modifications. It consisted of a 1:1 ratio of Dulbecco's Modified Eagle's

Medium (DMEM) and Ham's F12 (Invitrogen, Paisley, UK). As purchased,

the media contained L-glutamine and pyridoxine HC1, and was specifically

formulated so as not to contain Phenol Red as would normally be the case.

This is due to the fact that Phenol Red is believed to be slightly oestrogenic,

thereby confusing the results of those experiments examining the effects of

oestrogens and oestrogen-like compounds.

To 50ml of this standard media was added lx penicillin streptomycin

(penicillin G sodium (100 U ml1), streptomycin sulphate (100 pg ml1),
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amphotericin B (0.25 pg ml1)), bovine transferrin (20 pg ml1), and crystalline

bovine insulin (20 pg ml"1).

The penicillin and streptomycin were added in order to limit the possibility
of microbial growth. The transferrin and insulin are two hormones

considered essential in other serum-free culture systems, and which have

been evaluated as important in the organ culture of other male reproductive
tissues (Nguyen-Le, Briere et al. 1997).

2.7.2 Organ culture setup

All manipulations were performed in statutory Class II tissue culture hoods.
Into each well of a four-well NUNCLON™ culture plate was added 1ml of
the organ culture medium, supplemented with the appropriate steroid or

compound to be investigated.

A piece of Millicell® CM filter (Millipore Ltd., Watford, UK) was floated onto

this media, and a bubble of the media was placed on top of the filter. Into this

bubble was placed a freshly dissected Wolffian duct from a rat at embryonic

day el9.5. This was repeated in all four wells with two Wolffian ducts per

well. The two ducts were distinguished by their location relative to a notch
cut into the filter.

Once all the organ rudiments had been correctly positioned on the filters,
each organ was coded and photographed as described below (2.7.3). The

four-well plate was placed in an incubator at 37°C with 5% CO2 for 48 hours,
at which point the rudiments were photographed once more, and removed

from culture.
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2.7.3 Organ culture analysis

Using the free Macintosh computer program NIH Image 1.62 (National
Institute of Health, USA), digital photographs taken at 4x power on a Leica

MS5 microdissection scope (Leica Microsystems, UK) of dissected Wolffian
ducts both pre- and post-culture were examined.

Once the images were loaded into the software package, a zigzag straight

line could be traced from the efferent ducts to the boundary of the

epididymis and the vas deferens. NIH Image gave a measurement of the line

length in pixels. As all photos were taken at the same magnification and the
same image size, these measurements were all directly comparable. Thus, the

length of the freshly isolated epididymal duct could then be compared with
the length of the epididymal duct after 48hrs in culture. Each measurement

was repeated three times and the mean value recorded.

From these two measurements, a ratio of growth could be calculated by

dividing the length of the epididymal duct after culture by the length

beforehand. A value of 1 would indicate no growth whereas positive values
would indicate an increase in length during the culture period.

2.8 Testosterone Assay

The assay is based on the standard testosterone assay performed within the

Unit, which is itself a modification of that developed by Corker et al (Corker
and Davidson 1978).
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2.8.1 Reagents

2.8.1.1 PGBS

All reagents and samples were prepared in phosphate-gelatin buffered saline

(PGBS) 0.1M pH 7.4, which was prepared as follows:

• 8.66g NazHPChanyhydrous

• 6.08g NaPhPO-^PhO

• 9.0g NaCl

• O.lg Thiomersalate

• l.Og Gelatin per litre of de-ionised water

2.8.1.2 Standards and Quality Controls

Standards were used to construct the standard curve from which the

testosterone levels in 'unknown' samples could be interpolated.

Sufficient testosterone reference standard (T1268; Sigma, UK) was dissolved

in ethanol to give a working stock solution of lOOng per ml. Subsequently,
lml of this was dried down, and reconstituted in 20ml of PGBS to give the

top standard of 500pg per lOOpl. This top standard was then double diluted

sequentially with PGBS to reach the bottom standard of lpg per lOOul. All
ten standards that comprised 'the standard curve' were stored at 4°C.

Quality controls are known amounts of testosterone which are run in the

assay together with the 'unknown' samples to ensure that the assay is

performing within acceptable limits (ICN Diagnostics, Hampshire, UK)
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2.8.1.3 Antibodies

The primary antibody which binds to the testosterone and the radioactive

tracer was Anti Testosterone-3-CMO-BSA (#505 bleed 1.9.1981; (Webb, Baxter

et al. 1985)) used at an initial dilution of 1:350,000 in PGBS, which will bind

approximately 70% of tracer (described below, 2.8.1.4).

The second antibody was a donkey anti goat/sheep serum (SAPU,

Edinburgh, UK) used at 1 in 30, diluted in normal sheep serum (SAPU,

Edinburgh, UK), itself having been diluted to 1 in 600 in PGBS.

2.8.1.4 Tracer

A solution of Testosterone-3-CMO-histamine-I125 (Amersham, Bucks, UK)

was prepared in PGBS so that there were 15,000 counts per minute in 100pi.

2.8.1.5 Precipitation buffer

This consisted of 0.9% saline, 0.2% Triton X (Sigma, Poole Dorset, UK), 4%

PEG6000 all made up in PGBS. The solution was added to the tubes at the
end of the assay to precipitate the antibody bound components.

2.8.2 Preparation of tissue homogenates for testosterone

assay

The intention was to obtain a value for the testosterone content of a single

fetal rat testis in terms of nanograms per testis, therefore, during dissection,

testes were removed from embryonic rats aged el9.5, and immediately snap-

frozen on dry ice, before being stored at -70°C until such time as an

appropriate number were available to perform an assay.
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Each testis was then individually powdered in a pestle and mortar under

liquid nitrogen. The testis powder was placed in a 1.5ml eppendorf tube to

which lOOpl of PGBS was added. The mixture was pipetted up and down a

fine syringe needle to further homogenise the tissue.

2.8.3 Extraction of steroid from the tissue homogenate

Each sample/standard was assayed in duplicate in 16 x 100mm glass test

tubes. 50pl of each testicular homogenate was added in duplicate to the glass
test tubes. Every twenty or so tubes, an extra tube was inserted into which

50pl of a spare homogenate was added, together with lOpl H3 testosterone

diluted to about 5000 counts per minute. This was to enable estimation of the
extraction recovery efficiency. To three tubes, lOpl of H3 testosterone was

added as a measure of total counts.

Into every tube was now added 1ml hexane : diethyl ether in a 4 to 1 ratio,

and all tubes were vortexed for 10 minutes on a multivortexer. The tubes

were then plunged into a bath of methylated spirits cooled with dry ice. This

freezes the aqueous portion, and allows the organic portion, containing the
dissolved testosterone to be decanted into a fresh tube and allowed to dry

down over a forty-eight hour period.

Once the tubes were completely dry, the extracts were reconstituted in 500pi

PGBS, multivortexed, and left for at least 30 minutes.

Two aliquots of lOOpl each were removed from each of the extraction

recovery efficiency tubes, and counted on the Multi-gamma 1261 gamma
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counter (Wallac, PerkinElmer Life Sciences, Cambridge, UK). From this the

extraction efficiency could be calculated using the following formula:

. counts in recovery aliquot x 5 x 100
extraction efficiency =

total counts added

This formula gave a value of the percentage of testosterone which is

extracted from the homogenates using the method outlined above.

2.8.4 Radioimmunoassay (RfA) of testosterone

The assay was set up in 10 x 75mm polystyrene tubes in duplicate.

Each sample tube contained lOOpl of sample, lOOpl of radioactive tracer,

lOOpl of anti-testosterone antibody and 500pl of buffer. The quality control
tubes contained the same but with the 100pi of the appropriate quality

control in place of the sample. The standard tubes were similarly constituted
but with 100pi of each of the varying concentrations of standard in place of
the sample.

The 'zero' tubes contained 600pi of buffer with just the tracer and antibody.

The non-specific binding (NSB) tubes contained 700pl of buffer and lOOpl of

tracer, and was used to determine the level of non-specific binding of the
tracer to the secondary antibody and tube.

The total counts tubes contained only 100pi of the radioactive tracer.

All of these tubes were incubated for 24 hours at 4°C.
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Then, to each tube was added 1ml of the precipitation buffer described in

section 2.8.1.5; the tubes mere mixed and then centrifuged at 3000rpm for 30
minutes. The supernatant was then carefully decanted, and the tubes

containing the precipitate were counted in a Multi-gamma 1261 gamma

counter (Wallac, PerkinElmer Life Sciences, Cambridge, UK).

2.8.5 Assay analysis

Data from the gamma counter were passed directly over a serial link to a

Macintosh II (Apple Computer, Cupertino, CA) running AssayZap (Biosoft,

Cambridge, UK). The data was then parsed in AssayZap, and a standard
curve was drawn using the ten testosterone standards in duplicate.

Each sample duplicate was analysed by AssayZap, which then generated a

final mean figure and an indication of whether the two duplicates for each

sample were within a reasonable range of each other.

A simple calculation was performed to convert the output of AssayZap into a

concentration of testosterone in terms of nanograms per testis.
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3 Characterisation of the developing Wolffian
duct

3.1 Introduction

In the following chapters of this thesis, I will describe the effects of treatment
with various steroid-modulating compounds on the development of the
Wolffian duct in rats. I will go on to describe an in vitro organ culture system

using the rat Wolffian duct, and the effect of the same treatments on the in

vitro growth of the duct.

This chapter examines the development of the Wolffian duct in vivo, in

particular it aims to describe the changes in expression of the steroid

receptors (AR, ERa, ER|3), as well as smooth muscle a-actin, a marker of cell

differentiation (Tung and Fritz 1990), and 5a-reductase types 1 and 2, the

enzymes which convert testosterone into the more potent androgen,

dihydrotestosterone (DHT) (Hall 1994).

3.2 Experimental Procedures

3.2.1 Numbers of animals used

In each of the following immunohistochemistry reactions, tissues were taken
from at least three different animals. Three separate immunohistochemistry
reactions were subsequently performed on each of these tissues.
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3.2.2 Immunohistochemistry

3.2.2.1 Androgen Receptor (AR) immunohistochemistry

Immunohistochemistry was performed using a polyclonal antibody raised in

rabbits against a peptide mapping at the amino terminus of the human

androgen receptor, which is identical to the corresponding mouse sequence

(Santa Cruz Biotechnology, CA, USA). The protocol used was as described in

section 2.5.1.1. Antigen retrieval was performed with 0.01M citrate buffer.
The slides underwent the methanol block as described, and were then

incubated in a 1:5 dilution of normal goat serum in TBS, with 5% bovine
serum albumin.

The antibody was used at a dilution of 1:200 and slides left overnight at 5°C
in a light-proof humidity chamber. The secondary antibody used was a

biotinylated goat anti rabbit antibody (Sigma, UK), used at 1:500 dilution.

3.2.2.2 Oestrogen Receptor a (ERa) immunohistochemistry

Immunohistochemistry was performed using a mouse monoclonal antibody
raised against human ERa (Novocastra, UK). The protocol used was as

described in section 2.5.1.1. Antigen retrieval was performed with 0.01M

citrate buffer. The slides underwent the methanol block as described, and

were then incubated in a 1:5 dilution of normal goat serum in TBS, with 5%
bovine serum albumin.

The antibody was used at a dilution of 1:20 at 5°C and slides left overnight in
a light-proof humidity chamber. The secondary antibody used was a
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commercially available biotinylated goat anti mouse antibody (Sigma, UK)

used at 1:500 dilution.

3.2.2.3 Oestrogen Receptor (3 (ER[3) immunohistochemistry

Immunohistochemistry was performed using a mouse monoclonal IgGl

antibody (Novocastra, UK). The protocol used was as described in section

2.5.1.1. Antigen retrieval was performed with 0.01M citrate buffer. The slides
underwent the methanol block as described, and were then incubated in a 1:5

dilution of normal goat serum in TBS, with 5% bovine serum albumin.

The antibody was used at a dilution of 1:40 at 5°C and slides left overnight in
a light-proof humidity chamber. The secondary antibody used was a

commercially available biotinylated goat anti-mouse antibody (Sigma, UK)

used at 1:500 dilution.

3.2.2.4 Smooth muscle a-actin immunohistochemistry

Immunohistochemistry was performed using a mouse monoclonal antibody

(Sigma-Aldrich, UK). The protocol used was as described in section 2.5.1.1.

No antigen retrieval was needed. The slides underwent the methanol block
as described, and were then incubated in a 1:5 dilution of normal goat serum

in TBS, with 5% bovine serum albumin.

The antibody was used at a dilution of 1:1500 at 5°C and slides left overnight
in a light-proof humidity chamber. The secondary antibody was a

biotinylated goat anti mouse antibody (Sigma, UK), used at 1:500 dilution.
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3.2.2.5 5-a-reductase immunohistochemistry

Immunohistochemistry was performed using three different antibodies.

Initially, immunohistochemistry was performed using an antibody kindly

supplied by Professor Gerhard Aumiiller of the University of Marburg,

Germany. This antibody was raised in the rabbit to a synthetic rat peptide,

specific to 5-a-reductase type 1 (Eicheler, Seitz et al. 1995). The protocol used
was as described in section 2.5.1.1. Antigen retrieval was not needed. The
slides underwent the methanol block as described, and were then incubated

in a 1:5 dilution of normal goat serum in TBS, with 5% bovine serum

albumin.

The antibody was used at a dilution of 1:150 at 5°C and slides left overnight
in a light-proof humidity chamber. The secondary antibody used was a

biotinylated goat anti rabbit antibody (Sigma, UK), at 1:500 dilution.

Further studies were performed with antibodies to 5-a-reductase types 1 and
2 obtained from Professor Bernard Robaire, McGill University, Montreal,

Canada. The protocol used was as described in section 2.5.1.1. Antigen

retrieval was not needed. The slides underwent the methanol block as

described, and were then incubated in a 1:5 dilution of normal goat serum in

TBS, with 5% bovine serum albumin.

The antibody was used at a dilution of 1:150 at 5°C and slides left overnight

in a light-proof humidity chamber. The secondary antibody used was a

commercially available biotinylated goat anti rabbit antibody (Sigma, UK).
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3.3 Results

3.3.1 Development of the Wolffian duct from e!8 to dO

Images presented in figure 3.1a show low magnification images of the entire

Wolffian duct taken on days el8.5, el9.5, e20.5 and dO, the day of birth. The

images are representative of the typical development seen in rat Wolffian
ducts isolated at the indicated time points, and were all taken at the same

magnification to illustrate gross development of the duct.
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ducts from age el8.5 to dO ducts attatched to testis from el8.5 to dO
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As the figure illustrates, the rat Wolffian duct is composed of two distinct

regions destined to develop into the epididymis (E) and the vas deferens (V).

The efferent ducts (ED) develop from the mesonephros, and in vivo, they
connect directly to the rete testis within the testis (see figure 3.1b). The vas

deferens continues on to connect with the seminal vesicles and prostate.

At age el8.5, the epididymal portion of the Wolffian duct is seen as a

straight, simple duct. As can be seen in figure 3.1b, this normally lies adjacent
to the testis in vivo. At age el9.5, the epididymal duct is still straight, but by
e20.5 obvious convolution of either end of the epididymis is apparent.

Throughout this time, the efferent ducts remain in the same configuration,
and the vas deferens remains un-convoluted.

By dO, the day of birth, significant convolution of the epididymal portion of
the duct has occurred.

Figures 3.2a to 3.2c show cross-sections of the epididymis over a similar

period of time to that in Figure 3.1, stained with haematoxylin and eosin.

Haematoxylin stains cell nuclei blue, and eosin stains the cell cytoplasm

pink.

These figures clearly show that at these stages of development, the Wolffian
duct is made up of two distinct cell types; the epithelial cells which surround
the lumen of the duct itself, and stromal cells which make up the rest of the

'body' of the tissue.
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Figure 3.2a: Haematoxylin and Eosin stained sections of the
Wolffian duct at age el9.5
The left hand image is a low power (4x) image of a complete isolated Wolffian
duct, from which three high power (40x) images are shown on the right. The
areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the prospective epididymis
C is a high power image of the prospective vas deferens
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Figure 3.2b: Haematoxylin and Eosin stained sections of the
Wolffian duct at age e21.5
The left hand image is a low power (4x) image of a complete isolated Wolffian
duct, from which two high power (40x) images are shown on the right. The
areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
D is a high power image of the efferent ducts
E is a high power image of the prospective epididymis
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Figure 3.2c: Haematoxylin and Eosin stained sections of the
Wolffian duct at age dO
The left hand image is a low power (4x) image of a complete isolated Wolffian
duct, from which three high power (40x) images are shown on the right. The
areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
F is a high power image of the efferent ducts
G is a high power image of the prospective epididymis
H is a high power image of the prospective vas deferens



Figure 3.2d: Illustration of the different cell populations present in the
efferent ducts isolated from a rat aged dO
Image A is a high power image of of a section taken from efferent ducts
of a rat aged dO. Images B, C and D show isolated portions taken from image A
(location indicated by arrows) which help to identify the individual cell
populations.
Image B shows the isolated epithelial cell layer, one cell thick that surrounds the
ductal lumen

Image C shows the layer of slightly flattened, peri-epithelial stromal cells
Image D shows the stromal cells which fill the space between the peri-epithelial
stromal cells

* indicates ductal lumen



Figure 3.2e: Illustration of the different cell populations present in the
Wolffian duct (prospective epididymis) isolated from a rat aged dO
Image A is a high power image of of a section taken from Wolffian duct
(prospective epididymis) of a rat aged dO. Images B, C and D show isolated
portions taken from image A (location indicated by arrows) which help
to identify the individual cell populations.
Image B shows the isolated epithelial cell layer, one cell thick that surrounds the
ductal lumen (*)
Image C shows the layer of peri-epithelial stromal cells; those of which are directly
adjacent to the epithelial cell layer are slightly flattened
Image D shows the widely spaced stromal cells which fill the space between the
peri-epithelial stromal cells

* indicates ductal lumen
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Figures 3.2d and 3.2e illustrate the three different cell populations that can be

found in the efferent ducts and epididymis respectively: the epithelial cells

(B), the peri-epithelial stromal cells (C) and the stromal cells (D).

3.3.2 Androgen receptor (AR) expression

Figures 3.3a to 3.3c show the expression of AR protein along the developing

Wolffian duct.

The following table summarises the results of androgen receptor

immunohistochemistry:

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 +++ +++ ++ +++ ++ +++ + ++ ++ ++

e21.5 +++ +++ ++ +++ ++ +++ + ++ ++ ++

dO ++++ ++++ +++ ++++ +++ ++++ + ++ ++ ++

Table 3.1: Summary table of immunoexpression of androgen receptor in the developing
Wolffian duct of fetuses: Immunostaining was performed on three separate occasions,
using tissue from at least n=3 animals per group. The number of plusses indicates the
strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

As can been seen from figures 3.3a to 3.3c, the androgen receptor is

expressed throughout the developing Wolffian duct at all of the ages

examined. In fact, the nuclei of virtually all cells stained positive for the

androgen receptor to some degree.
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Figure 3.3a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which two high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
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Figure 3.3b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)
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Figure 3.3c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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The most intense nuclear immunostaining for AR was detected in stromal

cells immediately surrounding the epithelium. Epithelial cell

immunopositive staining was most intense in the efferent ducts, where it was

comparable to the surrounding stromal cells. The epithelial cells throughout
the epididymal portion of the Wolffian duct stained weaker for the AR than

those in the surrounding stroma. In the vas deferens, the immunopositive

staining for AR in the stromal and epithelial cell nuclei was of comparable

intensity.

Viewed as a whole, the proximal end of the Wolffian duct contained more

intense immunopositive staining for the androgen receptor than did the
distal end.

All of these patterns described above apply to each of the ages examined.
The only temporal change observed was an increase in intensity of staining
with age (see Table 3.1).
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3.3.3 Oestrogen receptor a (ERa) expression

Figures 3.4a to 3.4c show oestrogen receptor a (ERa) expression throughout
the developing Wolffian duct. The following table summarises that

expression from multiple immunohistochemistry experiments:

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 + - - - - - - - - -

e21.5 +++ - - - - - - - - -

dO ++++ - - - - - - - - -

Table 3.2 Summary table of immunoexpression of oestrogen receptor a (ERa) in the
developing Wolffian duct of fetuses: Immunostaining was performed on three separate
occasions, using tissue from at least n=3 animals per group. The number of plusses indicates
the strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

As can be seen from figures 3.4a to 3.4c, and the table above, ERa was

expressed solely within nuclei of the epithelial cells of the efferent ducts. The

intensity of immunostaining increased with age. Table 3.2 above summarises

this, with very weak staining at age el9.5, through stronger staining at e21.5

to the strongest staining on dO, the day of birth.
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Figure 3.4a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against the oestrogen receptor alpha (ER«)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which two high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
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Figure 3.4b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against the oestrogen receptor alpha (ER«)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which two high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)



Figure 3.4c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against the oestrogen receptor alpha (ERa)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which two high power (40x) images
are shown on the right. The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
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3.3.4 Oestrogen receptor p (ERP) expression

Figures 3.5a to 3.5c show oestrogen receptor |3 (ER|3) expression throughout
the developing Wolffian duct. The following table summarises that

expression from multiple immunohistochemistry experiments:

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 ++ + ++ + ++ + ++ + ++ +

e21.5 ++ + ++ + ++ + ++ + ++ +

dO ++ + ++ + ++ + ++ + ++ +

Table 3.3 Summary table of immunoexpression of oestrogen receptor f> (ER(3) in the
developing Wolffian duct of fetuses: Immunostaining was performed on three separate
occasions, using tissue from at least n=3 animals per group. The number of plusses indicates
the strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

The figures and the table above show an extremely consistent pattern of

immunoexpression of ER(3 throughout the developing Wolffian duct. ER|3
was expressed in both epithelial and stromal cell types, although

immunoexpression was slightly more intense in the epithelial cell nuclei.

