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Abstract
The commonest reproductive disorders of young meamegly low sperm counts,

testicular germ cell cancer) may originate in fdife similar to established disorders
(cryptorchidism, hypospadias) that manifest athbifthese disorders are interlinked and
may comprise a testicular dysgenesis syndrome (T®$8pncept supported by animal
model studies. The latter have identified the jikéime-frame within which TDS
disorders may be induced, namely within the saedalhasculinisation programming
window (MPW). During this critical period, suffiai testosterone (androgen) must be
produced by the fetal testis to program the majgoductive tract so that it will
differentiate and grow normally after the MPW. Intpd androgen production or action
within the MPW can result in smaller reproductivgans and their abnormal formation

and function (e.g. cryptorchidism, hypospadias).

The MPW is thus of fundamental importance in deteimg normal, or abnormal, male
reproductive development and function for latee.liThere are two big unanswered
guestions about the MPW. First, what determinefinigig? Second, what mechanisms
are controlled by androgens specifically withinstiime-window and not at later time
points? Three approaches were undertaken to adtheefisst question experimentally in
rats. First, investigation of whether the avail@pilof androgens and or androgen
receptors (AR) plays a role in determining the owseopening’ of the MPW. Second,
investigation of whether the expression of AR cgdtators was a factor in determining
androgen sensitivity during the MPW. Third, invgation of whether prostaglandins
played a role in mediating androgen action in theW) as studies in the 1980s had
suggested this possibility. To address what meshaiare controlled by androgens
specifically within the MPW, the expression of stéel genes in the genital tubercle was
investigated before, during and after the MPW itudes that had been exposed to
treatments that modulated androgen action. Setecfigenes was based on microarray

studies and data reported in the literature (iglickte genes).



The studies reported in this thesis show that ae#lvailability of androgens nor the AR
are important in determining onset of the MPW, g@nadviding exogenous androgens
either prior to or during the MPW does not advaacenhance masculinisation. These
studies also showed that females may have a sligiterent window of susceptibility
to androgen action than do males. Key AR co-regtdahave been characterized in the
male reproductive tract for the first time, twowliich (BRG1, CBP) show changes in
expression through development of the testis ctardisnvith a role in Sertoli cells.
Another AR co-regulator, RWDD1, was found to switifhin the absence of androgen
action in the genital tubercle, pointing to a pamrole during and/or after the MPW.
Studies involving gestational exposure to indomathga compound which inhibits
prostaglandin synthesis) during the MPW showed netedable effect on
masculinisation. Finally, evaluation of candida&gngs for mediating androgen action in
the genital tubercle during the MPW, failed to itigntheir key involvement, thus they

are unlikely to be involved in penis developmend disorders such as hypospadias.
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Abbreviations

Abbreviation Definition

Mg Microgram

3B-HSD 3$-hydroxysteroid dehydrogenageb-4 isomerase
178-HSD 1B-hydroxysteroid dehydrogenases
AF1 Activation function 1

AF2 Activation function 2

AGD Anogenital distance

AMH Anti-Mullerian hormone

AR Androgen receptor

ARE Androgen responsive elements
ARKO Androgen receptor knockout

BRG1 Brahma related gene 1

CAIS Complete androgen insensitivity syndrome
CAH Congenital adrenal hyperplasia
cAMP Cyclic adenine mono-phosphate
CBP CREB binding protein

CREB cAMP response element binding
COX Cyclooxygenase

DAB 3,3 DiAminobenzidine

DAX Dosage-sensitive sex reversal

DBP DI (n-butyl)phthalate

DES Diethylstilboestrol

Dhh Desert hedgehog

DHT Dihydrotestosterone

DMSO Dimethyl sulphoxide

DNA Deoxyribose nucleic acid

DNMT DNA methyl transferase

DNMT1 DNA methyl transferase 1
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DNMT3A DNA methyl transferase 3A

DNMT3B DNA methyl transferase 3B

DNMT3L DNA methyl transferase 3L

e Embryonic day

ERa Oestrogen receptor

ERB Oestrogen receptfr

ERKO Oestrogen receptor knockout

EW Early window of treatment (e11.5-e14.5 in) rat
FGF Fibroblast growth factor

FSH Follicle stimulating hormone

GATA4 GATA-binding protein 4

GnRH Gonadotrophin releasing hormone

GC Germ cell

GR Glucocorticoid receptor

GT Genital tubercle

GTF General transcription factors

hCG Human chorionic gonadotrophin

HDL High density lipoproteins

HSD Hydroxysteroid dehydrogenase

HPG Hypothalamic-Pituatry-Gonadal (axis)

hsp Heat shock protein

IGF 1R Insulin-like growth factor 1 receptor
InsI3 Insulin-like growth factor 3

IUGR Intra-uterine growth factor

kg Kilogram

L Litre

LDL Low density lipoproteins

LH Luteinizing hormone

MD Mullerian duct
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mg Milligram

mm Millimeters

MPW Masculinisation programming window

MRNA messenger Ribonucleic acid

NADPH Nicotinamide adenine dinucleotide phosphate
NLS Nuclear localization signal