Immunoexpression remained constant at all ages examined. ER|3 was

expressed in a pattern similar to that of AR, but at a lower intensity in the

stromal cells.
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Figure 3.5a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against oestrogen receptor p (ERf?)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 3.5b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against oestrogen receptor [? (ERfl)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)



Figure 3.5c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against oestrogen receptor f? (ERfJ)
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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3.3.5 Smooth muscle a-actin expression

Figures 3.6a to 3.6c show the expression of smooth muscle a-actin

throughout the developing Wolffian duct. The following table summarises

that expression from multiple immunohistochemistry experiments:

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 - ++ - +++ - ++++ - + - +

e21.5 - ++ - +++ - ++++ - ++++ - ++

dO - +++ - ++++ - ++++ - ++++ - +

Table 3.4 Summary table of immunoexpression of Smooth muscle a-actin in the
developing Wolffian duct of fetuses: Immunostaining was performed on three separate
occasions, using tissue from at least n=3 animals per group. The number of plusses indicates
the strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

Smooth muscle a-actin was expressed primarily in the stromal cell layer

immediately surrounding the epithelium. The epithelium was negative at all

ages. At age el9.5 actin immunoexpression was strongest at the proximal end
of the epididymis, namely in the regions which form the caput and corpus

epididymis in adulthood. There was some weaker actin expression in the

'peri-epithelial' layer in the efferent ducts, and the weakest expression was

found in the distal end of the Wolffian duct, in the cauda epididymis and the

vas deferens.

By age e21.5, the duct was showing an immunoexpression pattern similar to
that at age el9.5, but with expression having extended distally so that the
cauda epididymis also expressed smooth muscle a-actin at similar levels to

more proximal areas.
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On dO, the overall intensity of actin immunoexpression had increased in

comparison to el9.5 and was similar to that at e21.5; immunostaining around

the efferent ducts was slightly stronger than at e21.5.
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Figure 3.6a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against Smooth muscle a-actin
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which four high power (40x) images
are shown (A-D). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)
D is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 3.6b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against Smooth muscle a-actin
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
" indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)



Figure 3.6c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against Smooth muscle a-actin
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which four high power (40x) images
are shown (A-D). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)
D is a high power image of the Wolffian duct (prospective cauda epididymis)
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3.3.6 5a-reductase expression

There are two subtypes of 5-a-reductase, type 1 and type 2. Both subtypes

were examined separately using antibodies specific to each. Figures 3.7a to

3.7c show the expression of 5-a-reductase type 1 throughout the developing
Wolffian duct and figures 3.8a to 3.8c show that of 5-a-reductase type 2. The

expression patterns are summarised in the tables below.

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 +++ - ++ - ++ - ++ - ++ -

e21.5 +++ - ++ - ++ - ++ - ++ -

dO ++++ - ++ - ++ - ++ - ++ -

Table 3.5 Summary table of immunoexpression of 5-a-reductase type 1 in the developing
Wolffian duct of fetuses: Immunostaining was performed on three separate occasions,
using tissue from at least n=3 animals per group. The number of plusses indicates the
strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

Age E S E S E S E S E S

e19.5 ++ - ++ - ++ - ++ - ++ -

e21.5 ++ - ++ - ++ - ++ - ++ -

dO +++ - +++ - +++ - +++ - +++ -

Table 3.6 Summary table of immunoexpression of 5-a-reductase type 2 in the developing
Wolffian duct of fetuses: Immunostaining was performed on three separate occasions,
using tissue from at least n=3 animals per group. The number of plusses indicates the
strength of staining throughout the developing Wolffian duct with a maximum of four
plusses. Epi = epididymis. E = epithelium; S = stroma.

Both the figures and the above tables indicate that expression patterns were

constant along the length of the Wolffian duct at all age points for both 5-a-

reductase types 1 and 2. The strength of expression was also fairly constant,

the only change in both cases being an increase in staining between e21.5 and
dO.
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Figure 3.7a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against 5«-reductase type 1
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective Cauda epididymis)
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Figure 3.7b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against 5a-reductase type 1
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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Figure 3.7c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against 5a-reductase type 1
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 3.8a: Immunohistochemistry of a Wolffian duct at age el9.5 using an
antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)



Figure 3.8b: Immunohistochemistry of a Wolffian duct at age e21.5 using an
antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of theWolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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Figure 3.8c: Immunohistochemistry of a Wolffian duct at age dO using an
antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from a
complete isolated Wolffian duct, from which three high power (40x) images
are shown (A-C). The areas from which the high power images are
taken are indicated by a lettered bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the Wolffian duct (prospective caput epididymis)
B is a high power image of the Wolffian duct (prospective corpus epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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3.4 Discussion

Androgens play an essential part in the masculinisation process in the

developing male reproductive tract (George and Wilson 1994). The action of

androgens is mediated by the androgen receptor, a member of the nuclear

receptor superfamily, expressed in target tissues; this receptor binds both

testosterone and its reduced form, dihydrotestosterone, with a high affinity

(Carson-Jurica, Schrader et al. 1990).

Cooke et al examined AR expression in the developing male reproductive

organs of the mouse using a ligand binding technique (Cooke, Young et al.

1991a). They showed that steroid bound at all times in mesenchymal/stromal

tissue from el3 onwards. This was the earliest age they examined. It was
shown that the efferent ducts showed the earliest epithelial AR expression,

starting on day el6. By day el9, the epididymis and vas deferens showed

epithelial AR expression. Cooke et al concluded that development of AR

expression in the male reproductive tract of the mouse occurred in a clear

temporal sequence and proceeded in a cranial-caudal direction; epithelial AR

expression appeared first in the efferent ducts, followed by the Wolffian
derived organs and finally in those organs derived from the urogenital sinus.
In comparison, using immunohistochemistry, it has been shown in the rat

that the stromal cells surrounding the degenerating Miillerian duct are AR

negative (Majdic, Millar et al. 1995).

The results described in the current study in the rat closely mirror the results
of Cooke et al in the mouse. For example, AR was detected

immunohistochemically in epithelial and stromal cells on day el8.5 and at all
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ages studied thereafter, though the intensity of expression varied somewhat

with age and region. Evidence of a temporal pattern of expression was also

demonstrated, with the portions of the ductal system proximal to the testis

showing more intense immunoexpression than did those located more

distally. An important difference noted in the present study was that while

the amount of immunopositive staining for AR protein detected in epithelial
cells did seem to decrease from proximal to distal along the epididymis,

there was an increase in staining noted in the vas compared to regions more

proximal, such as the cauda epididymis.

The importance of androgens in development of the Wolffian duct has come

from several studies. For example, an AR knockout in the mouse shows un-

masculinised external genitalia, and complete agenesis of the epididymis, vas

deferens, seminal vesicles and prostate (Yeh, Tsai et al. 2002). In humans, a

disease known as androgen insensitivity syndrome is associated with

mutations in the gene for the AR. In cases where the AR is completely

insensitive to androgens, sufferers develop female external genitalia, despite
the presence of an undescended testis, and high levels of circulating
testosterone (Quigley, De Bellis et al. 1995).

Previous treatments with high doses of the anti-androgen Flutamide have
shown that it is possible to abolish development of the vas deferens and

much of the epididymis (Imperato-McGinley, Sanchez et al. 1992) when

androgen action is compromised. The lower doses of Flutamide used in later

chapters of this thesis did not cause such widespread disruption of the

Wolffian duct. The location of the Wolffian duct directly adjacent to the testis
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means that the majority of androgens are delivered directly via the lumen of
the duct (Tong, Hutson et al. 1996), rather than from the circulatory system.

Consequently, at lower concentrations of Flutamide these may not be able to

completely block the AR in the presence of high testosterone concentrations.

Thus, an interesting contrast to the effects of blocking the AR with Flutamide
is to investigate the effects of directly reducing the amount of androgen

produced in the testis; in the present studies di-n-butyl phthalate (DBP) was

used to accomplish this. DBP is a phthalate ester which has been shown to

reduce intratesticular testosterone levels in the rat (Mylchreest, Sar et al.

2002).

Whilst Cooke et al also studied expression of the oestrogen receptor in the

mouse, their methods relied on steroid autoradiography (Cooke, Young et al.

1991b). This was adequate at the time the studies took place when only a

single oestrogen receptor had been cloned (Greene and Press 1986), but since
that time it has been discovered that the oestrogen receptor exists in two

subtypes, oestrogen receptor alpha (ERa) and oestrogen receptor beta (ER[3).
The second form, ER[3 was discovered first in the rat, (Kuiper, Enmark et al.

1996) and then in the human (Mosselman, Polman et al. 1996). Thus the

methods used by Cooke et al do not allow for differentiation of the two forms
as it simply relies on localisation of the sites at which oestrogen binds, which

encompasses both ERa and [3.

Following the discovery of two ER subtypes, Fisher et al described

immunolocalisation of ERa within the testis and excurrent ducts of both the

rat and marmoset monkey, from perinatal life through to adulthood (Fisher,
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Millar et al. 1997). Their studies showed expression of ERa in the efferent

ducts from el8.5 to adulthood. In late fetal life in the rat (el7.5 and el8.5),

ERa was found to be immunoexpressed in epithelial cells surrounding the

efferent ducts (Fisher, Millar et al. 1997; Nielsen, Bjornsdottir et al. 2000),

confirmed by in situ hybridisation studies (Mowa and Iwanaga 2001). The
remainder of the Wolffian duct was shown to be immunonegative for ERa,

although more recent studies have shown that ERa is expressed in the

epithelium and stroma of the rat epididymis and vas deferens, respectively,
but this expression is transient and only apparent during the early stages of

puberty (Atanassova, McKinnell et al. 2001).

The results shown in section 3.3.3 confirmed ERa immunoexpression was

confined solely to the nuclei of the epithelial cells in the efferent ducts, and

are in agreement with the published literature.

The expression of a functional oestrogen receptor a protein has been shown
to be necessary to maintain male fertility in mice. Nevertheless, the Wolffian
duct is grossly normal in ERa knockout mice (Eddy, Washburn et al. 1996).
Subtle defects, however, have been shown in the efferent ducts and initial

segment of the epididymis (bless, Bunick et al. 2000), which is consistent with
the importance of oestrogen action in this region. Further chapters of this

thesis will examine the effect of oestrogen treatment on the development of

the Wolffian duct. The above findings suggest that the gross development is

unlikely to be affected by the oestrogen treatments, but there is likely to be

some effect of the oestrogen treatment, most probably in the efferent ducts,
as ERa is expressed there.
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Immunoexpression of ER|3 appears ubiquitously throughout the Wolffian

duct (Hess, Gist et al. 1997; Saunders, Maguire et al. 1997; Sar and Welsch

2000), again confirmed by in situ hybridisation studies (Mowa and Iwanaga

2001). However, the majority of studies agree that the efferent ducts are the

major site of oestrogen action within the male reproductive tract, via ERa.

Evidence for this includes the fact that while male oestrogen receptor a

knockout mice (ERKO) are infertile (Lubahn, Moyer et al. 1993; Eddy,

Washburn et al. 1996), male oestrogen receptor (3 knockout mice ((3ERKO)

appear to be normally fertile (Krege, Hodgin et al. 1998). There is also
evidence from the long term treatment of rats with anti-oestrogens, which
show similar phenotypes to the ERKO mice (Oliveira, Zhou et al. 2002).

Expression of smooth muscle markers have been examined extensively in the

prostate. It has been shown that these markers are expressed in an orderly

sequence in a proximal to distal manner along the prostatic ducts in the pre¬

natal rat (Hayward, Baskin et al. 1996). The appearance of these markers is

associated with differentiation of the mesenchymal cells. In the epididymis,

the postnatal development of the duct has been examined in the rat

(Francavilla, Moscardelli et al. 1987). Francavilla et al showed a faint stain for

smooth muscle a-actin confined to the peritubular cells just beneath the

epithelium on dO. They concluded that the progressive increase in expression
of smooth muscle a-actin accompanied the ultrastructural differentiation of

peritubular contractile cells.

My results mirror the conclusions of Francavilla et al, but show a more

intense immunopositive reaction compared with that described in these
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earlier studies. This is likely to be due to increased sensitivity of the detection

systems available now compared with when these earlier studies took place.

My results also parallel what has been reported by Hayward et al in the

prostate, namely a temporal progression of actin expression distally. At age

el9.5, the cauda epididymis showed relatively weak immunoexpression of
smooth muscle a-actin, but by age e21.5, the cauda showed the same level of

expression as tissues proximal to it.

Smooth muscle a-actin is also used as a marker of peritubular myoid cell

differentiation in the testis (Tung and Fritz 1990; Palombi, Farini et al. 1992).
These cells surround the seminiferous tubule, and begin to express smooth

muscle a-actin between el7.5 - el9.5. It has also been reported that this

expression is androgen dependent in the monkey (Schlatt, Weinbauer et al.

1993).

As smooth muscle has been shown to be a marker of differentiation of

mesenchymal/stromal cells, it might be expected that treatments

administered in the following chapters may have an effect on this

differentiation, either delaying or advancing it.

Whilst dihydrotestosterone is not synthesised from testosterone by 5a-

reductase in rat embryos during the initial stages of sexual differentiation,

synthesis does occur in the Wolffian duct during later fetal periods as the

duct differentiates into the epididymis, vas deferens and urogenital sinus

(Wilson and Lasnitzki 1971). Since this work was published, it has been
discovered that two isozymes of 5a-reductase exist and are expressed

diversely (Jenkins, Andersson et al. 1992; Russell and Wilson 1994). In
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addition, it has been hypothesised that the two isozymes are sexually

delineated; type 1 being the 'female' enzyme and type 2 the 'male' enzyme

(Mahendroo and Russell 1999).

My studies suggest that both types 1 and 2 are expressed in the developing
Wolffian duct. Strength of expression of both isozymes is constant along the

length of the duct, with only a slight increase in intensity seen with age in the
efferent ducts. It is interesting that 5a-reductase is expressed along the

Wolffian duct, as the proximity of the duct to the testis and the high levels of

testosterone delivered directly via the lumen might suggest that it is

unnecessary to amplify the androgen signal. However, the level of 5a-

reductase expression shown may simply be a background level expressed

throughout the duct, and is not actually necessary for a functioning Wolffian

duct. This is borne out by the fact that studies in the rat involving the use of

Finasteride, a 5a-reductase inhibitor, have shown that the testis and Wolffian

ducts develop normally; based on these findings, it was concluded that only
distal tissues (seminal vesicles, prostate, penis) rely on DHT (Imperato-

McGinley, Sanchez et al. 1992). It is also a distinct possibility that the 5a-

reductase enzymes in the Wolffian duct are used to reduce testosterone to

DHT for delivery along the lumen to more distal tissues where it is required.

The results in this chapter have delineated the normal baseline of

immunoexpression of AR, ERa, ER|3, 5a-reductase types I and II and smooth

muscle a-actin in the rat Wolffian duct, with which comparisons could be

made in later chapters following in vivo treatments and/or in vitro culture.
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4 Effect of in vivo steroid-modulating
treatment on fetal rat Wolffian ducts

4.1 Introduction

In this chapter I will discuss the effects of exposure of the fetal rat to various

steroid-modulating compounds administered to their pregnant mother. In

chapter 3 I have shown the expression of various targets for steroid-

modulating treatment and some developmental markers, and these were

therefore investigated in the treated males.

This chapter reports on the changes in Wolffian duct morphology and

changes in immunoexpression of steroid receptors and other developmental
markers in male rat fetuses exposed in litero to one of three compounds:

flutamide, diethylstilboestrol (DES) or di(n-butyl) phthalate (DBP).

Each of the compounds was chosen for a specific reason to help elucidate the
role of steroids in the development of the Wolffian duct. Flutamide, an anti-

androgen which acts via the AR, can inhibit external masculinisation of rats
at doses above 24 mg/kg/day when administered to the pregnant mother

following the schedule used in these studies (Imperato-McGinley, Sanchez et
al. 1992). At doses above 100 mg/kg/day, the vas deferens was absent

unilaterally or bilaterally, with small remnants of the epididymal head and
tail present (Imperato-McGinley, Sanchez et al. 1992). It would therefore be

anticipated that treatment during pregnancy with flutamide would retard or

inhibit development and differentiation of the Wolffian ducts in the male

offspring, by blocking androgen action.

Di-n-butyl phthalate (DBP) is a compound used in the manufacture of

plastics (Graham 1973). When added to hard plastics such as polyvinyl
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chloride, it acts as a lubricant between the vinyl molecules and softens the

plastic. It is known that phthalates will leach out of the plastics, for example
in blood storage bags (Jaeger and Rubin 1973), food storage containers and

wrappings (Shibko and Blumenthal 1973; Castle, Mercer et al. 1988; Page and
Lacroix 1992), and also from contact with cosmetics and perfumes (Autian

1973). This has raised some concern for human health.

Rodents metabolise phthalate diesters, such as DBP, to monoesters in the gut

following oral administration (Kluwe 1982). Evidence indicates that it is the
monoester (mono butyl phthalate, MBP, in the case of DBP) that is the active

causal agent of reproductive and developmental abnormalities (Foster, Lake
et al. 1981; Foster, Cook et al. 1983; Davis, Weaver et al. 1994; Ema, Kurosaka

et al. 1995). MBP has been shown to inhibit transabdominal migration of the

testis, and lower intratesticular testosterone levels (by 88.6%). It also induced

developmental abnormalities of the epididymis and reproductive tract in

male rats when administered during the crucial period of male development

and differentiation (el5-el8) (Shono, Kai et al. 2000).

At exceptionally high doses (>lg/kg/day), DBP and some other phthalate
esters including di(2-ethylhexyl) phthalate (DEF1P) are testicular toxicants in

prepubertal rodents, and can cause degeneration of the seminiferous tubules

(Foster, Thomas et al. 1980). At lower doses, (< 250 mg/kg/day) DBP blocks
male reproductive development if administered during the critical period for
male reproductive tract differentiation (el2-e21). This results in

malformations of the male reproductive tract, impaired masculinisation of
male pups, degeneration of the seminiferous epithelium and Leydig cell
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hyperplasia (Mylchreest, Sar et al. 1999). Studies indicated that DBP

interfered with masculinisation (incidence of hypospadias, nipple retention,

shortening of ano-genital distance) in a dose-dependent manner (Mylchreest,

Cattley et al. 1998; Mylchreest, Sar et al. 1999), and further extensive dose

response studies confirmed this (Mylchreest, Wallace et al. 2000).

The mechanism by which DBP and other phthalate esters affect male

reproductive development is not known. The effects are similar to those of
AR antagonists, but in vitro studies have shown that in contrast to many

other antiandrogens, DBP and its major metabolite MBP do not interact with
the AR (Gray, Ostby et al. 1998). The antiandrogenic effects of DBP appear to

be due to decreased testosterone synthesis, although gene profile studies
show increased expression of cell survival proteins, suggesting DBP-induced

Leydig cell hyperplasia, and downregulation of c-kit may play a role in

gonocyte degeneration (Shultz, Phillips et al. 2001).

Finally, diethylstilboestrol (DES) is not an anti-androgen but a potent

synthetic oestrogen. However, it has recently been suggested that the balance
between androgens and oestrogens, rather than the absolute level of

testosterone, is the most important factor in development of the reproductive
tract (Rivas, Fisher et al. 2002), and several studies in newborn/neonatal rats

have shown that DES treatment suppresses androgen receptor (AR)

expression as well as testosterone levels (McKinnell, Atanassova et al. 2001;

Williams, McKinnell et al. 2001; Rivas, Fisher et al. 2002). In addition,

treatment of rats during pregnancy has been shown to dose-dependently
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suppress testosterone levels in the male fetuses (Haavisto, Nurmela et al.

2001).

Thus each compound used has been shown to adversely affect androgen

dependent development, but each via a different route.

4.2 Animal Treatments

4.2.1 Numbers of animals used

Each of the following experiments was perfomed on at least three different

occasions, each time using both a control and a treated pregnant rat. Each

pregnant rat supplied between ten and fifteen embryos, approximately half
of which were male. As each male embryo provides two Wolffian ducts, a

significant number of tissues were available for analysis.

4.2.2 Flutamide

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was administered a subcutaneous

injection of 50mg/kg flutamide (Sigma, UK) in lml/kg corn oil. The second
animal was administered the vehicle alone. Treatment was administered

daily from gestation day el5 to el8, according to the protocol of Imperato-

McGinley et al (Imperato-McGinley, Sanchez et al. 1992). Significant

mortality of the fetuses in utero was experienced with doses of flutamide

greater than 50mg/kg. This dose of flutamide when used by Imperato-

McGinley et al. caused feminisation of the external genitalia, and abolition of

prostate development. Higher doses than 50mg/kg caused the vas deferens
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to fail to develop, and abolition of much of the epididymis (Imperato-

McGinley, Sanchez et al. 1992).

Animals were killed on day el9.5 and the embryos removed. The testes and
attached Wolffian ducts were removed from the fetuses, and dissected using

a dissection microscope. Testes were snap-frozen in pools of five, to be

assayed for testosterone. Half of the dissected Wolffian ducts were fixed in

Bouin's solution as described in section 2.4, whilst the other half were

readied for the organ culture system as described in section 2.7.

4.2.3 Di(n-butyl) phthalate (DBP)

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was administered DBP by oral gavage at

500mg/kg in lml/kg corn oil. This dose was chosen as a result of the studies

by Mylchreest et al. in which the most significant effects were noted at doses
> 500mg/kg (Mylchreest, Wallace et al. 2000). At this level, epididymal

development was affected in some animals (40%). The no-observed-adverse-

effect-level (NOAEL) was found to be 50mg/kg/day, and the lowest-

observed-adverse-effect-level (LOAEL) was lOOmg/kg/day (Mylchreest,
Wallace et al. 2000). Thus the next dose level used by Mylchreest et al. was
chosen to guarantee that an effect was observed in our treatment groups.

The second animal was administered the vehicle alone by gavage. Treatment

was administered daily from gestation day el3 to el8. Animals were killed
on day e!9.5 and the embryos removed.
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The testes and attached Wolffian ducts were removed from the fetuses, and

dissected using a dissection microscope. Testes were snap-frozen in pools of

five, to be assayed for testosterone. Half of the dissected Wolffian ducts were

fixed in Bouin's solution as described in section 2.4, whilst the other half

were readied for the organ culture system as described in section 2.7.

4.2.4 Diethylstilboestrol (DES)

In order to provide a control, two pregnant rats were used in each

experiment. One of the two animals was administered a subcutaneous

injection of lOOpg/kg DES (Sigma, Poole, Dorset, UK) in lml/kg corn oil

obtained from a supermarket. The second animal was administered the
vehicle alone at lml/kg to act as a control. Treatment was administered on

alternate days from gestation day el3 to el7 according to the protocol used

by Haavisto et al (Haavisto, Nurmela et al. 2001). Animals were killed on day

el9.5 and the fetuses removed.

The testes and attached Wolffian ducts were removed from the fetuses, and

dissected using a dissection microscope. Testes were snap-frozen in pools of

five, to be assayed for testosterone. Half of the dissected Wolffian ducts were

fixed in Bouin's solution as described in section 2.4, whilst the other half

were readied for the organ culture system as described in section 2.7.
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4.3 Results

4.3.1 Gross Changes

This section will describe the gross physical changes observed upon

dissection of the fetuses from the treated mother on el9.5.

4.3.1.1 Flutamide

The fetuses removed from the pregnant rats treated with flutamide were

grossly normal externally. The nipples showed no sign of enlargement in
either sex.

Male and female fetuses are normally distinguishable by their different ano-

genital distance. However, in the flutamide-exposed males ano-genital

distance was reduced, though not to the extent that males appeared

completely feminised.

Upon dissection, the testicular position in fetuses exposed to flutamide was

higher in the abdominal cavity and further behind the other abdominal

organs when compared to controls. The testicular position was similar to that

of an unexposed fetal rat at a stage of development one or two days earlier

(el7.5).

Continued treatment with this dose of flutamide results at birth in a

completely feminised ano-genital distance, and a 100% incidence of severe

(perineal) hypospadias (Fisher & Sharpe, unpublished).
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4.3.1.2 DBP

The fetuses removed from pregnant rats treated with DBP were again grossly
normal externally. The nipples showed no sign of enlargement in either sex.

Male and female fetuses were distinguishable by their ano-genital distance.
As with the fetuses exposed to flutamide, ano-genital distance in male
fetuses was reduced.

Upon dissection, the testicular position in fetuses exposed to DBP was higher
in the abdominal cavity and further behind the other abdominal organs
when compared to control. The testicular position was similar to that of an

unexposed fetal rat at a stage of development one or two days earlier (el7.5).

Continued treatment with the same regimen results at birth in a high (65%)
incidence of mild/moderate hypospadias, consistent with suppression of

androgen action (Fisher & Sharpe, unpublished).

4.3.1.3 DES

Upon initial removal of the fetuses from the mother treated with DES, the
most obvious difference when compared with the fetuses from the control

group was the enlargement of the developing nipples on the female fetuses.

The nipples were much more pronounced, being at least double the size of
those found on control fetuses. The nipples of the male fetuses were

unchanged.
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Externally, male and female fetuses were still distinguishable by differences
in their ano-genital distance, although in the males the distance appeared

reduced, though not to the extent that males appeared female.

Upon dissection, the male fetuses appeared grossly normal. Although
difficult to quantify due to the amount of movement induced in the internal

organs by the dissection process, the testes appeared to have descended to a

position similar to that of control animals.

4.3.2 Immunostaining

The immunostaining experiments in this section examined the

immunoexpression and distribution of androgen receptors, oestrogen

receptors, 5a-reductase types 1 and 2, and smooth muscle a actin. The
steroid receptors were chosen as previous studies (McKinnell, Atanassova et

al. 2001; Williams, Fisher et al. 2001; Mylchreest, Sar et al. 2002; Rivas, Fisher
et al. 2002) have shown changes in immunoexpression with each of the
treatments described above. Wolffian ducts were immunostained for the two

5a-reductase isotypes to establish if changes in androgen production or

signalling were compensated for by an up- or down-regulation of either of
the two isotypes. Smooth muscle a-actin was used, as it has been shown to

be a marker of differentiation both in the testis (Tung and Fritz 1990) and the

prostate, where its immunoexpression has been shown to be affected by

oestrogen exposure (Jarred, Cancilla et al. 2000).

The immunostaining methods that were used are described in section 2.5.
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4.3.2.1 Immunostaining results for Wolffian ducts dissected from control

fetuses at age el9.5

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

E S E S E S E S E S

AR +++ +++ ++ +++ ++ +++ + ++ ++ ++

ERa + - - - - - - - - -

ER(3 ++ + ++ + ++ + ++ + ++ +

SMactin - ++ - +++ - ++++ - + - +

5aR 1 +++ - ++ - ++ - ++ - ++ -

5aR 2 ++ - ++ - ++ - ++ - ++ -

Table 4.1: Summary table of immunoexpression of various antigens in the developing
Wolffian duct of fetuses on el9.5: Immunostaining was performed on three separate
occasions, using tissue from at least n=3 control animals per group, and are compiled from
the results given in Chapter 3. The number of plusses indicates the strength of staining
throughout the developing Wolffian duct with a maximum of four plusses. The scores are
also based on comparisons with immunoexpression at later ages examined in chapter 3.
Thus, ERa only scores one plus as later ages show much higher immunoexpression.
Epi = epididymis. E = epithelium; S = stroma.

For comparison, the results in the table above mirror those from chapter 3,

and therefore figures 3.2 to 3.8.

4.3.2.2 Exposure of fetal rats to flutamide in vivo

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

E s E S E S E S E S

AR +++ +++ ++ +++ +++ +++ ++ +++ ++ ++

ERa + - - - - - - - - -

ERP ++ + ++ + ++ + ++ + ++ +

SMactin - ++ - ++ - ++++ - + - +

5aR 1 + + 4 - ++ - ++ - ++ - ++ -

5aR 2 ++ - ++ - ++ - ++ - ++ -

Table 4.2: Summary table of immunoexpression of various antigens in the developing
Wolffian duct of fetuses on el9.5 after treatment of pregnant rats with 50mg/kg flutamide
from el5-el8: Immunostaining was performed on three separate occasions, using tissue
from both control and flutamide exposed males with at least n=3 animals per group. The
number of plusses indicates the strength of staining throughout the developing Wolffian
duct with a maximum of four plusses. The scores are also based on comparisons with
immunoexpression at later ages examined in chapter 3. Thus, ERa immunoexpression in the
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efferent ducts only scores one plus as later ages show much higher immunoexpression.
Scores are colour coded according to comparisons with control tissues; thus a red plus
indicates an increase in expression over control tissues in table 4.1, and a greyed-out plus
indicates a decrease in expression compared to control.

Epi = epididymis. E = epithelium; S = stroma.

Figures 4.1a to 4.If show sections of Wolffian ducts exposed to flutamide in

utero, and immunostained to indicate expression of the antigens listed in

table 4.2.

Immunoexpression of AR was almost identical in flutamide treated animals

at age el9.5 to that of control. The only difference noted was a slight, but

consistent, increase in AR immunostaining in the epithelium of the corpus

and cauda epididymis. There was no difference in immunoexpression of ERa

between Wolffian ducts exposed to flutamide and those of control fetuses

(figure 4.1b).

Immunoexpression of 5a-reductase type 1 was reduced in the proximal

portion of the Wolffian duct (efferent ducts, caput epididymis, corpus

epididymis), when compared to the age-matched control tissues. In contrast,

immunoexpression of 5a-reductase type 2 was unchanged compared to

controls.
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Figure 4.1a: Immunohistochemistry of a Wolffian duct from a rat exposed to
Flutamide in utero and isolated at age el9.5, and immunohistochemically stained
using an antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the Wolffian duct (prospective caput epididymis)
B is a high power image of the Wolffian duct (prospective corpus epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 4.1b: Immunohistochemistry of a Wolffian duct from a rat exposed to
Flutamide in utero and isolated at age el9.5, and immunohistochemically stained
using an antibody raised against the oestrogen receptor a (ERa)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective cauda epididymis)
C is a high power image of the Wolffian duct (prospective vas deferens)



Figure 4.1c: Immunohistochemistry of a Wolffian duct from a rat exposed to
Flutamide in utero and isolated at age el9.5, and immunohistochemically stained
using an antibody raised against smooth muscle a-actin
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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Figure 4.1d: Immunohistochemistry of a Wolffian duct from a rat exposed to
Flutamide in utero and isolated at age el9.5, and immunohistochemically stained
using an antibody raised against 5a -reductase type 1
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective cauda epididymis)
C is a high power image of the Wolffian duct (prospective vas deferens)
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Figure 4.1e: Immunohistochemistry of a Wolffian duct from a rat exposed to
Flutamide in utero and isolated at age el9.5, and immunohistochemically stained
using an antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective corpus epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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Figure 4.1f: Immunohistochemistry of a Wolffian duct exposed to flutamide
in utero and isolated at age el9.5, immunohistochemically stained using an
antibody raised against oestrogen receptor p (ERp)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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4.3.2.3 Exposure of fetal rats to di-n-butyl phthalate (DBP) in vivo

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

E S E S E S E S E S

AR +++ +++ ++ +++ ++ +++ ++ +++ ++ ++

ERa + - - - - - - - - -

ER(3 +++ + ++ + ++ + ++ + ++ +

SMactin - ++ - +++ - ++++ - + - +

5aR 1 +++ - ++ - ++ - +++ - ++ -

5aR 2 ++ - ++ - ++ - ++ - ++ -

Table 4.3 Summary table of immunoexpression of various antigens in the developing
Wolffian duct of fetuses on el9.5 after treatment of pregnant rats with 500mg/kg DBP
from el3-e21: Immunostaining was performed on three separate occasions, using tissue
from both control and DBP exposed males with at least n=3 animals per group. The number
of plusses indicates the strength of staining throughout the developing Wolffian duct with a
maximum of four plusses. The scores are also based on comparisons with
immunoexpression at later ages examined in chapter 3. Thus, ERa only scores one plus as
later ages show much higher immunoexpression. Scores are colour coded according to
comparisons with control tissues; thus a red plus indicates an increase in expression over
control tissues in table 4.1, and a greyed-out plus indicates a decrease in expression
compared to control.

Epi = epididymis. E = epithelium; S = stroma.

Figures 4.2a to 4.2f show sections of Wolffian ducts exposed to DBP in utero,

and immunostained to indicate expression of the antigens listed in table 4.2.

Immunoexpression of AR was almost identical in DBP treated animals at age

el9.5 to that of control. The only consistent difference was a slight increase in
AR immunostaining in both the epithelium and the stroma of the cauda

epididymis.

Immunoexpression of smooth muscle a-actin was virtually unchanged in
ducts exposed to DBP when compared to ducts from control animals, except

for a slight decrease in immunostaining in the caput epididymis.
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Immunoexpression of 5a-reductase type 1 was increased in the cauda

epididymis when compared to the control tissues. 5a-reductase type 2

immunoexpression was unchanged compared to control.
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Figure 4.2a: Immunohistochemistry of a Wolffian duct from a rat exposed to DBP
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the Wolffian duct (prospective caput epididymis)
B is a high power image of the Wolffian duct (prospective corpus epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 4.2b: Immunohistochemistry of a Wolffian duct from a rat exposed to DBP
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against the oestrogen receptor a (ERa)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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Figure 4.2c: Immunohistochemistry of a Wolffian duct from a ratexposed to DBF
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against smooth muscle a-actin
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which four high power (40x) images are shown (A-D).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
D is a high power image of the Wolffian duct (prospective vas deferens)
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Figure 4.2d: Immunohistochemistry of a Wolffian duct from a rat exposed to DBP
in utero and isolated at age el9.5, and immunohistochemically stained using an antibody
raised against 5a-reductase type 1
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the Wolffian duct (prospective caput epididymis)
B is a high power image of the Wolffian duct (prospective cauda epididymis)
C is a high power image of the Wolffian duct (prospective vas deferens)



Figure 4.2e: Immunohistochemistry of a Wolffian duct from a rat exposed to DBP
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the Wolffian duct (prospective caput epididymis)
B is a high power image of the Wolffian duct (prospective corpus epididymis)
C is a high power image of the Wolffian duct (prospective vas deferens)
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Figure 4.2f: Immunohistochemistry of a Wolffian duct from a ratexposed to DBP
m utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against oestrogen receptor p (ERp)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C)
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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4.3.2.4 Exposure of fetal rats to diethylstilbestrol (DES) in vivo

Efferent
Ducts Caput Epi Corpus Epi Cauda Epi Vas deferens

E S E S E S E S E S

AR +++ +++ ++ +++ ++ +++ + +++ ++ +++

ERa + - - - - - - - - -

ERP ++ + ++ + ++ + ++ + ++ +

SMactin - ++ - ++++ - ++++ - +++ - +++

5aR 1 ++f - +++ - ++ +1- ++ +/- +++ -

5aR 2 ++ - ++ - ++ - ++ - ++ -

Table 4.4 Summary table of immunoexpression of various antigens in the developing
Wolffian duct of fetuses on el9.5 after treatment of pregnant rats with lOOpg/kg DES from
el3-el7: Immunostaining was performed on three separate occasions, using tissue from both
control and DES exposed males with at least n=3 animals per group. The number of plusses
indicates the strength of staining throughout the developing Wolffian duct with a maximum
of four plusses. The scores are also based on comparisons with immunoexpression at later
ages examined in chapter 3. Thus, ERa only scores one plus as later ages show much higher
immunoexpression. Scores are colour coded according to comparisons with control tissues;
thus a red plus indicates an increase in expression over control tissues in table 4.1, and a

greyed-out plus indicates a decrease in expression compared to control.

Epi = epididymis. E = epithelium; S = stroma.

Figures 4.1a to 4.If show sections of Wolffian ducts exposed to DES in utero,

and immunostained to indicate expression of the antigens listed in table 4.2.

Immunoexpression of AR was almost identical to that of controls in DES

treated animals at age el9.5. There was a slight increase in immunostaining

in the stromal cell layers of the distal duct (cauda epididymis and vas

deferens), but otherwise the intensity of immunoexpression remained

unchanged.

Immunoexpression of smooth muscle a-actin was greatly upregulated in the

distal end of the duct (cauda epididymis and vas deferens) in DES exposed

fetuses, when compared to sections from age-matched controls.
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Immunoexpression of 5a-reductase type 1 in DES exposed fetuses was very

similar to that seen in control tissues. However, some tissues from DES

exposed males showed a small amount of expression of 5a-reductase type 1

in the stroma as opposed to the immunoexpression in the controls, which
was confined to the epithelial cell layer. Immunoexpression of 5a-reductase

type 2 was unchanged compared to age-matched controls.
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Figure 4.3a: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against the androgen receptor (AR)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 4.3b: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against the oestrogen receptor a (ERa)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 4.3c: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against smooth muscle a actin
The top-left image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which five high power (40x) images are shown (A-E).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview. * indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective corpus epididymis)
D is a high power image of the Wolffian duct (prospective cauda epididymis)
E is a high power image of the Wolffian duct (prospective vas deferens)
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Figure 4.3d: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against 5a-reductase type 1
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)



Figure 4.3e: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against 5a-reductase type 2
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective corpus epididymis)



Figure 4.3f: Immunohistochemistry of a Wolffian duct from a rat exposed to DES
in utero and isolated at age el9.5, and immunohistochemically stained using an
antibody raised against the oestrogen receptor (5 (ERp)
The left hand image is a low power (4x) image of a stained section from an
isolated Wolffian duct, from which three high power (40x) images are shown (A-C).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates duct lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)
C is a high power image of the Wolffian duct (prospective cauda epididymis)
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4.3.3 Testosterone Levels

Figures 4.4, 4.5 and 4.6 show testosterone levels in the testes of animals

treated with Flutamide, DBP and DES respectively.

Statisical analysis was performed using a single-factor Analysis of Variance,
with an appropriate post-hoc test.

Testicular testosterone levels in fetuses exposed to flutamide and DES
showed no significant difference from that of either their own matched

controls or from the pooled control, which is a mean of all the controls from
the three different treatment regimes.

However, DBP treatment induced a significant decrease in testicular

testosterone levels of fetuses (p < 0.05) when compared to either their

matched controls or the pooled control. The magnitude of this decrease

averaged 95%
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Pooled Control Mean of Flutamide Controls PF-5 PF-6 PF-7

Figure 4.4: Intratesticular Testosterone levels and flutamide treatment.
This graph illustrates the intratesticular testosterone levels measured in
nanograms per testis in control and Flutamide treated animals. The pooled
control is a mean of testosterone levels measured in control animals from
all three treatments. The mean of flutamide controls is a mean of testosterone
levels measured in the control animals from each of the three Flutamide
treatment experiments. PF-5, PF-6 and PF-7 are mean intratesticular
testosterone levels measured in each of the three flutamide administration

experiments.
The yellow box illustrates one standard deviation either side of the mean of
Flutamide controls, illustrating the high variability in control animals,
n for each bar = 3 pools of 5 testes
error bars = 1 standard deviation
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Figure 4.5: Intratesticular Testosterone levels and DBP treatment.
This graph illustrates the intratesticular testosterone levels measured in
nanograms per testis in control and DBP treated animals. The pooled
control is a mean of testosterone levels measured in control animals from
all three treatments. The mean of DBP controls is a mean of testosterone
levels measured in the control animals from the two DBP treatment

experiments. DBP-1 and DBP-3 are mean intratesticular testosterone levels
measured in each of the three DBP administration experiments.
The yellow box illustrates one standard deviation either side of the mean of
DBP controls, illustrating the high variability in control animals,
n for each bar = 3 pools of 5 testes
error bars = 1 standard deviation



Pooled Control Mean of DES Controls PDE-9 PDE-10 PDE-13

Figure 4.6: Intratesticular Testosterone levels and DES treatment.
This graph illustrates the intratesticular testosterone levels measured in
nanograms per testis in control and DES treated animals. The pooled
control is a mean of testosterone levels measured in control animals from
all three treatments. The mean of DES controls is a mean of testosterone
levels measured in the control animals from each of the three DES
treatment experiments. PDE-9, PDE-10 and PDE-13 are mean intratesticular
testosterone levels measured in each of the three DES administration

experiments.
The yellow box illustrates one standard deviation either side of the mean of
DES controls, illustrating the high variability in control animals,
n for each bar = 3 pools of 5 testes, except PDE-10 which is from 1 pool of
5 testes
error bars = 1 standard deviation
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4.4 Discussion

4.4.1 Flutamide

Flutamide is an anti-androgen that binds to the androgen receptor and acts

as a receptor-binding antagonist. The developing Wolffian duct is dependent
on androgens as illustrated by the fact that in litero exposure to doses of

flutamide of 100 mg/kg/day have been shown in previous studies to cause

agenesis of the vas deferens and most of the epididymis (Imperato-

McGinley, Sanchez et al. 1992). My investigations utilised a lower dose of
flutamide (50mg/kg/day), which because in previous studies this was the

lowest dose shown to produce epididymal abnormalities without causing

agenesis of the duct (Mclntyre, Barlow et al. 2001). Significant mortality of

pups has been reported when higher doses were used.

In all previous studies (Spencer, Torrado et al. 1991; Imperato-McGinley,
Sanchez et al. 1992; van der Schoot 1992), administration of comparable

levels of Flutamide in a comparable regime to that used here resulted in a

lack of masculinisation of the external genitalia, along with a high degree of

cryptorchidism. Our own findings agree with this when treatment continued

past el9.5 and pregnant dams were allowed to litter.

It was not possible to quantify any degree of cryptorchidism in the treated

animals at age el9.5. At this age, the testes are just beginning to descend.

Flowever, visually the testes appeared to be in a more anterior and ventral

position than would be expected. The position was similar to that of an
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animal one or two days younger. Externally, the genitalia were identifiable as

male, although the ano-genital distance was clearly reduced in males.

Overall, there was no dramatic change in immunoexpression of any of the

proteins examined. It is possible that the slight increase in AR

immunoexpression could be explained by an upregulation in expression of
the AR protein in order to compensate for the reduced androgen signalling

through the AR caused by flutamide. Flutamide blocks androgen action via

binding to the androgen receptor (Peets, Henson et al. 1974). Thus, the
decreased signalling by the androgen receptor could, via a feedback loop,

upregulate expression of AR in order to compensate for the reduced

androgen signal. However, the current literature suggests that AR expression
is upregulated by the presence rather than absence of androgens (Mora and
Mahesh 1996; Mora, Prins et al. 1996; Mora and Mahesh 1999).

Flutamide treatment did not have any effect on the intra-testicular
testosterone levels, which remained within the normal range established by

the assays performed on testes from control fetuses, as expected.

It seems likely that at the dose of flutamide used in the present studies, the

proximity of the duct to the testis, and the fact that androgens are thought to

be delivered directly via the lumen of the duct (Tong, Hutson et al. 1996),
means that the dose of flutamide cannot completely block androgen action

via the AR in the Wolffian duct: there is simply too much testosterone

present in the duct for the Flutamide to antagonise at the AR. Higher doses
of flutamide were administered to some pregnant mothers in an attempt to

completely block androgen action in the fetuses, but at these doses, mortality
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of the fetuses was increased to such a level, that continuing treatment with

such a dose of flutamide became unacceptable, both practically and in terms

of animal welfare concerns.

4.4.2 DBP

Di (n-butyl) phthalate (DBP) is one of a number of phthalate esters used in

production of soft plastics and other consumer and industrial products. DBP

and certain other phthalate esters are testicular toxicants in rodents when
administered postnatally at doses greater than lg/kg/day. Prepubertal

animals are more susceptible to these effects than are adults (Sjoberg,

Lindqvist et al. 1986). At doses around a quarter of this, DBP adversely
affects male reproductive development of the fetus if administered during
the critical period for male reproductive tract development, el2 to e21 in the
rat. This results in a lack of masculinisation of male pups, male reproductive

organ malformations, seminiferous epithelium abnormalities, and Leydig cell

hyperplasia (Mylchreest, Sar et al. 1999). Originally, it was suspected that
DBP had oestrogenic properties (Zacharewski, Meek et al. 1998), but this has
not been confirmed. Other data were consistent with antiandrogenic

properties, as it was shown to impair androgen-dependent development of
the male reproductive tract, and few malformations of the female

reproductive tract were noted (Mylchreest, Cattley et al. 1998). In studies

using the same dosage of DBP as in the present experiments, anogenital
distance was decreased at birth in male offspring, the epididymis was absent

or underdeveloped in 40-50% of adult offspring at 100 days of age, and 6% of
males showed ectopic testes and 21% showed hypospadias (Mylchreest,
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Cattley et al. 1998; Mylchreest, Wallace et al. 2000). Further studies showed

similar results, together with markedly decreased intratesticular testosterone

levels (36 and 29% of control at el8 and e21 respectively) when assayed at

el8 and e21 (Mylchreest, Sar et al. 2002). Fewer epididymal ducts were

present, and AR immunostaining was decreased in some of the ducts at age

e21, in particular in epithelial cell nuclei (Mylchreest, Sar et al. 2002). Similar
studies using diethylhexyl phthalate (DEHP), another phthalate that acts in a

similar manner to DBP, showed that treatment with 750mg/kg/day caused a

significant reduction in testicular testosterone levels (from 60% reduced on

day el7 to 85% reduced on d3). Ano-genital distance was also reduced (36%),
and testes showed increased numbers of multifocal areas of Leydig cell

hyperplasia and multinucleated gonocytes when compared with controls on

days e20 and d3. Again, it was shown that DEHP, like DBP, shows no affinity
for the androgen receptor and acts by reducing testosterone to female levels

(Parks, Ostby et al. 2000).

The main treatment effect noted in the present studies with DBP was a

significant depression in intratesticular testosterone levels. This concurs with
the findings of Mylchreest et al. for DBP and Parks et al for DEHP. At age

el9.5, there was a definite shortening of ano-genital distance. The distances
were not measured, but the decrease in distance was judged to be

approximately 25% by side-by-side comparison with control animals.

Observation of intra-abdominal testicular position indicated that they were

slightly less descended Lhan those of control animals, which although

insignificant, provides a consensus with the 6% ectopic testes reported by

Mylchreest et al. Further studies performed in tandem with the present
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studies (Fisher, Macpherson et al. 2003), allowed the treatment to continue to

day e21, and the rats progressed to full term. Exposure to DBP induced a

high rate (>60%) of mainly unilateral cryptorchidism, hypospadias, infertility

and gonocyte abnormalities. The abnormalities consisted of focal dysgenetic

areas, which first became evident at d4, and contained a mixture of Leydig

and Sertoli cells, gonocytes and partially formed testicular cords. These areas

persisted throughout life in both scrotal and cryptorchid testes.

DBP is probably inactive on its own, and its effects result from metabolism to

the monomer form, mono-n-butyl phthalate (MBP) (Foster, Lake et al. 1981;

Foster, Cook et al. 1983; Davis, Weaver et al. 1994; Ema, Kurosaka et al. 1995).

Detailed studies using MBP, have also shown an inhibitory effect on

testicular descent (Shono, Kai et al. 2000). They reported that the maximum

inhibition of transabdominal testicular descent occurred when exposure

occurred between days 15-18 of gestation. The gubernaculum and

hypertrophic cranial suspensory ligament, both important in transabdominal
testicular descent were elongated. Finally, a poorly developed epididymis,

with a small thin ductus deferens was observed. Treatment of the pregnant

rats in these studies was via a stomach tube, similar to the oral gavage used

in the present studies. The dose of MBP administered was 0.3g/day, which

equates to approximately lg/kg/day. In the present studies, 500mg/kg/day of
DBP was administered, although it is unclear what dose of MPB the latter is

equivalent to.

AR immunoexpression was generally unchanged in the Wolffian ducts of

DBP-exposed males, apart from a slight increase in epithelial and stromal
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expression in the Cauda and corpus epididymis when compared to controls.

At age e21, Mylchreest et al noted reduced AR immunostaining in some

ducts of the epididymis (Mylchreest, Sar et al. 2002). The fact that the present
studies showed no change in AR expression at el9.5 might result from

examining the ducts two days earlier than in these published studies. Earlier

studies by Mylchreest et al showed significant numbers of rats exposed to the

same dose of DBP (500mg/kg/day) used in the present studies, to have absent

or partially developed epididymis, vas deferens, seminal vesicles, and ventral

prostate when they were examined after birth (Mylchreest, Wallace et al.

2000). In the present studies, no such inhibition of development was

recorded, either in the fetuses removed on day el9.5, when epididymides

appeared grossly normal once isolated, or in studies by Fisher et al (2003) on
those animals exposed to DBP and allowed to continue to full-term and then
examined at various postnatal ages.

These differences between the present studies and those of Mylchreest et al.
are very significant. Firstly, there is a large difference in the degree of effects
of exposure to DBP of fetal rats. In the present studies, suppression of
intratesticular testosterone levels by dosing with 500mg/kg DBP, was greater
than in studies by Mylchreest et al. (between 87% and 95% reduction in

intratesticular testosterone levels assay on day el9.5, compared with

Mylchreest et al.'s results of 64% reduction on el8 and 71% reduction on e21)

(Mylchreest, Sar et al. 2002). Rates of hypospadias (>60%) and

cryptorchidism (100% incidence) in the studies run in tandem with the

present studies by Fisher et al. (2003) were also considerably higher than in

the studies by Mylchreest et al (10%) (Mylchreest, Sar et al. 1999). This
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suggests that the phenotype caused by exposure to DBP observed in the

present studies is more severe than that in studies by Mylchreest et al.

However, as far as development of the Wolffian duct is concerned, the

phenotype is much less severe in the present studies than in those by

Mylchreest et al. They observed reduced immunoexpression of the androgen

receptor (Mylchreest, Sar et al. 2002), and agenesis of the epididymis and vas

deferens (Mylchreest, Cattley et al. 1998; Mylchreest, Sar et al. 1999;

Mylchreest, Wallace et al. 2000), whereas the present studies, and other

ongoing studies (Sharpe, R. M., personal communication), report no such

changes, despite the identical treatment regimen. Two major differences exist
between the present studies and those of Mylchreest et al: the strain of rats

used, and the feed available to the rats. The present studies used Wistar rats;

those of Mylchreest et al. used CD® rats. Also, the present studies used a

special soy-free diet, which contains no phytoestrogens, whereas the studies

by Mylchreest et al used a conventional soy-containing diet. Whilst

phytoestrogen exposure via diet has been shown to have significant effects
on the phenotype of rats exposed to oestrogens (Atanassova, McKinnell et al.

2000), as well as the phenotype of the ARKO mouse (Robertson, O'Donnell et
al. 2002), there is no obvious explanation as to how it could account for the
current discrepancies.

It may be that oestrogens play a role in the phenotypic changes observed in

DBP-exposed males - phthalates have been shown to be suppressors of
aromatase in cultured rat ovary cells (Davis, Weaver et al. 1994; Lovekamp
and Davis 2001) and the present studies show that ER|3 is expressed

throughout the developing Wolffian duct. Differential suppression of
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oestrogen action does seem to be an unlikely explanation for the

discrepancies between the present studies and those of Mylchreest et al., as it
would be expected that both would show equal suppression of aromatase
but the oestrogen deficiency would be more severe in fetuses in the present

studies as there would be no phytoestrogen exposure from the diet.

Therefore, if any of the phenotypic changes are due to oestrogen deficiencies,
the effects should be more severe in the present studies than in those by

Mylchreest et al. Alternative explanations therefore need to be considered,
and as one might be that DBP exposure induces rather than suppresses

aromatase in the testis. However, there is no evidence available for the testis

to test this possibility.

The balance of androgens and oestrogens has previously been proposed as

an important factor in male reproductive development (Williams, McKinnell
et al. 2001; Rivas, Fisher et al. 2002). Differences in this parameter could

possibly explain the differences noted between the present studies and those
of Mylchreest et al., as the balance of androgens and oestrogens would be
different in each of the situations (i.e. more severe in the studies of

Mylchreest et al. where androgens were lowered and (dietary) oestrogens

maintained), but it would be difficult to test this hypothesis.

Immunoexpression of smooth muscle a-actin was unchanged by DBP

exposure in utero, except for a slight decrease in immunostaining in the caput

epididymis. Changes in smooth muscle a-actin expression in combination
with phthalate administration have not been investigated in any previous

studies. In utero exposure to flutamide did not affect smooth muscle a-actin
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immunoexpression and nor did DBP treatment, so it can be assumed that at

this age in the rat, smooth muscle a-actin expression in the developing
Wolffian duct is not androgen regulated. In fact, the present studies suggest

either that it is oestrogen regulated or more likely, that it is the endpoint of a

differentiation event within the Wolffian duct that is oestrogen regulated.

Immunoexpression of ERa and ER|3 was unchanged in DBP-exposed male
fetuses compared to control. In both DBP-exposed and control Wolffian

ducts, ERa immunoexpression was confined to the nuclei of epithelial cells in
the efferent ducts, whilst ER[3 was expressed throughout the developing

duct. Both the localisation and strength of immunoexpression remained

unchanged after the various treatments. DBP has been shown to be

oestrogenic in some in vitro assay systems (Jobling, Reynolds et al. 1995;

Zacharewski, Meek et al. 1998) but not in others (Andersen, Andersson et al.

1999). Whatever the reality of the oestrogenicity of DBP, it has no effect on
the immunoexpression of ERa or ER|3 in the ratWolffian duct at this age.

5a-reductase type 1 was expressed in the epithelial cell layer throughout the
duct. After exposure to DBP, immunoexpression was decreased slightly in

the epithelial cells of the efferent ducts, and increased slightly in the portion

of the duct that would develop into the Cauda epididymis.

5a-reductase type 2 was also expressed in the epithelial cell layer throughout
the duct. Immunoexpression of 5a-reductase type 2 was unchanged after

exposure to DBP, as was the case with flutamide or DES exposure.
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4.4.3 DES

DES is known to bind to both ERa and ER|3. One or both of these receptors

were expressed in the tissues being examined, and for this and the following

reasons, an effect might have been expected. In studies performed on rats

using a different DES treatment schedule (postnatal as opposed to prenatal),

underdevelopment of the epididymal duct was noted, along with coiling of
the extra-epididymal vas deferens, thickening of the periductal actin-free
stromal layer in the distal cauda, and reduced cell proliferation in the

epididymis and vas deferens (Atanassova, McKinnell et al. 2001). Williams et

al showed that treatment neonatally with high doses of DES and ethinyl
oestradiol (approximately 370pg/kg/day), induced structural abnormalities
of the reproductive tract, associated with a loss of immunoexpression of AR
in the affected tissues (Williams, McKinnell et al. 2001).

It has also been shown that brief neonatal exposure to oestrogen stimulates

proliferation of periductal fibroblasts and thickening of smooth muscle a-

actin immunopositive periductal stromal cells in the rat prostate (Chang,
Wilson et al. 1999). Further studies in the rat prostate using neonatal

oestrogen treatment have observed a discontinuous smooth-muscle layer
around the epithelial ducts, which is normally associated with other stromal
cells in the prostate. These effects were not accompanied by a decrease in

androgen response via the AR, and AR immunoexpression remained
constant (Jarred, Cancilla et al. 2000).

The only notable effect on the Wolffian duct in the fetuses exposed to DES in

the present studies was an increase in the immunoexpression of smooth
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muscle a-actin within the stroma, in particular at the distal end of the duct

(corpus, cauda, vas). It has been shown in the prostate that the onset of

smooth muscle a-actin expression proceeds temporally from proximal to
distal locations (Hayward, Baskin et al. 1996). Smooth muscle a-actin

expression can be viewed as a marker of differentiation of periductal stromal

cells, much like it is a marker of differentiation of peritubular myoid cells in

the testis (Tung and Fritz 1990). Thus it appears that the DES treatment used
in the present studies may have caused premature differentiation of the
stromal cells in the duct. The consequences of this are likely to be an overall

underdevelopment of the Wolffian duct, as seen for the epididymis in rats

treated neonatally with DES (Atanassova, McKinnell et al. 2001). The

mechanism by which the upregulation of immunoexpression of smooth

muscle a-actin occurs remains to be established. Previous reports suggested

that the impact of neonatal DES treatment on androgen-dependent tissues

were indirect, resulting from suppression of gonadotropin secretion by the

pituitary gland (Bellido, Pinilla et al. 1990). More recently, DES treatment

administered neonatally (A300pg/kg) has also been shown to act by reducing

responsiveness to androgens via a decrease in AR expression (McKinnell,

Atanassova et al. 2001). No such change in immunoexpression of AR was

seen in the present studies, though the dose used (lOOpg/kg) would probably

only cause a minor suppression of AR if administered neonatally to male rats

(McKinnell, Atanassova et al. 2001; Williams, McKinnell et al. 2001).

The effects of exposure to DES in the present studies were not mirrored in

either of the other two treatment groups, which both directly affected

androgen action (flutamide as an AR antagonist, DBP by reducing androgen
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production). This suggests that a direct effect of DES via an oestrogen

receptor, most likely ER|3, which is expressed in stromal and epithelial cells

throughout the Wolffian duct at this age, may account for some of the

changes observed.

In the present studies, no reduction in testicular testosterone levels was seen

in any of the DES treatment groups, with testicular testosterone levels

remaining at levels comparable to control. This contrasts with the report by
Haavisto et al (Haavisto, Nurmela et al. 2001), despite the fact that the same

treatment schedule and dose was used. This disparity is unexplained, but

strain differences in the animals used (Wistar rats in present studies,

Sprague-Dawley rats in Haavisto et al 2001 studies) are an obvious

possibility. Another potentially important difference between the studies is

that the rats in the present studies were maintained on a soy-free diet. Soy
contains phytoestrogens which may interfere with the results of any studies
based on the administration of oestrogens.

4.4.4 Conclusions

These studies do provide some insight into the modes of action by which the

compounds subsequently affect reproductive development.

Flutamide, an anti-androgen acting via the AR, obviously restricts the

binding of androgens to the AR and thus interferes with androgen action.

However, it had no inhibitory effect on the production of androgens within

the testis. At el9.5, the age examined in the present studies, this suppression
of the action of androgens via the AR had no effect on immunoexpression of
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the markers examined, and the gross morphology of the duct appeared

unchanged from controls. Chapters 5 and 6 will examine how this

antagonism of the AR affects the subsequent development of the Wolffian

duct into the epididymis, a process which commences on about day el9 and

continues through to late puberty.

DBP was the only compound administered in these studies which clearly

suppressed testosterone levels in the fetal testes. Previous studies have

suggested that DES should also cause suppression (Haavisto, Nurmela et al.

2001), but this was not seen in our strain of rats. Accordingly, the results of

the DBP treated animals are similar to those of Flutamide treatment; little

change in immunoexpression of any of the examined antigens was seen.

Thus DBP is a useful tool for studying Wolffian duct differentiation.

DBP was initially chosen for these studies precisely because it affects

androgen action in a manner different to that of flutamide, and because it has

previously been shown that DBP exposure impaired development and

differentiation of the Wolffian duct in rats from birth (Mylchreest, Cattley et

al. 1998; Mylchreest, Sar et al. 1999; Mylchreest, Wallace et al. 2000).

DES has already been shown to cause reproductive tract abnormalities when

administered at high doses to neonatal animals, resulting in reduced

epithelial cell height and proliferation, and relative overgrowth of stromal

tissue (Atanassova, McKinnell et al. 1999; Atanassova, McKinnell et al. 2001;

McKinnell, Atanassova et al. 2001). These studies were performed

predominantly in neonatal animals. The effect on the Wolffian duct of DES

exposure to fetal animals has not been examined in any previous studies.
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There is evidence of effects on the stromal tissue in the present studies, but

they were manifested as early differentiation of the peri-ductal stromal

tissue, rather than relative overgrowth of stromal tissue in the Wolffian duct

as seen when neonates are exposed to DES. It is possible that in these studies,

the early differentiation of the stromal tissue is the first step in a chain of

events that at later ages leads to stromal overgrowth and epithelial

undergrowth.

In chapter 6 the effects of in vivo exposure of Wolffian ducts to DBP,
flutamide or DES on subsequent in vitro growth and differentiation of the
same Wolffian duct will be examined. Whilst both DBP and flutamide have

the same action, that is the reduction of androgen action through the

androgen receptor, they accomplish this in very different ways. The present

studies have shown that DBP significantly reduces testosterone levels,
whereas flutamide is established to block androgen action via the AR (Peets,

Henson et al. 1974). Thus with DBP exposure, oestrogen levels may also be

adversely affected because there is less testosterone available for
aromatisation (Hall 1994), and DBP may also suppress aromatase activity

(Davis, Weaver et al. 1994). With flutamide exposure, the testosterone is still

present and available for aromatisation; its action is simply blocked at the

receptor level. Also, more severe phenotypic changes are generally noted
when hormone production is blocked than when action is blocked. This is

due to the fact that blocking hormone action only blocks action through a

specific receptor, and it is generally not possible to block each and every

receptor throughout the tissue. Also, blocking production stops any action
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the hormone has through other receptors or after being metabolised into

another hormone.

The results of exposure to the three chemical compounds are complicated by

the fact that the treatment is administered to the pregnant dam, following

which the compound is passed on to the developing fetus and subsequently
affects the developing reproductive tract in the fetus. In chapter 5, an organ

culture system was developed which allowed the Wolffian duct to be
isolated at age el9.5, and then grown in culture for 48 hours. This allowed
the effects of each of the three compounds to be examined in isolation in

chapter 6.
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5 Organ Culture of the isolated developing

Wolffian duct

5.1 Introduction

In chapter four, the effect of exposure of the developing fetal Wolffian duct
to either of three steroid-modulating compounds was investigated. The ducts

were removed and examined at age el9.5. This chapter will continue the

study of ducts removed at age el9.5 by examining their development when

they are cultured in vitro.

The studies described in this chapter aimed to examine the development of
the ducts in isolation from the overall development of the fetus, which can be

accomplished by in vitro culture. This is especially important when

examining the development of the Wolffian ducts, which rely on androgens

produced by the fetal testes. Thus, in vitro culture allows the development of
the duct to be isolated from the influence of androgens or other factors

produced by the testes. Another important factor in the decision to use in

vitro culture is that any manipulation of androgen levels in vivo using

administered compounds suffers from attenuation of the effect of the

compound by the time it reaches its intended target tissue. This is especially

apparent when the target tissue is in a developing fetus, and the compound
is administered to the pregnant mother, due to 'dilution' of the compound,

firstly as it passes from mother to fetus, and again as it reaches the target

tissue within the fetus. This means that a very high dose must be

administered to the mother in order that enough of the compound reaches

the target tissue at a high enough concentration to cause an effect, and it is

impossible to know how much testosterone finally reaches the target tissue.
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Previous use of in vitro culture of the epididymis has concentrated on in vitro

cell culture using disassociated cell populations (Cooper, Yeung et al. 1989;

Klinefelter, Roberts et al. 1992; Chen, Bunick et al. 1998; Kirchhoff,

Carballada et al. 2000). Studies such as these, where individual cells are

grown in vitro, allow the effects of exposure to certain compounds on cell

growth and development to be examined. However, cell culture systems by
their very nature can only show the effects on an individual cell, rather than

on a whole developing tissue. As the Wolffian duct is composed of epithelial
and stromal cell types which interact during development (Cunha, Shannon
et al. 1981; Cunha, Alarid et al. 1992), an isolated cell culture system was

deemed unsuitable for studying the impact of hormonal manipulations on

the development of the Wolffian duct.

Therefore, in these studies an organ culture system was utilised. This
allowed the Wolffian duct to be isolated from steroidogenic tissues within

the fetus, most importantly the testes, and for known concentrations of

compounds to be administered directly to the tissue. By keeping the organ

whole rather than culturing isolated cells, it is possible to use in vitro culture

as a model of in vivo growth and development isolated from the rest of the

developing fetus.

The described studies used a modification of an established organ culture

system (Tsuji, Shima ct al. 1991) which is reported to replicate the in vivo

development of the Wolffian duct and, in combination with a novel
measurement system, allow the effect of various compounds of Wolffian
duct development to be analysed.
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5.2 Materials and Methods

5.2.1 Development of the organ culture system

The organ culture system described in this chapter is a modification of a

culture system initially used for mouse bulbourethral glands (Cooke, Young

et al. 1987b). The original studies were designed to investigate the androgen

dependent growth of the bulbourethral glands in vitro, and it was shown that
their in vitro growth matched that seen in vivo. In these original studies, the

organ culture medium was supplemented with 10% fetal bovine serum. The

system was subsequently developed to investigate murine seminal vesicles

(Shima, Tsuji et al. 1990), which also develop from the Wolffian duct, but
from structures more distal than the vas deferens. The seminal vesicles were

cultured successfully both with and without the addition of fetal bovine
serum. Subsequently, the same system was used to culture prostate

(Lipschutz, Foster et al. 1997) and the Wolffian ducts themselves (Tsuji,
Shima et al. 1991), both without the addition of fetal bovine serum.

The method used in this chapter is a modification of the culture system used
within the Unit for fetal prostate (A. A. Thomson et al, personal

communication), which in itself was based upon the methods of Cooke et al

(1987). The method compares well with the previous literature describing
Wolffian duct organ culture (Tsuji, Shima et al. 1991).

As a starting point for the development of a fully functional in vitro organ

culture system, fetal rats were dissected at a range of ages in order to

examine the stage of development of the Wolffian duct at each age point.
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Wolffian ducts were removed from fetuses aged el7.5, el8.5, el9.5, e20.5 and

e21.5. The central part of the Wolffian duct, which later in development

differentiates into the epididymis, was observed to be straight up until age

e20.5, where it showed signs of convolution at either end. Thus, it was

determined that the best age to begin a culture of the epididymis was age

el9.5, in order to allow the convolution to occur in vitro, and to study

whether the convolution could be affected by exposure of the organ to

various compounds in vitro. Cultures were also performed using ducts
removed at age el8.5 and e20.5, to assess their suitability for culture. The

ducts removed at el8.5 also showed in vitro development, but were slower to

begin the convolution of the ductal lumen than those cultured at el9.5, and

showed less convolution overall. Ducts removed and cultured at age e20.5

also grew well, but the duct had already begun to convolute, and this meant

that measurement of the amount of growth proved more complex.

Initially, cultures were performed for a period of five days. The organs

survived this period of time in culture well, with signs that growth and
convolution was still occurring at the end of the five day culture period. The
culture medium was changed 24 hours after the initiation of culture, and

every 48 hours after that.

Initially, quantification of the elongation and convolution of the ducts was

carried out using the method described by Tsuji et al (Tsuji, Shima et al.

1991). This involved drawing a central axis along the Wolffian duct, and then

counting the number of times that the coiled lumen of the duct crossed the

axis. It was decided that this method was subject to too much variation, as it
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was difficult to place the axis line accurately, and to judge the number of

times the duct crossed it. This was compounded by the fact that many of the

ducts did not grow in a straight line once in culture, and therefore the axial
line was difficult to draw.

Thus, a novel measurement system was devised. The system is described

visually in figure 5.1. It involved digitally measuring the length of a duct

before and after culture, and dividing one by the other in order to calculate

what was termed the 'growth ratio'. This provided a numerical indication of
the increase or decrease in length of the duct. As illustrated in figure 5.1, the
line was drawn from the point at which the efferent ducts converge to a

single lumen. The line ended at the centre of the curvature where the

prospective epididymis becomes prospective vas deferens. Although this

was an arbitrary end point for the line, it was consistent and therefore gave

an accurate representation of growth.

This was deemed to be more accurate than the method used by Tsuji et al, as

it measured the actual increase in length which occurred as the duct

convoluted, rather than an arbitrary measurement such as that used by Tsuji
et al, which relied on an arbitrary line drawn along the duct and then a

measurement of the number of times the lumen crossed this line. Another

benefit of the 'growth ratio' measurement system employed in these studies
is lhat it normalises each measurement against its starting point, thereby

removing any errors caused by natural variation in the length of the duct
when it is dissected.
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A major disadvantage of the measurement system chosen was that if the

organs were cultured for five days, as was initially the case, the level of

convolution became too complex for the measurement system to work

accurately, as the lumen of the duct must be traced by hand, and too much

convolution in three dimensions makes this difficult. Thus, the length of

culture was reduced to 48 hours, which allowed the ducts to convolute to a

reasonable degree without it being so complex that the measuring system

was thwarted.

The organ culture media was prepared as described in section 2.7.1.

Into each well of a four-well culture plate was added 1ml of the organ culture

medium, supplemented with the appropriate steroid or compound to be

investigated, constituted as described in sections 5.2.1 to 5.2.4 below.

A piece of Millicell® CM filter (Millipore, UK) was floated onto this media,
and a bubble of the media was placed on top of the filter. Into this bubble

was placed a freshly dissected Wolffian duct from a rat at embryonic day

el9.5. This was repeated in all four wells with two Wolffian ducts per well.
The two ducts were distinguished by their location relative to a notch cut

into the filter.

Once all the organ rudiments had been correctly positioned on the filters,

each organ was coded and photographed as described in section 2.7.3. The
four-well plate was placed in an incubator at 37°C with 5% CO2 for 48 hours,
at which point the rudiments were photographed once more, and removed
from culture.
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Figure 5.1 illustrates the method of measurement of the Wolffian duct. The

duct was measured immediately on isolation from the animal and again after
48 hours in culture.
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Figure 5.1: Measuring System employed to quantify growth of Wolffian ducts
in culture
The above figure illustrates the method by which the length of the Wolffian ducts
was determined.
A shows a freshly isolated duct, upon which a line has been traced following the
lumen of the duct from the efferent ducts (*) to the beginning of the vas deferens
B shows the line, which was measured using a specialist software package, giving
its length expressed as a number of pixels
C and D show the same, but in a duct that has been cultured for 48 hours in the
presence of testosterone
The length of line D is then divided by the length of line B to provide the growth
ratio
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5.2.2 Testosterone

To lOmls of the prepared organ culture medium, lOpl of testosterone diluted
to 105M in ethanol was added. This gave culture medium with a final

concentration of 108M testosterone. To obtain further dilutions for dose-

response studies, the 10 5M stock was serially diluted in ethanol.

5.2.3 Oestrogen

To lOmls of the prepared organ culture medium, lOpl of 17-|3-oestradiol

diluted to 10~5M in ethanol was added. This gave culture medium with a final

concentration of 10"8M oestradiol. To obtain further dilutions for dose-

response studies, the 10 5M stock was serially diluted in ethanol.

5.2.4 Flutamide

To lOmls of the prepared organ culture medium, lOpl of Flutamide (Sigma,

UK) diluted to lOmM in ethanol was added, to give a final concentration of

lOpM in the culture medium.

5.2.5 Finasteride

To lOmls of the prepared organ culture medium, lOpl of finasteride

(AstraZeneca, Cheshire, UK) diluted to lpg/ml in ethanol was added, to give

a final concentration of lOOng/ml in the culture medium.

5.2.6 Efferent Ducts

Whilst performing initial experiments, it was noted that those Wolffian ducts

which had accidentally had their efferent ducts removed during the
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dissection process failed to develop and grow to the same degree as ducts

whose efferent ducts were intact. Having established the importance of the

efferent ducts for normal Wolffian duct growth, Wolffian ducts whose
efferent ducts had been damaged or removed were excluded from culture

experiments.

In order to further elucidate the role of the efferent ducts in

maintenance/growth of the Wolffian duct, organ culture was performed on

organs with efferent ducts present, with half of the efferent ducts removed,
or with all of the efferent ducts removed.

5.2.7 Statistical Analysis

All analysis for statistical significance was carried out using a single-factor

Analysis of Variance (ANOVA), with an appropriate post-hoc test.

5.2.8 Number of animals used

Each of the following experiments was perfomed on at least three different

occasions, each time using both a control and a treated pregnant rat. Each

pregnant rat supplied between ten and fifteen embryos, approximately half
of which were male. As each male embryo provides two Wolffian ducts, a

significant number of tissues were available for analysis.
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5.3 Results

5.3.1 Effect of testosterone on organ cultures

Figure 5.2 shows an example of a pair of ducts which had been maintained

using the organ culture system described above. The ducts are pictured both

freshly isolated, and after 48 hours in culture, with either 10 8M testosterone

present in the media, or just the ethanol vehicle.

The images demonstrate that there was significantly more growth by ducts
which had been cultured in the presence of testosterone. This growth was

manifested by an increase in length of the lumen of the duct, and therefore

could be quantified by comparing the length of the ductal lumen before
culture with that after 48 hours of culture. The measuring system described
in section 2.7.3 and pictured in figure 5.1 illustrates how this was done.
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Figure 5.2: Culture ofWolffian ducts in the presence and absence of 10"8M testosterone
A and C show ducts freshly isolated
B shows duct A after 48 hours in media with just vehicle added
D shows duct C after 48 hours in media with 10"8M testosterone
* indicates efferent ducts
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Figure 5.3 graphically illustrates the differences in growth between the ducts

cultured with testosterone and those cultured with medium alone. The

length of the duct was clearly significantly longer in those cultured in the

presence of testosterone, as indicated by the growth ratio (p<0.005). The

growth ratio was calculated by dividing the ductal length after culture by the

length of the same duct before culture. This yielded a figure which

represented the numerical increase in ductal length over the culture period.

Thus, a growth ratio of 1 indicated no increase or decrease in length, whereas
a ratio > 1 indicated an increase in length, and a ratio < 1 a decrease in length.

Figure 5.4 shows the growth response of the ducts in culture to varying

concentrations of testosterone. Concentrations ranged from 10"nM to 10 8M.

These doses were chosen as they had been shown previously to induce

growth in the culture of Wolffian ducts (Tsuji, Shima et al. 1991). It was clear

that the degree of elongation of the duct was proportional to the
concentration of testosterone present in the media.

The table below, along with figures 5.5 to 5.10, illustrate the
immunohistochemical results obtained from staining ducts after 48 hours of

culture, following their fixation as in section 2.4. Unlike previous chapters,
the table only divides the cultured ducts into two regions, the efferent ducts
and the epididymis. This is because once the ducts had been cultured, it was

very difficult to differentiate between the various portions of the developing
duct - only the efferent ducts were obviously different by way of the

structure of their distinct epithelial cell layer.
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Figure 5.3: Effect of Testosterone on culture of Wolffian ducts in vitro
This graph illustrates the increase in growth caused by testosterone when
compared with control ducts cultured with only vehicle present in the
media

*** = highly significant (P<0.005)
(n=7 for each group)
Bars = means + SD
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Figure 5.4: Dose responsiveness to testosterone of Wolffian ducts in vitro
This graph illustrates the increase in growth caused by increasing doses of
testosterone when compared with control ducts cultured with only vehicle
present in the media

* indicates P<0.05, ** indicates P<0.01, in comparison with control
(n=6 for each concentration)
Bars = means + SD
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Figure 5.5a: Immunohistochemistry of Wolffian ducts cultured in the presence
of 10"8M testosterone using an antibody raised against the androgen receptor
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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Figure 5.5b: Immunohistochemistry of Wolffian ducts cultured in the absence
of testosterone using an antibody raised against the androgen receptor
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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Figure 5.6a: Immunohistochemistry ofWolffian ducts cultured in the presence
of 10 8M testosterone using an antibody raised against the oestrogen receptor a (ERa)
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct (prospective caput epididymis)



Figure 5.6b: Immunohistochemistry ofWolffian ducts cultured in the absence
of testosterone using an antibody raised against the oestrogen receptor a (ERa)
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 5.7a: Immunohistochemistry of Wolffian ducts cultured in the presence
of 10 8M testosterone using an antibody raised against smooth muscle a-actin
Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 5.7b: Immunohistochemistry of Wolffian ducts cultured in the absence
of testosterone using an antibody raised against smooth muscle a-actin
Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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Figure 5.8a: Immunohistochemistry of Wolffian ducts cultured in the presence
of 10 8M testosterone using an antibody raised against 5a-reductase type 1
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 5.8b: Immunohistochemistry ofWolffian ducts cultured in the absence
of testosterone using an antibody raised against 5a-reductase type 1
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which a high power (40x) image is shown (A)
The area from which the high power image is taken is indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen



Figure 5.9a: Immunohistochemistry of Wolffian ducts cultured in the presence
of 10 8M testosterone using an antibody raised against 5a-reductase type 2
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 5.9b: Immunohistochemistry ofWolffian ducts cultured in the absence
of testosterone using an antibody raised against 5a-reductase type 2
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 5.10a: Immunohistochemistry of Wolffian ducts cultured in the presence
of 10 8M testosterone using an antibody raised against the oestrogen receptor (ER[5)
Brown staining is immunopositive for oestrogen receptor (3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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Figure 5.10b: Immunohistochemistry of Wolffian ducts cultured in the absence
of testosterone using an antibody raised against the oestrogen receptor (1 (ER(3)
Brown staining is immunopositive for oestrogen receptor (3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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smooth muscle a-actin immunostaining was more intense in the stroma of

Wolffian ducts culture without testosterone.

The immunoexpression patterns of the antigens investigated were as

expected, when compared to control tissues from chapter 3. Thus, ERa was

expressed only in the efferent ducts, as in a normal uncultured duct.

Androgen Receptor staining was present throughout the duct, at levels

comparable to a freshly isolated duct.

5.3.2 Effect of oestradiol on organ cultures

Figure 5.11 shows an example of ducts to which 17-|3-oestraaiol was added

during the culture. Figure 5.12 graphically illustrates the relative growth of
the ducts cultured for 48 hours in a range of concentrations of oestradiol

from 10~nM to 10~8M. This dose response experiment showed no significant
effects of oestradiol on the growth of the ductal lumen in vitro, and did not

suggest that even higher doses would have a significant effect, i.e. there is no

suggestion that oestrogens could compensate for the lack of testosterone.

5.3.3 Effect of flutamide on organ cultures

Figure 5.13 shows the effect on ductal growth of the presence of Flutamide in

the culture medium, either in the presence of absence of testosterone at

10"8M.

After 48 hours in culture with flutamide, either in the presence or the absence

of testosterone, the lumen of the duct had collapsed, and the duct had

apparently begun to die. When checked 24 hours into the culture period, the
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edges of the lumen of the duct appeared slightly indistinct, and no growth

had occurred.

No growth measurements were taken, as the measurement system relied on

the presence of the lumen. However, from simple observation, it was obvious

that no growth had taken place.

5.3.4 Effect of Finasteride on organ cultures

Figure 5.14 shows the effect of Finasteride, a 5a-reductase inhibitor, on in

vitro growth of the Wolffian ducts.

Finasteride appeared to have a suppressive effect on growth only when

cultured in the absence of testosterone, though the differences observed were
not statistically significant.

5.3.5 Efferent Ducts

Figure 5.15 graphically illustrates the differing amounts of growth recorded
when all, some or none of the efferent ducts was present. The results
indicated that presence of the efferent ducts was essential for in vitro growth

of the Wolffian ducts, and the more duct removed, the less growth occurred.
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Figure 5.11: Culture of Wolffian ducts in the presence and absence of 10"8M oestradiol
A and C show ducts freshly isolated
B shows duct A after 48 hours in media with just vehicle added
D shows duct C after 48 hours in media with 10"8M oestradiol
* indicates efferent ducts
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Figure 5.12: Effect of Oestradiol on culture of Wolffian ducts in vitro
This graph illustrates the non-responsive nature of Wolffian ducts
in culture to oestradiol

(n=4 for each concentration of oestradiol)



Figure 5.13: Culture of Wolffian ducts with Flutamide
A shows a freshly isolated Wolffian duct
B shows the same Wolffian duct after 48 hours in culture with testosterone

and Flutamide
The lumen of the duct has collapsed and no gorwth has taken place
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Figure 5.14: Effect of Finasteride on culture of Wolffian ducts in vitro
This graph illustrates the decrease in growth caused by finasteride
The decrease is only visible when there is no testosterone added to the
media
The decrease is not statistically significant, but is reproducible in multiple
experiments
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Figure 5.15: Effect of removal of the efferent ducts on culture ofWolffian
ducts in vitro
This graph illustrates the decrease in growth caused by the removal of
the efferent ducts from Wolffian ducts at age el9.5 prior to culture for 48 hours.
When the efferent ducts are totally removed, only cultures with testosterone
present survive the 48 hour culture. Co-culture with efferent ducts detatched
but present does not rescue the culture.

Bars = means + SD
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5.4 Discussion

The organ culture system described in this chapter was a modification of a

culture system initially used for mouse bulbourethral glands (Cooke, Young

et al. 1987b). This system has subsequently been used to investigate many

other developing reproductive organs in culture, including seminal vesicles

(Shima, Tsuji et al. 1990), prostate (Lipschutz, Foster et al. 1997) and the
Wolffian ducts themselves (Tsuji, Shima et al. 1991). The method used in this

chapter was a modification of the culture system used within the Unit for the

culture of fetal rat prostate and ventral mesenchymal pads (A. A. Thomson et

al, personal communication), which in itself was based upon the methods of

Cooke et al.

The increased amount of growth observed with Wolffian ducts cultured in

the presence rather than the absence of testosterone is consistent with data

from in vivo and in vitro observations suggesting that testosterone is an

important hormone in the differentiation of the proximal Wolffian duct into
the epididymis. As was seen in chapter 3, after day 19 of gestation, the

proximal portion of the Wolffian duct begins to coil as it differentiates into

the epididymis. This coincides with a surge in testosterone levels within the

developing rat (Weisz and Ward 1980; Baum, Woutersen et al. 1991).

Testosterone has already been established to be the primary androgen in

supporting the development of the Wolffian duct (Tsuji, Shima et al. 1991), as

opposed to dihydrotestosterone, which is understood to be the primary

androgen in the development of more distal structures such as the prostate

and external genitalia, because of evidence from a number of sources. Firstly,
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little dihydrotestosterone is actually produced by the urogenital ridge during
the critical period for sexual differentiation (Higgins, Young et al. 1989).

Secondly, administration of 5a-reductase inhibitors to pregnant rats causes

failure of masculinisation of the external genitalia and distal reproductive
tract in males, whilst Wolffian duct derivatives develop almost normally

(Imperato-McGinley, Binienda et al. 1985; Imperato-McGinley, Sanchez et al.

1992). Finally, there is a medical condition in humans characterised by a

deficiency of 5a-reductase (Imperato-McGinley, Guerrero et al. 1974;

Imperato-McGinley, Peterson et al. 1980; Imperato-McGinley, Binienda et al.

1985). These patients develop feminised external genitalia, but internally they
exhibit well developed Wolffian duct derivatives, in much the say way as do
rats treated with 5a-reductase inhibitors (Imperato-McGinley, Guerrero et al.

1974).

Thus, the fact that the ducts responded in a dose responsive manner to

testosterone when in culture was as expected. Previous studies have also

shown that dihydrotestosterone will induce coiling of cultured Wolffian

ducts, as effectively as testosterone, when administered at ten fold lower

concentrations (Tsuji, Shima et al. 1991). This in itself provides no evidence as

to whether testosterone or DHT is the primary androgen involved in

Wolffian duct differentiation. Neither does it mean that DHT normally plays

any role in the development of the duct; it is simply a more potent androgen,
and binds the same receptor as testosterone.

The extent of coiling of the duct, and therefore its growth, was greater in vivo
than in vitro. This can be seen by comparing a duct isolated at el9.5 and
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cultured for 48 hours, with a duct freshly isolated at e21.5. It seems likely that
this discrepancy is simply due to the limitations of the organ culture system.

Firstly, an organ in culture obviously cannot rely on blood flow to provide

oxygen, and must get all of its oxygen by diffusion from the air. This will
slow growth. Secondly, and particular to the culture of ducts such as the
Wolffian duct, fluid flow along the lumen appears to be important for

development (Fisher, Turner et al. 1998). The idea is strengthened by the fact

that the Wolffian duct develops from mesonephric tubules that alternatively

develop into the kidney, another organ reliant upon fluid flow. Studies using
mouse Wolffian duct and fluorescently labelled testosterone microinjected
into a duct placed in culture confirm the fact that testosterone is delivered via
the lumen of the Wolffian duct and acts locally (Tong, Ffutson et al. 1996).

Furthermore, the studies suggest that during development in vivo,

testosterone from fetal Leydig cells may be transported along the Wolffian
duct by active fluid flow rather than by simple diffusion (Tong, Hutson et al.

1996). Studies suggest that in adulthood the efferent ducts play an important

role in maintaining fluid flow and fluid resorption within the epididymis

(Fisher, Turner et al. 1998). They contain ciliated cells for fluid transportation,

and it has been suggested that, in the adult rat, as much as 89% of fluid

entering the efferent ducts from the rete testis is reabsorbed by the efferent

ducts (Turner 1984). However, in fetal life, it is possible that the efferent
ducts are not absorbing but producing fluid and pumping it along the

Wolffian duct. In order that this might happen, the functional polarity of the
efferent duct epithelial cells would have to be reversed during fetal life.
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My studies using the organ culture system described in this chapter confirm
the importance of the efferent ducts in the maintenance of a healthy Wolffian

duct. When fifty percent of the efferent ducts were removed, the amount by
which the Wolffian duct grew in culture was reduced. When Wolffian ducts

were cultured without efferent ducts present, the lumen of the duct quickly

collapsed, and after 48 hours no growth was recorded. The latter ducts were

similar in appearance to those cultured with flutamide in the medium.

Further evidence for fluid flow down the duct comes from the occasions on

which a duct was 'nicked' or damaged by fine forceps on its removal from
the animal. On these occasions, a bubble of fluid developed within the ductal
lumen 'upstream' (proximal) of the damaged area, as if fluid flow 'down' the
duct was being restricted by damage to the lumen.

The aforementioned importance of the efferent ducts, combined with the fact
that they are the only site of expression of ERa in the Wolffian duct at this

age, made it seem likely that treatment with oestrogens would have some

effect on the growth of the Wolffian ducts. Ffowever, no difference in growth
of the Wolffian ducts was seen when oestradiol was present in the medium.
Culture took place in a media free from phenol red, an indicator commonly
used in culture media but which has been thought to be weakly oestrogenic,

although recent studies suggest otherwise (Moreno-Cuevas and Sirbasku

2000). This may concur with the prevailing notion that Wolffian duct

development at this age is dependent purely on androgens, but offers no

explanation as to the role of the ERa in the efferent ducts. It seems likely that

their role is more important postnatally, when treatment with estrogens has

had proven effects on development and fertility (Fisher, Turner et al. 1999).
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The total dependence of the Wolffian duct on androgens for its maintenance

is demonstrated by culture of the organ with Flutamide present. The organs

underwent no growth at all, and within 24 hours the duct had not shown any

growth. After the requisite 48 hours in culture, the lumen of the duct had

collapsed, and the duct was beginning to die. This 'death' was characterised

by a discolouration of the tissue, and a break up of the structure of the duct.

While this culture system has been able to support growth of the ducts for up
to five days with no ill effects, when Flutamide was added, the structural

integrity of the duct was lost by 48 hours. Thus, it is proven that androgens
are vital for the maintenance of the Wolffian duct in vitro.

However, it is important to note that the absolute androgen-dependence of
the Wolffian duct for viability and growth does not preclude a role for

oestrogens, although the dominant effect of androgens may mask it.

Although expression of ERa is confined to the efferent ducts, ER|3 is

expressed throughout the developing Wolffian duct. Also, testosterone can

be aromatised to oestrogen (Hall 1994), and therefore with any testosterone

effect, it cannot be dismissed that a proportion of that effect may be due to

the conversion of testosterone to oestrogen. This presumes that aromatase is

expressed at some site in the efferent ducts orWolffian ducts, and there is no

evidence for or against this possibility, although primary culture of the adult

rat epididymal epithelial cells has revealed mRNA for cytochrome P450

aromatase in the cultured epididymal epithelial cells of the rat as well as the

ability to aromatise androgens to 17beta-oestradiol (Wisznicwska 2002).
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It may be that oestrogens are the reason that the efferent ducts were shown

to be so important to the in vitro survival of the Wolffian ducts because

oestrogens play a role through them. The efferent ducts expressed ERa in

their epithelial cells, and it is possible that local conversion of testosterone to

oestrogen may play a role in fluid production and transport; it has already
been suggested that oestrogens play a role in regulating aquaporin-1, a water
channel protein localised in the efferent ducts (Fisher, Turner et al. 1998).
This is borne out by morphological analysis of the epididymis of oestrogen

receptor knockout (ERKO) mice, which showed blind-ending efferent ducts
and changes to epithelial cells of the epididymis (Hess, Bunick et al. 2000).

An important observation to emerge from the present studies was that the
isolated Wolffian duct elongated in culture even in the absence of

testosterone; testosterone simply increased the amount of elongation. Thus,

considering the importance of androgen to the maintenance of the Wolffian
duct as demonstrated by the experiments involving flutamide above, there
must be an alternative source of androgen available to a duct placed into
culture medium free of testosterone. The most likely source is from the

lumen of the duct itself. At age el9.5, there is a large amount of testosterone

being produced by the fetal testis (Huhtaniemi 1994; Haavisto, Nurmela et al.

2001), as demonstrated in chapter 4. It has already been suggested that this
testosterone is delivered directly via the lumen of the duct (Tong, Hutson et

al. 1996), and thus when the duct is excised from the animal, it is likely to

contain testosterone within its lumen. If it is this testosterone that is

responsible for continued growth of the duct, then it suggests that only very
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small amounts of T are needed to maintain viability and limited growth of

the Wolffian duct.

The immunohistochemistry results were as expected for a duct of this age

after culture. That is to say, placing the ducts in culture had not caused any

large up- or down-regulation of any of the antigens investigated. The only
difference was that there was a slight upregulation of immunoexpression of
5a-reductase type 1 in those organs cultured without testosterone. It is

possible that this upregulation was caused by some kind of feedback loop;
i.e. when low levels of testosterone are acting through the AR, upregulation

of 5a-reductase type 1 is induced to produce the more potent androgen

dihydrotestosterone from testosterone. Dihydrotestosterone has been shown

to be ten times more potent that testosterone at eliciting coiling of the
Wolffian duct (Tsuji, Shima et al. 1991).

To investigate this further, Finasteride, a 5a-reductase inhibitor, was added
to cultures. Finasteride had no effect on the growth of Wolffian ducts in

culture when there was testosterone present in the media. However, when
ducts were cultured in the absence of testosterone, Finasteride had the effect

of reducing the amount of growth which occurred, albeit to an extent which
was not statistically significant. This suggests that 5a-reductase is actively

reducing testosterone to DHT and it is this that causes the 'constitutive'

growth that is seen when ducts arc cultured without testosterone.

The results in this chapter emphasised the importance of androgens in the

development of the Wolffian duct. Chapter 4 examined the effects of three

compounds on the in vivo development of the male reproductive system. In
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the next chapter, the effect of exposure to each of the three compounds on the

subsequent in vitro development was examined, to allow a comparison to be

made between the effects of androgens and anti-androgens on in vitro culture

of the Wolffian duct described in this chapter, and the effect each of the three

compounds had in eliciting the same response.
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6 Organ culture of Wolffian ducts from males

exposed to steroid-modulating compounds

in utero

6.1 Introduction

In chapter 4, the effect of exposure to either of three steroid-modulating

compounds (flutamide, DBP, DES) on the in utero development of male

fetuses and fetal Wolffian ducts was examined. Chapter 5 described the

development of an in vitro organ culture system for fetal Wolffian ducts. The

aim of the studies described in this chapter was to examine the response of
Wolffian ducts exposed to any of the three compounds in vivo once they were

placed in the in vitro organ culture system described in chapter 5.

The three compounds in question have all been shown to affect the in vivo

development of the Wolffian duct. Flutamide is an androgen antagonist

acting via the AR, and in utero exposure to flutamide has been shown in

previous studies to cause agenesis of the vas deferens and most of the

epididymis (Imperato-McGinley, Sanchez et al. 1992). The present studies

used a lower dose, which was the lowest dose shown to produce epididymal
abnormalities without causing agenesis of the duct (Mclntyre, Barlow et al.

2001). DBP also affects in vivo development of the Wolffian duct. It adversely
affects male reproductive development if exposure occurs during the critical

period for male reproductive Iract development (cl2 to e21 in the rat)

resulting in under-masculinisation of male pups, male reproductive organ

malformations, seminiferous tubule abnormalities, and Leydig cell

hyperplasia (Mylchreest, Sar et al. 1999). Finally, DES treatment of neonatal
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male rats causes under-development of the epididymal duct, along with

coiling of the extra-epididymal vas deferens, thickening of the periductal
actin-free stromal layer in the distal cauda, and reduced cell proliferation in

the epididymis and vas deferens (Atanassova, McKinnell et al. 2001).

In this chapter, the ducts were placed into organ culture at age el9.5

following exposure in vivo to one of the three compounds listed above. The

organ culture system allowed the growth of the ducts to be studied in

isolation from the growth of the rest of the fetus, and thus helped elucidate
the specific effect that exposure to the three compounds has on the

subsequent development of the Wolffian duct.

6.2 Animal Treatments

In all of the treatments, two pregnant rats were used for each experiment.

Following treatment, the fetuses were removed from the pregnant dam, the

testes and attached Wolffian ducts were removed from the fetuses, and

dissected using a dissection microscope. The Wolffian ducts were placed into
the organ culture system as described in section 2.7.

Each of the experiments was perfomed on at least three different occasions,
each time using both a control and a treated pregnant rat. Each pregnant rat

supplied between ten and fifteen embryos, approximately half of which were

male. As each male embryo provides two Wolffian ducts, a significant
number of tissues were available for analysis.
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6.2.1 Flutamide

One of the two animals was given a subcutaneous injection of 50mg/kg

flutamide (Sigma, UK) in lml/kg corn oil. The second animal was

administered the vehicle alone. Treatment was administered daily from

gestation day el5 to el8, according to the protocol of Imperato-McGinley et al

(Imperato-McGinley, Sanchez et al. 1992). Significant mortality of the fetuses
in utero was experienced with doses greater than 50pg/kg. Animals were

killed on day el9.5 and the embryos removed.

6.2.2 Di (n-butyl) phthalate (D5P)

One of the two animals was administered DBP by oral gavage at 500mg/kg in

lml/kg corn oil. The second animal was administered the vehicle alone by

gavage. Treatment was administered daily from gestation day el3 to el8.

Animals were killed on day el9.5 and the embryos removed.

6.2.3 Diethylstilboestrol (DES)

One of the two animals was given a subcutaneous injection of lOOpg/kg DES

(Sigma, Poole, Dorset, UK) in lml/kg corn oil obtained from a supermarket.

The second animal was administered the vehicle alone at lml/kg to act as a

control. Treatment was administered on alternate days from gestation day

el3 to el7 according to the protocol used by Haavisto et al (Haavisto,
Nurmela et al. 2001). Animals were killed on day el9.5 and the fetuses
removed.
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6.3 Results

Figure 6.1 panels A to D show the growth response of Wolffian ducts not

exposed to any of the 3 compounds in vivo, cultured in either the presence or

absence of testosterone as reported in chapter 5, and allows a direct

comparison to be made between the organ culture of freshly isolated ducts

unexposed to any of the three steroid-modulating compounds in litero and
ducts placed into culture after exposure to one of the three compounds
described below.

All analysis for statistical significance was carried out using a single-factor

Analysis of Variance (ANOVA), with an appropriate post-hoc test.
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Figure 6.1: Comparison between Wolffian ducts from control and those exposed to
flutamide in utero and subsequently cultured in vitro in the presence or absence
of 10"8M testosterone

Images A to D show control ducts that were only exposed to vehicle in utero. Images
E to H show ducts exposed to flutamide in utero

A, C, E and G show ducts freshly isolated
B shows duct A after 48 hours in media with just vehicle added
D shows duct C after 48 hours in media with 10"8M testosterone

F shows duct E after 48 hours in media with just vehicle added
H shows duct G after 48 hours in media with 10"8M testosterone
* indicates efferent ducts
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6.3.1 Ducts from males exposed to flutamide in utero

Figure 6.2 panels E to H show the growth of a duct isolated from a fetus

exposed in utero to flutamide, both in the presence and absence of
testosterone. When growth was quantified (figure 6.2), exposure to flutamide
in vivo significantly inhibited subsequent in vitro growth (p<0.005), both
when ducts were cultured in the presence and absence of testosterone. Ducts
from animals exposed to flutamide in vivo exhibited a similar amount of

growth when cultured with 10~8M testosterone as ducts from control animals

cultured without testosterone.

Results from chapter 5, and the control results in table 6.1, showed little
difference in the immunohistochemistry between ducts cultured in the

presence or absence of testosterone in the culture medium. This was also

seen in the present study, as ducts exposed to flutamide in vivo and then
cultured in the presence or absence of testosterone showed no difference in

the immunoexpression of AR (figures 6.3a and 6.3b), smooth muscle a-actin

(figures 6.5a and 6.5b) or either of the 5a-reductase isotypes (figures 6.6a and
6.6b show 5a-reductase type 1; figures 6.7a and 6.7b show 5a-reductase type

2)-

There was also no difference whatsoever in terms of immunoexpression of
most of the antigens examined between the ducts that had been exposed to

flutamide in vivo and those which were not.
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Figure 6.2: Effect of Testosterone on in vitro culture ofWolffian ducts
from rats exposed to flutamide in utero
This graph illustrates the decrease in growth caused by in utero exposure
to flutamide whenWolffian ducts are subsequently cultured for 48 hours
both in the presence and absence of lO^M testosterone

The difference between control and flutamide exposed ducts cultured in
the presence of testosterone is highly significant (P<0.005)
Results are pooled from three separate treatment groups, each with a
matched control. Each treatment group had an n=8
Bars = means + SD



Figure 6.3a: Androgen Receptor immunohistochemistry of Wolffian ducts from rats
exposed to flutamide in utero and cultured in the presence of 10"8M testosterone
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.3b: Androgen Receptor immunohistochemistry of Wolffian ducts from rats
exposed to flutamide in utero and cultured in the absence of testosterone
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei bine
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.4a: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to flutamide in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for F,Ra
I laemoloxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.4b: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to flutamide in utero and cultured in the absence of testosterone
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.5a: Smooth muscle a-actin Immunohistochemistry ofWolffian ducts
from rats exposed to flutamide in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin slains immunonegalive cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of Ihe efferent ducts
B is a high power image of the Wolffian duct



Figure 6.5a: Smooth muscle a-actin Immunohistochemistry ofWolffian ducts
from rats exposed to flutamide in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains iinniunonegalive cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.6a: 5a-reductase type 1 immunohistochemistry ofWolffian ducts from
rats exposed to flutamide in utero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) Image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.6b: 5cx-reductase type 1 immunohistochemistry ofWolffian ducts
from rats cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which a high power (40x) image is shown (A)
The area from which the high power image is taken is indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
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Figure 6.7a: 5a-reductase type 2 immunohistochemistry of Wolffian ducts
from rats exposed to flutamide in utero and cultured in the presence of
10 8M testosterone

Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.7b: 5a-reductase type 2 immunohistochemistry of Wolffian ducts
from rats exposed to flutamide in utero and cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 2
I Iaemotoxylin stains immunoncgative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the Wolffian duct
B is a high power image of the Wolffian duct
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Figure 6.8a: Oestrogen receptor fj (ERfl) immunohistochemistry ofWolffian ducts
from rats exposed to flutamide in utero and cultured in the presence of
10"8M testosterone

Brown staining is imrnunopositive for oestrogen receptor |3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.8b: Oestrogen receptor p (ERp) immunohistochemistry of Wolffian ducts
from rats exposed to flutamide in utero and cultured in the absence of testosterone
Brown staining is immunopositive for oestrogen receptor (3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Chapter 6

However, expression of both the oestrogen receptor subtypes (a and |3) was

eradicated after 48 hours in the presence or absence of testosterone (ERa:

figures 6.4a and 6.4b; ER|3 figures 6.8a and 6.8b). This occurred in all of the
animals examined (n=3 separate immunohistochemistry experiments on

Wolffian ducts isolated from three individual fetuses), and the

immunohistochemistry was run in parallel with positive controls showing

normal expression.

6.3.2 Ducts from males exposed to DBP in utero

Figure 6.9 shows a gross comparison of the in vitro growth of a control (un¬

exposed) Wolffian duct with the growth of a duct from a DBP exposed rat,

both in the presence and absence of testosterone. Measurement of ductal

growth confirmed that exposure to DBP in vivo significantly reduced the
extent of subsequent in vitro growth when the ducts were cultured either in
the presence or the absence of testosterone (figure 6.10).

As was the case with ducts from flutamide-exposed rats, ducts isolated from
rats that had been exposed to DBP in vivo exhibited a similar amount of

growth when cultured with 10~8M testosterone as did ducts from control

animals cultured without testosterone.

As was observed for ducts isolated from males exposed to flutamide

described above, ducts from males exposed to DBP in utero and then cultured
in the presence or absence of testosterone showed no difference in the

expression of AR (figures 6.11a and 6.11b). ERa immunostaining was also
unaffected by the presence of testosterone (figures 6.12a and 6.12b). Smooth
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Chapter 6

muscle a-actiri immunoexpression remained unaffected by the presence of

testosterone (figures 6.13a and 6.13b) as did both the 5a-reductase isotypes

(5a-reductase type 1 figures 6.14a and 6.14b; 5a-reductase type 2 figures
6.15a and 6.15b). There was also no difference in the immunohistochemical

results between ducts isolated from rats exposed to DBP in vivo and ducts

from vehicle-treated rats.
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Figure 6.9: Wolffian ducts from rats exposed to DBP in utero and subsequently
cultured in vitro in the presence or absence of 10"8M testosterone
Images A to D show control ducts that were only exposed to vehicle in utero. Images
E to H show ducts exposed to DBP in utero

A, C, E and G show ducts freshly isolated
B shows duct A after 48 hours in media with just vehicle added
D shows duct C after 48 hours in media with 10"8M testosterone

F shows duct E after 48 hours in media with just vehicle added
H shows duct G after 48 hours in media with 10"8M testosterone
* indicates efferent ducts
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Q + 10 8M Testosterone
■ + Vehicle Alone
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Figure 6.10: Effect of Testosterone on in vitro culture ofWolffian ducts
from rats exposed to DBP in utero
This graph illustrates the decrease in growth caused by in utero exposure
to DBr when Wolffian ducts are subsequently cultured for 48 hours
both in the presence and absence of 10~8M testosterone

The difference between control and DBP exposed ducts cultured in
the presence of testosterone is highly significant (P<0.005)
Results are pooled from three separate treatment groups, each with a
matched control. Each treatment group had an n=8
Bars = means + SD
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Figure 6.11a: Androgen receptor immunohistochemistry of Wolffian ducts from
rats exposed to DBP in utero and cultured in the presence of 10"8M testosterone
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.11b:Immunohistochemistry of Wolffian ducts exposed to DBP
in utero and cultured in the absence of testosterone, using an antibody
raised against the androgen receptor
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from an
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.12a: Oestrogen receptor a (ERa) immunohistochemistry ofWolffian ducts
from rats exposed to DBP in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for ERa
lldeinoloxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.12b: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.12b: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.13a: Smooth muscle a-actin immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the presence of 10"8M testosterone
Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.14a: 5a-reductase type 1 immunohistochemistry of Wolffian ducts from
rats exposed to DBF in utero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.13b: Smooth muscle a-actin immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.14b: 5a-reductase type 1 immunohistochemistry of Wolffian ducts from
rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.15a: 5a-reductase type 2 immunohistochemistry of Wolffian ducts from
rats exposed to DBP in utero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power imago of the Wolffian duct



Figure 6.15b: 5a-reductase type 2 immunohistochemistry of Wolffian ducts from
rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.16a: Oestrogen receptor p (ERp) immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the presence of 10"8M testosterone
Brown staining is immunopositive for oestrogen receptor (3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.16b: Oestrogen receptor [3 (ERf3) immunohistochemistry of Wolffian ducts
from rats exposed to DBP in utero and cultured in the absence of testosterone
Brown staining is immunopositive for oestrogen receptor (3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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6.3.3 Ducts from males exposed to DES in utero

Figure 6.17 shows a comparison of the in vitro growth of a control (un¬

exposed) Wolffian duct (panels A to D) with the growth of a duct isolated
from a DES exposed rat (panels E to H), both in the presence and absence of
testosterone. Exposure to DES in vivo significantly reduced the extent of

subsequent in vitro growth when the ducts were cultured either in the

presence or absence of testosterone (figure 6.18).

As observed with ducts from flutamide-exposed males, ducts isolated from
rats that had been exposed to DES in vivo exhibited a similar amount of

growth when cultured with 108M testosterone as did ducts from control

animals cultured without testosterone.

As was the case with the results for flutamide-treated animals described

above, ducts isolated from rats exposed to DES in vivo and then cultured in
the presence or absence of testosterone showed no difference in their

expression of AR (figures 6.19a and 6.19b), smooth muscle a-actin (figures
6.21a and 6.21b) or either of the 5a-reductase isotypes (5a-reductase type 1

figures 6.22a and 6.22b; 5a-reductase type 2 figures 6.23a and 6.23b).

However, as was observed with flutamide-treated animals, expression of

both the oestrogen receptor subtypes (a and (3) was eradicated after 48 hours
in the presence or absence of testosterone (ERa figures 6.20a and 6.20b; ER|3

figures 6.24a and 6.24b). This occurred in all of the animals examined (n=3

separate immunohistochemistry experiments on Wolffian ducts isolated
from three individual fetuses), and the immunohistochemistry was run in

parallel with positive controls showing normal expression.
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Figure 6.17: Wolffian ducts from rats exposed to DES in utero and subsequently
cultured in vitro in the presence or absence of 10"8M testosterone
Images A to D show control ducts that were only exposed to vehicle in utero. Images
E to H show ducts exposed to DES in utero

A, C, E and G show ducts freshly isolated
B shows duct A after 48 hours in media with just vehicle added
D shows duct C after 48 hours in media with 10~8M testosterone

F shows duct E after 48 hours in media with just vehicle added
H shows duct G after 48 hours in media with 10 8M testosterone
* indicates efferent ducts
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Figure 6.18: Effect of testosterone on in vitro culture of Wolffian ducts
from rats exposed to DES in utero
This graph illustrates the decrease in growth caused by in utero exposure
to DES when Wolffian ducts are subsequently cultured for 48 hours
both in the presence and absence of 10"KM testosterone

The difference between control and DES exposed ducts cultured in
the presence of testosterone is highly significant (P<0.005)
Results are pooled from four separate treatment groups, each with a
matched control. Each treatment group had an n=8
Bars = means + SD
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Figure 6.19a: Androgen receptor immunohistochemistry of Wolffian ducts from
rats exposed to DES in utero and cultured in the presence of 10"8M testosterone
Brown staining is immunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.19b: Androgen receptor immunohistochemistry of Wolffian ducts from
rats exposed to DES in utero and cultured in the absence of testosterone
Brown staining is irnmunopositive for AR
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is (i high power image of the Wolffian duct



Figure 6.20a: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to DES in utero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.20b: Oestrogen receptor a (ERa) immunohistochemistry of Wolffian ducts
from rats exposed to DES in utero and cultured in the absence of testosterone
Brown staining is immunopositive for ERa
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.21a: Smooth muscle a-actin immunohistochemistry ofWolffian ducts
from rats exposed to DES in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.21b: Smooth muscle a-actin immunohistochemistry of Wolffian ducts
from rats exposed to DES in utero and cultured in the absence of testosterone
Brown staining is immunopositive for smooth muscle a-actin
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



' r^: Svjj^TUr"
L*/T££f* i^. I m ?$? >

" ,/• H x * M 7 ' * 1. *♦ <gt
,» »••*««• ok % « , ,? M'?'* bit***&A?> *r.VV*!sP

Figure 6.22a: 5a-reductase type 1 immunohistochemistry of Wolffian ducts from
rats exposed to DES in nfero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.22b: 5a-reductase type 1 immunohistochemistry of Wolffian ducts from
rats exposed to DES in utero and cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 1
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.23a: 5a-reductase type 2 immunohistochemistry of Wolffian ducts from
rats exposed to DES in utero and cultured in the presence of 10 8M testosterone
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct



Figure 6.23b: 5a-reductase type 2 immunohistochemistry of Wolffian ducts from
rats exposed to DES in utero and cultured in the absence of testosterone
Brown staining is immunopositive for 5a-reductase type 2
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.24a: Oestrogen receptor |3 (ER(3) immunohistochemistry of Wolffian ducts
from rats exposed to DES in utero and cultured in the presence of
10"8M testosterone

Brown staining is immunopositive for oestrogen receptor |3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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Figure 6.24b: Oestrogen receptor p (ERp) immunohistochemistry of Wolffian
ducts from rats exposed to DES in utero and cultured in the absence of
testosterone
Brown staining is immunopositive for oestrogen receptor |3
Haemotoxylin stains immunonegative cell nuclei blue
The left hand image is a low power (4x) image of a stained section from a
cultured Wolffian duct, from which two high power (40x) images are shown (A & B).
The areas from which the high power images are taken are indicated by a lettered
bounding box on the low power overview.
* indicates ductal lumen
A is a high power image of the efferent ducts
B is a high power image of the Wolffian duct
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The following table illustrates the immunohistochemical results obtained

using various antibodies on the ducts after 48 hours culture in vitro.

+ Testosterone 10 Control

Efferent Ducts Wolffian ducts Efferent Ducts Wolffian ducts

E S E S E S E S

AR +++ +++ + +++ +++ +++ + +++

ERa + - - - + - - -

o
ER(3 +++ + +++ + +++ + +++ +

o
O

SMactin - +++ - +++ - +++ - +++

5aR 1 ++ - ++ + ++ - +++ +

5aR 2 ++ - ++ - ++ - ++ -

AR +++ +++ + +++ +++ +++ + +++

<1)
TD

"E
ERa - - - - - - - -

ERP - - - - - - - -

CO
+->

Z5
SMactin - +++ - +++ - +++ - +++

LL. 5aR 1 ++ - ++ + ++ - ++ +

5aR 2 ++ - ++ - ++ - ++ -

AR +++ +++ + +++ +++ +++ + +++

ERa - - - - - - - -

DES ERP - - - - - - - -

SMactin - +++ - +++ - +++ - +++

5aR 1 ++ - ++ + ++ - ++ +

5aR 2 ++ - ++ - ++ - ++ -

AR +++ +++ + +++ +++ +++ + +++

ERa + - - - + - - -

DBP ERP ++ + ++ + ++ + ++ +

SMactin - +++ - +++ - +++ - +++

5aR 1 ++ - ++ + ++ - ++ +

5aR 2 ++ - ++ - ++ - ++ -

Table 6.1: Summary table of immunoexpression of various antigens in Wolffian ducts
exposed to one of three different steroid-modulating compounds in utero, or vehicle, and
then isolated from rats on el9.5 and cultured for 48 hours with or without 108M

testosterone: The above scores are based on multiple immunostaining experiments (n=3).
The number of plusses indicates the strength of staining throughout the cultured Wolffian
duct with a maximum of four plusses. The scores are also directly comparable with those in
all other chapters. E - epithelium; 5 - stroma.
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6.4 Discussion

The organ culture experiments performed for this chapter were directly

comparable with those performed in Chapter 5. Exactly the same culture

system was used, and the results obtained from matched control experiments

that were run alongside the ducts from males exposed to each of the three

compounds were identical to those obtained in experiments performed for

Chapter 5.

6.4.1 Flutamide

The present studies used the same flutamide treatment regime as described

by Imperato-McGinley et al (Imperato-McGinley, Sanchez et al. 1992). It was

shown by these authors that at doses of lOOmg/kg day of flutamide, double
the dose used in the present studies, the vas deferens was absent and only

small remnants of the epididymal head and tail were present. However, the

animals were treated up until the day before birth, and assessed once they
had reached adulthood. In the present studies, the animals were dissected on

day el9.5, so treatment was halted two days previous to that of Imperato-

McGinley et al (i.e. on el8.5). When the Wolffian ducts were removed at age

el9.5, they showed no sign of the agenesis reported to occur at later ages by

Imperato-McGinley et al.

Following culture for 48 hours either in the presence or absence of 10 8M

testosterone, the Wolffian ducts from animals exposed in utero to flutamide

grew significantly less than did their matched controls. Previous studies of

Wolffian ducts in culture have emphasised the dependence of the duct on
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androgens (Tsuji, Shima et al. 1991), and the results of the studies described

in chapter 5 were consistent with this.

As flutamide is an anti-androgen, the reduced amount of growth in vitro is

expected as growth of the duct is androgen dependent and androgen action

was antagonised by the flutamide. No change was noted, however, in

expression of the androgen receptor in the Wolffian duct after exposure to

flutamide, and it was shown in previous chapters that testicular testosterone
levels were unaffected by the exposure to flutamide.

As flutamide was only administered in vivo, and not once the ducts had been

dissected and placed in culture, one explanation for the reduced in vitro

growth of flutamide exposed ducts is that flutamide was still bound to the

androgen receptor after dissection and thus continued to antagonise

androgen action even when the ducts were in culture even when exogenous

testosterone was added.

It is also possible that exposure to flutamide in utero had the effect of

delaying growth and differentiation due to its anti-androgenic action. This

would have the effect of causing the isolated duct to be 'younger' than a

control duct, and therefore subsequent in vitro growth would be

compromised, irrespective of whether flutamide was still present in the duct.

The most stunning result noted following the culture of ducts isolated from

fetuses exposed to flutamide was the total loss of immunodetectable ERa and

ER|3. It is possible that this loss of immunoexpression is simply caused by
inherent limitations of the in vitro culture system. This, however, would not
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explain why it only occurs in ducts exposed to flutamide or DES, not DBP,

and why it only becomes apparent after 48 hours in culture. Alternatively,
the loss of oestrogen receptor expression may contribute to the observation
that ducts isolated from rats exposed to either flutamide or DES to show less

growth in culture. In chapter 5 it was shown that the efferent ducts were

important for in vitro growth. Removal of the efferent ducts caused death of

the Wolffian ducts in culture when no testosterone was supplemented in the

media, and caused the Wolffian ducts to grow significantly less than control
ducts if testosterone was supplemented.

It was suggested in chapter 5 that this reduction in in vitro growth resulted

from reduced fluid production/flow along the Wolffian duct. This assumed

that the efferent ducts were secreting fluid in fetal life as opposed to

absorbing fluid as in adulthood. This is not an unreasonable assumption: it

simply requires reversion of the adult polarity of the epithelial cells.

A further assumption is that ERa plays a role in fluid production as it does in
fluid absorption in adulthood (Oliveira, Zhou et al. 2002). If this is the case,

and it seems highly probably as the efferent ducts strongly express ERa in
fetal life, it follows that loss of ERa expression in the efferent ducts will
reduce fluid production and will therefore reduce Wolffian duct growth in

the same way as removing part of the efferent ducts.
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6.4.2 Di(n-butyl)phthalate

Following culture for 48 hours both in the presence or absence of 108M

testosterone, Wolffian ducts isolated from males exposed in ntero to DBP

grew significantly less than did their matched, unexposed controls.

It was shown in Chapter 4 that in litero exposure to DBP significantly
lowered intratesticular testosterone levels. Other studies have also noted a

lowering of intratesticular testosterone levels after exposure in litero to DBP

(Foster, Mylchreest et al. 2001; Mylchreest, Sar et al. 2002), or to another
similar phthalate, DEHP (Parks, Ostby et al. 2000). At age e21, Mylchreest et
al noted reduced AR immunostaining in some ducts of the epididymis using
the same DBP treatment schedule (Mylchreest, Sar et al. 2002). However, in

the present studies, no obvious reduction in AR immunoexpression was

noted. As the Wolffian duct was shown to be dependent on androgens for its

growth and differentiation both in Chapter 5 and in other studies (Tsuji,

Shima et al. 1991), the reduced growth seen in those ducts exposed in utero to

DBP compared with matched unexposed controls can be explained by a

reduction in the amount of testosterone supplied to the duct by the fetal
testis during its development in utero. In Chapter 5 it was postulated that
fluid flow along the duct allowed some testosterone to be retained within the
ductal lumen after the duct was dissected from the fetus. It was postulated

that it is this residual testosterone which causes the 'constitutive' growth

observed in ducts cultured in the absence of testosterone, whereas it was

initially expected that the ducts would fail to grow in the absence of
testosterone as indicated by the death of ducts cultured with flutamide in
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Chapter 5. Thus the fact that DBP significantly reduces intratesticular
testosterone means that there will be less residual testosterone present in the

dissected ducts, and this would account for the reduced in vitro growth that

they exhibit.

It is also possible that, as with flutamide above, the reduction in androgen

signalling had the effect of delaying growth and differentiation. This would
have the effect of causing the isolated duct to be 'younger' than a control

duct, and therefore subsequent in vitro growth would be compromised.

6.4.3 Diethylstiiboestrol

In the present studies, DES treatment was administered on alternate days
from gestation day el3 to el7 according to the protocol used by Haavisto et al

(Haavisto, Nurmela et al. 2001). DES exposure, as with flutamide and DBP,

was shown to reduce the extent of in vitro growth in the present culture

system.

However, exposure of fetuses to DES had no effect on the levels of
intratesticular testosterone (Chapter 4), although previous studies have
shown a reduction in testicular testosterone levels when the same treatment

regime was used (Haavisto, Nurmela et al. 2001). No change in the

immunoexpression of AR was apparent before culture (DES exposure,

chapter 4), or after 48 hours in culture. Thus, the effect that DES has is more

likely to be due to its action through the oestrogen receptors, of which ER(3
has been shown to be expressed throughout the Wolffian duct.
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In Chapter 4, the most significant effect of exposure of developing Wolffian

ducts was an upregulation of immunoexpression of smooth muscle a-actin in

a stromal cell layer surrounding the epithelial cells in the distal portions of
the Wolffian duct. In the prostate, the onset of smooth muscle a-actin

expression proceeds temporally from proximal to distal locations (Hayward,

Baskin et al. 1996), and our observations in Chapter 3 appeared to suggest

that this also happened in the Wolffian duct. Due to this gradual

upregulation of expression along the duct as development progresses,

smooth muscle a-actin expression may perhaps be a marker of
differentiation of periductal stromal cells, much like it is a marker of

differentiation of peritubular myoid cells in the testis (Tung and Fritz 1990).

This has been observed in the rat prostate as neonatal exposure to high doses

of oestrogens in the rat results in permanent suppression of prostate growth.
In particular, stromal differentiation and organisation was disrupted, and a

discontinuous smooth muscle layer was observed around the epithelial ducts

(Jarred, Cancilla et al. 2000).

The reduced growth in vitro of the Wolffian ducts isolated from animals

exposed to DES in utero can perhaps be explained by a premature

differentiation of the developing periductal cell layer, as indicated by the

early upregulation of smooth muscle a-actin. The development of the

smooth muscle layer might then act as a restrictive shell, set around the ducts
and thus limiting the stromal-epithelial cell interaction that appears to be an

integral part of Wolffian duct differentiation (Cunha, Shannon et al. 1981;

Cunha, Alarid et al. 1992)
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As with flutamide above, it is possible that the loss of both ERa and ER|3

immunoexpression is simply a consequence of the in vitro culture system, but

this is unlikely as it would not explain why it only occurs in ducts exposed to

flutamide or DES, not DBP, and why it only becomes apparent after 48 hours

in culture. There are no equivalent reports in the literature, although in some

neonatal studies, DES treatment altered the expression of ERa but not ER|3 in
the epididymis and vas deferens of the rat (Atanassova, McKinnell et al.

2001).

In section 6.4.1 above, it was suggested that the reduced in vitro growth seen

in ducts isolated from fetuses exposed to flutamide was caused by the

ablation of ERa signalling in the efferent ducts. It is likely that the reduced in
vitro growth seen in ducts isolated from fetuses exposed to DES may also be

due to loss of expression of ERa.

6.4.4 Conclusions

Each of the three steroid-modulating compounds administered to pregnant

female rats shared one effect in common on the Wolffian ducts isolated from

the developing male fetuses exposed to the compounds. In each case, the

extent of in vitro growth was reduced by in litero exposure to each of the

compounds.

In the case of Flutamide, androgen action is blocked at the receptor level.

With DBP, androgen action is reduced by lowering the amount of
testosterone produced by the fetal testis. In both these cases, the effect on in
vitro growth is presumed to be due to the developing Wolffian duct being
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deprived of testosterone signalling. Whether this causes the duct to be

developmentally delayed and it is this that causes the reduced in vitro

growth, cannot be established within the framework of these studies.

In litero DES exposure, however, has no effect on androgen signalling or

testosterone levels. Its effects may be due to the direct action of oestrogens

through the oestrogen receptors that have been shown to be expressed

throughout the developing Wolffian duct, and the effects the present studies

have been shown to have on the immunoexpression of smooth muscle a-

actin.

The cause of the loss of ERa and ER|3 immunoexpression following culture of

ducts exposed to flutamide or DES remains unexplained. Studies in earlier

chapters of this thesis showed that the receptors were expressed at the time

of isolation. Further studies, perhaps involving the use of oestrogens and

oestrogen receptor antagonists, are needed to try to help explain this

inconsistency. However, the results of this loss, i.e. the reduced in vitro

growth following isolation of the ducts can be explained by comparison with
what was seen in chapter 5 when efferent ducts were removed. Removal of

efferent ducts caused restricted in vitro growth, and the epithelium of the
efferent ducts is the only site that shows ERa immunoexpression. Thus, it

appears that oestrogen action through ERa in the efferent ducts is important

for in vitro growth, and that either removal of the efferent ducts or ablation of

the ERa signal in the efferent ducts will cause reduced in vitro growth. The

assumption is that the efferent ducts act as fluid producing and pumping

area in fetal life in order to maintain patency of the ductal lumen during
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development as opposed to the fluid resorption role played in adult life,
which is regulated through the oestrogen receptor (Oliveira, Zhou et al.

2002).

Two facts remain unexplained, however. Firstly, the specific mechanism by
which both flutamide and DES, two very different compounds, act to remove

ERa and ER|3 immunoexpression. Secondly, the fact that this loss of

immunoexpression of oestrogen receptors is only seen following 48 hours in

culture, and not in those ducts freshly isolated following in utero exposure to

the fetuses, as described in chapter 4. It is possible that on el9.5, the age that
Wolffian ducts were isolated in chapter 4 following exposure, expression had

begun to weaken, but that the immunohistochemical technique used was not

sensitive enough to detect the beginnings of ablation at this early stage.

Following the discovery of this result, immunohistochemical findings from

chapter 4 were re-examined in order to determine if the beginnings of a

decrease in immunoexpression were detectable, but they were not. Chapter 7
will discuss further studies which could be undertaken to further elucidate

how the decrease in ERa and ER|3 immunoexpression comes about.

256



7 General Discussion

7.1 Introduction

The aims of this work were threefold:

4. to establish an in vitro culture system of the ratWolffian duct,

5. to elucidate the role of androgens in the development and
differentiation of the Wolffian duct from day el9 onwards, and

6. to examine the impact of steroids and steroidogenic compounds on

protein expression in the developing Wolffian duct.

A number of techniques were employed in order to address these objectives.
In chapter three, immunohistochemistry was used to examine and define

patterns of protein expression in the developing Wolffian duct. In particular

expression of the steroid receptors (androgen receptor, oestrogen receptors a

and (3), the 5a-reductase enzymes types 1 and 2, and the muscular protein

smooth muscle a-actin were all determined in the developing rat Wolffian
duct from day el9.5 to dO. These data provided a reference against which

changes in immunoexpression could be ascertained following exposure to

steroid-modulating treatments or after development in vitro.

Chapter 4 examined the effect of three different steroid-modulating

compounds. In this case, in addition to the immunohistochemical endpoints

examined, an assay was performed to examine the effect of steroid-

modulating treatment on intra-testicular testosterone levels.

The first aim listed above of the present studies was to establish an in vitro

organ culture system for the rat Wolffian duct, and in chapters 5 and 6, such
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a system was developed. One of the endpoints used was specifically

developed to quantify the amount of in vitro growth that the Wolffian ducts
underwent once they were placed in medium. The measurement system

devised allowed the increase in length of the ducts, and therefore the growth,

to be consistently and accurately quantified to ensure that the in vitro culture

system worked accurately and reproducibly.

The second and third aims of the present studies were inextricably linked.

Indeed, one of the methods used to elucidate the role of androgens in the

developing Wolffian duct (the second aim), was to disrupt androgen

production and action using steroid-modulating compounds (as described in
the third aim). The in vitro culture system was also a useful tool in

elucidating the role of androgens, as it allowed changes in the growth of the
Wolffian ducts to be monitored when the supply of androgens was

modulated.

7.2 Summary of results

7.2.1 In vivo treatments

The following table summarises the main results noted following the in litero

exposure to each of the three steroid-modulating compounds:
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Changes Noted
Flutamide

Compound Used
DBP DES

Ano-genital distance 4<

Testicular descent Slightly
undescended

Slightly
undescended

Normal

Testosterone levels Unchanged 4,^4I Unchanged
Immunoexpression 5aR1 4>4< EffD Epi 5aR1 4* EffD Epi 5aR1 4-* EffD Epi

5aR1 4*4* Caput Epi
5aR1 Corpus Epi
5aR1 Cauda Epi

AR Cauda Stroma AR ^ Cauda Epi AR Cauda Stroma
AR <f« Vas Stroma
SMa Cauda
SMa Vas

Table 7.1: Summary of all changes induced by in utero exposure to each of three steroid-
modulating compounds. ^ indicates an increase, 4' indicates a decrease. The number of
arrows indicates the degree of increase or decrease. 5«R1 indicates 5a-reductase type 1. AR
indicates androgen receptor. SMa indicates smooth muscle a-actin

7.2.2 In vitro organ culture

The results from the in vitro organ culture cannot be tabulated so easily.

However, the following bullet points illustrate the main findings of the in
vitro system:

• Testosterone at a concentration of 108M in the culture medium

increased the amount of in vitro growth seen after 48 hours.

• The amount of in vitro growth varied in a dose responsive manner

with concentrations of testosterone from 10~8M to 1011M. At the lowest

concentration, the growth observed was the same as that for control

(no testosterone).

• The presence or absence of testosterone in the culture medium had no

effect on the immunoexpression of any of the markers examined.
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• The presence of 17f3-oestradiol at concentrations from 10 8M to 10_nM

in the culture medium did not affect in vitro growth.

• The AR antagonist flutamide, when present in the culture medium at

lOpM, stopped growth of the duct. The lumen of the duct collapsed

within 48 hours.

• The presence of finasteride in the medium reduced growth in the

absence of testosterone, but not in a statistically significant manner.

• Ducts with half of the efferent ducts removed showed reduced in vitro

growth. When the entire efferent ducts were removed, and there was

no testosterone added, the ducts did not grow at all.

7.2.3 In vitro organ culture following in utero exposure to

steroid-modulating compounds

• In utero exposure to each of the three compounds caused subsequent

impaired in vitro growth, both in the presence and absence of

testosterone.

• Despite the in utero exposure causing no change to oestrogen receptor

expression when freshly isolated, subsequent in vitro culture (either in
the presence of absence of testosterone) following in utero exposure to

either flutamide or DES caused the immunoexpression of both ERa

and ER|3 to be abolished.
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7.3 The roie of androgens in the development of the

Wolffian duct

The androgens testosterone and dihydrotestosterone are the principal male
sex hormones, and have important functions in both fetal and adult life

(George and Wilson 1994; Sharpe 1994; Habert, Lejeune et al. 2001).

Testosterone is required in males for the stabilisation of the developing
Wolffian duct, and its subsequent differentiation into epididymis, vas

deferens and seminal vesicles (George and Wilson 1994; Gilbert 1994; Ostrer

2000). In the rat fetus, production of testosterone by fetal Leydig cells begins

on about day el5.5, and levels then rise rapidly to reach a peak on day el8.5,

and remain at a level just below this peak throughout the remainder of fetal
life (Picon 1976; Feldman and Bloch 1978; Majdic, Saunders et al. 1998).

An in vitro organ culture system allowed the androgen environment of the
Wolffian ducts to be directly modulated by varying the amount of

testosterone present in the culture medium. The culture system allowed

quantifiable growth of the Wolffian duct to occur in a consistent and

comparable (with control cultures) manner. It was found that the Wolffian

duct, once isolated at el9.5, responded in a dose dependent manner to the

presence of testosterone with increased growth. However, growth occurred

'constitutively' even if there was no testosterone added to the medium. This

suggested that the ducts were unreliant upon androgens, although when

flutamide, the anti-androgen, was added to the culture medium, the ducts

failed to differentiate and soon died. Thus, it seems likely that the ducts carry
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a small amount of residual androgen in their lumen having been isolated
from the fetus, and this is enough to maintain them in vitro.

It is possible, of course, that the concentration of flutamide used simply had a

non-specific toxic effect on the Wolffian ducts. Further studies are needed to

determine if an extremely high dose of testosterone, or even the more potent

reduced form DHT, can rescue a Wolffian duct in vitro when flutamide is

present in the media. However, other culture systems have used

concentrations of flutamide in the same order of magnitude used in the

present studies, with no non-specific toxic effects observed (Simard, Luthy et

al. 1986; Hallowes, Cox et al. 1991).

When finasteride, a 5a-reductase inhibitor, was added to the culture medium

in the presence of testosterone, it had no effect. If added in the absence of

testosterone, it reduced the amount of in vitro growth, albeit at a statistically

insignificant level. It is therefore possible that the small amount of
testosterone present in the lumen of the duct following isolation is reduced in
vitro by 5a-reductase enzymes to DHT, which elicits a similar level of in vitro

convolution of the Wolffian duct at a concentration 10 times less than

testosterone (Tsuji, Shima et al. 1991). This is not necessarily what occurs in

vivo, as there is normally plenty of testosterone, although both 5a-reductase

isotypes are expressed throughout the Wolffian duct, perhaps as a 'fail-safe'

back-up system.

In terms of future work, these studies could be repeated with more repeats in

order to ascertain if the depression of growth becomes statistically

significant. In addition, it could be determined if the changes in 5a-reductase
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immunoexpression truly act as part of a 'fail-safe' system by incorporating

the use of finasteride into the in vivo studies, to establish if similar changes in

5a-reductase expression occur when Wolffian ducts are exposed in an in vivo

situation.

In the present studies, two further methods were used in vivo to modulate

androgen action on the developing fetal rats: exposure to the anti-androgen

flutamide, and exposure to the phthalate di-n-butyl phthalate (DBP). In the

case of flutamide, the treatment was administered from day el5 to el8, and

with DBP from day el3 to el8. These treatment schedules were chosen to

match previous studies which successfully modulated androgen action

(Imperato-McGinley, Sanchez et al. 1992; Mylchreest, Wallace et al. 2000). In
both cases, the treatment schedules encompassed the commencement of
testosterone production by the fetal testis.

Flutamide acts by blocking androgen action at the androgen receptor (Peets,

Henson et al. 1974), whilst DBP reduces intratesticular testosterone levels as

shown in the present studies, via its metabolite MBP as shown in earlier
studies (Shono, Kai et al. 2000). Therefore the effect of both treatments is to

reduce the amount of androgen signal through the AR, either by reducing
the amount of androgen entering the duct directly from the testis in the case

of DBP exposure, or reducing the androgens' ability to signal through the AR
in the case of flutamide.

In both cases, upon initial dissection of the rat fetuses at day el9.5, the testes

appeared slightly undescended. Cryptorchidism has been noted in previous

studies following exposure to both flutamide (Spencer, Torrado et al. 1991;
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van der Schoot 1992; Mclntyre, Barlow et al. 2001) and DBP (Mylchreest, Sar

et al. 1999; Shono, Kai et al. 2000). Interestingly, cryptorchidism has also been
associated with in utero exposure to DES (Emmen, McLuskey et al. 2000),

mediated by a decrease in expression of Insulin-like factor 3 (Insl3), which is

expressed in fetal Leydig cells and appears to play an important role in the
transabdominal phase of testis descent. This was not noted in the present

studies, where DES exposure did not noticeably affect testis descent despite
the dose of DES being identical to that used by Emmen et al (Emmen,

McLuskey et al. 2000). The treatment schedule used by Emmen et al. however

commenced earlier (e9 rather than el3 in the present studies) and DES was

administered daily rather than on alternate days as in the present studies.

The freshly isolated Wolffian ducts appeared grossly normal following

exposure to either flutamide or DBP in vivo. In previous studies doses of
flutamide of 100 mg/kg/day were administered and these were reported to

cause agenesis of the vas deferens and most of the epididymis when

evaluated in adulthood (Imperato-McGinley, Sanchez et al. 1992). The

present studies utilised a dose of flutamide (50mg/kg/day), chosen because it
was the highest dose shown to not cause agenesis of the duct in a previous

study (Mclntyre, Barlow et al. 2001). Our data showed that the appearance of
the duct was grossly normal on day el9.5 consistent with these findings.

However, in other studies using the same dosage of DBP as in the present

experiments, the epididymis was absent or underdeveloped in 40-50% of
adult offspring at 100 days of age (Mylchreest, Cattley et al. 1998; Mylchreest,
Wallace et al. 2000). Initially this may seem to be a contrary result, but the

present studies examined the duct of a recently exposed fetus, rather than
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that of an adult following in litero exposure as a fetus, as in the studies by

Mylchreest et al, so comparisons are difficult.

In fact, the findings of Mylchreest et al. may be compatible with the present

studies. In the in vitro culture system, following in utero exposure to DBP or

flutamide, the ducts showed less growth than unexposed controls. This may

indicate the beginnings of underdevelopment which, if allowed to continue

in vivo to adulthood, would mirror the findings of Mylchreest et al. The ducts
are removed just prior to their differentiation, as induced by the peak in

androgen production on el8 (Weisz and Ward 1980; Baum, Woutersen et al.

1991). Therefore, it can be expected that on day el9.5, before any androgen
induced convolution and differentiation has taken place, that a reduction in

androgen action would have little effect, but rather would affect any

subsequent development and differentiation induced by androgens.

However, it has been proposed that growth of the Wolffian ducts prior to

day el9.5 is dependent upon androgen action, as in the AR knockout

(ARKO) mouse, the epididymis fails to develop as the Wolffian duct is not
stabilised (Yeh, Tsai et al. 2002), although fetal samples were not examined
and thus degeneration of Wolffian derived structures may have occurred at a

later point prior to their examination. In addition, in the absence of

testosterone, the Wolffian ducts regress (Jost, Vigier et al. 1973), and the

external genitalia develop as in the female. However, in the case of both
flutamide and DBP it appears that sufficient amounts of androgen reach the

duct for its stabilisation, most likely as testosterone is delivered directly via
the lumen of the duct (Tong, Hutson et al. 1996).
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7.4 The impact of steroid-modulating compounds on

protein expression in the Wolffian duct

In the present studies, the in litero androgen environment was modulated by

administering compounds to pregnant dams during the period of gestation

important for male sexual differentiation (Picon 1976; Feldman and Bloch

1978).

Three steroid modulating compounds were used in the present studies, each
of which acts via a different pathway: flutamide, an anti-androgen which acts

via the AR (Peets, Henson et al. 1974), di-n-butyl phthalate (DBP), a

compound used in the manufacture of plastics (Graham 1973) which has
been shown to interfere with masculinisation in a dose-dependant manner

(Mylchreest, Cattley et al. 1998; Mylchreest, Sar et al. 1999), and finally

diethylstilboestrol (DES), a potent synthetic oestrogen. Although DES is not

an androgen or an anti-androgen, it has recently been suggested that it is the
balance between androgens and oestrogens, rather than the absolute level of

androgens, that is the most important factor in development of the

reproductive tract (Rivas, Fisher et al. 2002). Several studies in newborn and
neonatal rats have shown that DES treatment suppresses androgen receptor

(AR) expression as well as testosterone levels (McKinnell, Atanassova et al.

2001; Williams, McKinnell et al. 2001; Rivas, Fisher et al. 2002). In the present

studies however, AR expression actually increased in the stroma of the cauda

epididymis and vas deferens following in utero exposure to DES.
Testosterone production was unaffected by exposure in utero to DES,

contrasting with studies showing depressed testosterone levels in fetal
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(Haavisto, Nurmela et al. 2001), neonatal (Williams, McKinnell et al. 2001),

and adult life (Atanassova, McKinnell et al. 1999). It is notable that the

treatments used were identical to those of Haavisto et al.

This discrepancy remains unexplained. Strain differences in the animals used

(Wistar rats in present studies, Sprague-Dawley rats in Haavisto et al 2001

studies) are an obvious possibility. Another potentially important difference
between the studies is that the rats in the present studies were maintained on

a soy-free diet. Soy contains phytoestrogens (Dwyer, Goldin et al. 1994;

Reinli and Block 1996) which may interfere with the results of any studies
based on the administration of oestrogens.

There was a decrease in immunoexpression of 5a-reductase type 1 in the

epithelium of the efferent ducts following in litero exposure to each of the

three compounds. As each of the three treatments resulted in reduced in vitro

growth after isolation, this decrease in immunoexpression may simply be a

sign that the ducts all undergo a delay in maturation, resulting in a delay in

expression of 5a-reductase type 1 protein.

Androgen receptor immunoexpression showed an apparent increase with

exposure to each of the three compounds. Some reports in the literature

suggest both DBP and flutamide exposure reduce AR immunostaining

(Mylchreest, Sar et al. 2002), although ducts were examined at age e21.5

rather than el9.5 as in the present studies. This again may be the result of the
effects of in utero exposure only becoming apparent after the epididymis
starts to differentiate on or after el9.5.
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One of the most significant finding of the present studies involving in litero

exposure to DES was the notable upregulation of smooth muscle a-actin in

the portion of the duct distal to the testis (prospective cauda and vas

deferens). It has already been established in the prostate that the onset of

smooth muscle a-actin expression advances with time from proximal to
distal locations (Hayward, Baskin et al. 1996). Smooth muscle a-actin

expression is considered a marker of differentiation of peritubular myoid
cells in the testis (Tung and Fritz 1990). It also seems that it can be viewed as

a marker of differentiation in the developing epididymis, as the onset of its

expression coincides with the androgen mediated differentiation of the

Wolffian duct which follows the peak of testosterone production by the fetal
testis between days el8.5 and e20.5.

One possibility is that the DES treatment used in the present studies caused

premature differentiation of the stromal cells surrounding the Wolffian duct

epithelium. The consequences of this are likely to be a reduction in

convolution of the epididymal portion of the Wolffian duct, as seen for the

epididymis in rats treated neonatally with DES (Atanassova, McKinnell et al.

2001). The mechanism by which the upregulation of immunoexpression of
smooth muscle a-actin occurs remains to be established. Past consensus

indicated that neonatal DES treatment effects on androgen dependent tissues

were indirect, resulting from suppression of gonadotropin secretion by the

pituitary gland (Bellido, Pinilla et al. 1990), although studies detailed above

(Atanassova, McKinnell et al. 1999; Haavisto, Nurmela et al. 2001; Williams,

McKinnell et al. 2001) suggest that in some cases it may be due to a down-

regulation of AR expression. In the present studies, having shown expression
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of ER|3 throughout the Wolffian duct, it is of course possible that DES effects
are mediated directly via the oestrogen receptor, as has already been shown
in the prostate (Jarred, Cancilla et al. 2000), where a similar alteration of

smooth muscle a-actin expression was noted.

When ducts exposed to each of the three compounds in litero were then

placed into the in vitro organ culture system, they showed reduced in vitro

growth compared to unexposed controls. In section 7.3 above, it was

suggested that in the case of both flutamide and DBP exposure, this reduced

growth was a consequence of delayed development of the Wolffian duct, due

to a lack of androgen signalling. This however, does not explain the reduced

growth seen in the Wolffian ducts removed from fetuses exposed to DES.
The results of the present studies suggest that the growth of the ducts and

the differentiation of the peri-epithelial stromal cells, as distinguished by

immunoexpression of smooth muscle a-actin, are mutually dependent. Thus,

once the peri-epithelial cells have begun to differentiate, an occurrence which

appears to be expedited by in litero exposure to DES, it appears that further

growth and convolution of the duct is hindered. The layer of smooth muscle

which develops around the duct may 'fix' the ducts within the structure of

the epididymis.

Another possibility is that the layer of smooth muscle surrounding the

epithelium interferes with the mesenchymal/epithelial signalling which is

believed to play such an important role in the development of androgen

dependent reproductive tissues (Cunha, Shannon et al. 1981; Cunha, Alarid
et al. 1992). Similar increases in smooth muscle proliferation are seen in the
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prostate (Jarred, Cancilla et al. 2000) in the absence of reduced androgen

signalling, and it is possible that here also it is the result of reduced

signalling to the epithelium by the mesenchymal tissue.

Once the exposed ducts have been cultured in vitro for 48 hours, they were

stained for the standard immunohistochemical markers that have been used

throughout the present studies. Most immunohistochemical markers

appeared unchanged, except that those ducts which had been exposed in
utero to flutamide or DES and then cultured for 48hrs lost immunoexpression

of both ERa and ER|3. It would be simple to suggest that this loss is due to

the limitations of the in vitro culture system, but this would not explain why
it only occurred in ducts exposed to flutamide or DES, and not DBP, and

why it only became apparent after 48 hours in culture. As was discussed in

chapter 6, the fact that ERa immunoexpression was lost in the efferent ducts

may provide an explanation as to how the amount of in vitro growth was

reduced in Wolffian ducts isolated from fetuses exposed to either flutamide
or DES. In chapter 5 it was shown that the efferent ducts were important for
in vitro growth. Removal of the efferent ducts caused death of the Wolffian

ducts in culture when no testosterone was supplemented in the media, and
caused the Wolffian ducts to grow significantly less than control ducts if
testosterone was supplemented. The supposition was that this reduction in in

vitro growth resulted from a reduced amount of fluid production/flow along
the Wolffian duct, assuming that the efferent ducts secrete fluid in fetal life as

opposed to absorbing fluid as in adulthood. This is not an unreasonable

assumption: it simply requires reversion of the adult polarity of the epithelial
cells. A further assumption is that ERa plays a role in fluid production as it
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does in fluid absorption in adulthood (Oliveira, Zhou et al. 2002). This seems

highly probably as the efferent ducts strongly express ERa from earlier in
fetal life as shown in chapter 3, and it therefore follows that loss of ERa

expression in the efferent ducts will reduce fluid production and might
therefore reduce Wolffian duct growth in the same way as removing part of
the efferent ducts.

An unexplained aspect of the present studies is the fact that there is no

evidence in chapter 4 to suggest that exposure to either flutamide or DES
caused ablation of either ERa or ER|3 immunoexpression upon isolation of
the Wolffian duct at el9.5. The ablation is only apparent following 48 hours
in culture, as described in chapter 6. It is possible that the reduction in

immunoexpression is only just beginning on day el9.5 and is therefore

undetectable by the methods used in the present studies. Alternatively,
treatment may reduce mRNA levels which only results in a reduced amount

of protein after 48 hours in culture. Thus, further studies could be performed

to examine mRNA levels in the Wolffian duct at the time of isolation, for

example using a quantitative PCR method such as the Taqman. Also,
Wolffian ducts could be isolated at later ages than el9.5 in order to determine
if the loss of ERa or ER|3 immunoexpression occurs in vivo and if so, at what

age it does occur. As the loss of immunoexpression of oestrogen receptors

was associated with reduced growth in culture, it may even caused

degeneration of the Wolffian duct if the duct is left in vivo following

exposure.
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Further studies on the role of oestrogens in Wolffian duct development could

evolve the use of antagonists specific for ERa or ER|3 (Sun, Baudry et al.

2003) could be incorporated into both the in vivo and in vitro studies. In the

case of in vitro studies, it would help to determine if it is the lack of signalling

through the ablated oestrogen receptors that causes reduced in vitro growth
seen in Wolffian ducts isolated from fetuses exposed to either flutamide or

DES. In vivo administration of anti-oestrogens would help determine the

importance of oestrogen action on development of the Wolffian duct

7.5 Further studies

The studies described in this thesis have raised a number of issues which due

to time constraints and other considerations could not be investigated. Many
of the possible further studies have been described above, and are

summarised here:

• Detection of ERa and ER(3 mRNA levels in freshly isolated ducts from
both control and treated animals.

• Removal of Wolffian ducts at time points later than el9.5 to establish if
ERa and ER(3 immunoexpression is lost in those ducts isolated from

rats exposed to either DES or flutamide in litero.

• Repetition on a larger scale of the studies of the effect of finasteride on

in vitro growth of the Wolffian duct.

• Use of selective ERa and ER|3 antagonists in vitro to determine if

blockage of oestrogen action through ERa or ER|3 in the efferent ducts
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restricts in vitro growth, thus elucidating the mechanism by which

removal of the efferent ducts affects in vitro growth

• Use of anti-oestrogens in vivo to determine the importance of

oestrogen action on development and function of the efferent ducts.

Additionally, the immunohistochemical studies described throughout this

thesis could be further enhanced by using the Western blots to quantitatively

measure changes in protein expression levels caused by in litero exposure to

the three compounds used in the present studies. In the present studies,

immunohistochemical evaluation of protein expression allowed large scale

changes in protein expression to be evaluated, and more importantly the

spatial distribution of changes could be elucidated. Western blots would
allow changes in protein expression to be accurately quantified, but the

disadvantage of this technique is that the spatial distribution is less easily
measured. The Wolffian duct could be separated into initial segment, caput,

corpus, cauda and vas deferens and changes along the length of the duct

measured, but there would be no way of separating changes in protein

expression in the epithelial cells, from those in the stromal cells. The present

studies have shown the importance of differences in stromal and epithelial

expression, although a combined approach including both

immunohistochemical data and Western blots would improve

understanding of Wolffian duct development. As Western blots are more

sensitive that immunohistochemistry and are quantitative, they would also
be useful in determining much smaller changes in protein expression, such

as possible changes in ERa and ER|3 protein expression which may be
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occurring in Wolffian ducts isolated from fetuses exposed to flutamide or

DES in utero, which in the present studies are only detectable as a complete

ablation following 48 hours in culture.

In addition to quantifying the changes in protein expression, an approach

such as the Taqman, a real time PCR system which allows changes in gene

expression to be measured quantitatively. This would allow evaluation of

whether the changes in protein expression noted in the present studies are

caused by an alteration in gene expression, or post-transcriptional
modification. These studies could be combined with the use of laser-capture

microscopy, a technique which allows individual cells or cell populations to

be specifically isolated in order to extract their mRNA. Thus, the epithelial

and stromal cell populations could be specifically isolated in order to dissect

the effects of the various treatments on the two compartments.

7.6 Conclusions

The studies described in this thesis reinforce the belief that androgens, in

particular testosterone, are supremely important in the development of the
Wolffian duct. In utero exposure to anti-androgenic compounds, while not

grossly altering the Wolffian duct upon isolation on day el9.5 (prior to the

androgen induced convolution of the duct), seriously affects the subsequent

growth and differentiation in vitro. The in vitro organ culture system

described has also illustrated the dependence of the Wolffian duct upon

androgen signalling. When androgen action is restricted, either by blocking
the receptor with flutamide or reducing androgen production with DBP, the
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development of the Wolffian duct is held back, and subsequent in vitro

growth is compromised.

The present studies also help to illuminate the way in which oestrogens

affect the development of the Wolffian duct. In vitro, they had no effect on
Wolffian duct development, but in utero they caused early differentiation of
the duct and restricted further in vitro growth.
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