OPT Optical projection tomography

p450c17 1d-hydroxylase/C17-20lyase

p450scc Cholesterol side-chain cleavage

PAIS Partial androgen insensitivity syndrome

PBS Phosphate buffered saline

PCOS Polycystic ovarian syndrome

PG Prostaglandin

PGD2 Prostaglandin D2

PND Postnatal day

PTM Peritubular myoid (cells)

Q RT-PCR Quantitative real-time polymerase cheaction
RNA POLII RNA polymerase-II

ROBO1 Roundabout homologue 1

SC Sertoli cell

SEM Standard error of mean

Sfl Steroidogenic factor 1

SHBG Sex hormone binding globulin

SHH Sonic hedgehog

SLIT2 Slit homologue 2

SOX9 Sry related HMG box 9

SRY Sex determining region on the Y chromosome
StAR Steroidogenic acute regulatory protein

SW1/SNF

Switch / sucrose non fermentable



TBP TATA box-Binding Protein)

TBS Tris buffered saline

TDS Testicular dysgenesis syndrome
TGCT Testicular germ cell tumor

TP Testosterone propionate

UGS Urogenital sinus

UGT Urogenital tract

VASA Vasa/Mouse Vasa homologue/DDX11
WD Wolffian duct

Wnt4 Wingless-related MMTYV integration site 7
WT1 Wilms tumor

NB: Throughout this thesis, all embryonic agesestaire for the rat unless otherwise
stated. For gene nomenclature, the following cotigens used, when referring to the

protein, capitals are used, i.e. PROTEIN and gdioc gene, i.eGene.
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1. Literature Review

Mammalian embryos, like most species, are initigbyually indifferent and can follow
one of two developmental courses; becoming a nradefemale. This fate is determined
by the paternal sperm which can carry either a droX chromosome. This adds to the
maternal X chromosome to produce an XY embryo (Jnatean XX embryo (female)
(Welshons and Russell 1959). Fetal sex developnoant be divided into three
sequential stages. The first of these is the iadbfit stage when the primitive structures
develop. The second stage involves gonadal diffietem into either the testes in the
male or the ovaries in the female. The final stajesex development is the
differentiation of the internal and external reprotive organs which in the presence of
testicular hormones in the male will lead to therelepment of the penis, scrotum,
prostate, seminal vesicles, vas deferens and epmbBd(Fig.1.1). In the absence of
testicular hormones, irrespective of the existesicthe ovaries, the females develop a
uterus, fallopian tubes, cervix, clitoris and labihus the female sex development
pathway is considered to be more of a default payhof development, whereas to

become a male requires the intervention of tegtidubrmones.
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Figure 1.1 Brief representation of the three stages of normal sexual differentiation. Stage
1 shows the undifferentiated anlagen of gonads and external genitalia, identical in both
sexes. Stage two illustrates gonadal differentiation and the genes (in green) involved in
the formation of the testis and the ovary. The third stage is an overview of genital
differentiation, which in males is under the influence of hormones (brown), namely
testosterone, DHT or AMH. In the absence of testicular hormones, the female phenotype

develops.

There are several disorders of the male reprodaittact and some studies suggest they

are increasing in prevalence. The widely acceptackd hypothesis (Barker, 1998)

proposes that some common human diseases in aoldilie related to growth patterns

during early life. Indeed there is much evidencesggimg that fetal reproductive tract

development is a highly controlled process whictemhisturbed can lead to disorders

later in life. Understanding the molecular mechansisvhich are employed by testicular
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hormones in correct male reproductive tract devekut should aid our understanding

of how male reproductive tract disorders occur iatitey can be avoided or prevented.

This review will discuss key male reproductive trdsorders, and then the timing in
fetal life when they are thought to originate. Thidl be followed by a detailed
discussion of the key testicular hormone, testoseer(i.e. androgens), the receptor to
which androgens bind for effect, and their role rnmasculinisation of the fetus.
Androgens are C-19 steroid hormones produced biesites in males and the ovaries in
females and to a lesser extent also by the adgtaatls in both sexes. Androgens are
vital in male sexual differentiation. The two mandrogens required for virilisation of
the fetus are testosterone and its derivative DHily(frotestosterone). Testosterone
elicits differentiation of the Wolffian duct intdh¢ seminal vesicles, vas deferens and
epididymides (Berman et al, 1995) (section 1.900HT is required in the urogenital
tract to differentiate the prostate and externalitgéa (section 1.9.2). Later in life,
correct androgen action is required at puberty @sd in the adult male. Despite the
existence of different androgens and their rol@ifferent tissues (Luttge and Whalen

1970), each exerts their effect through one comarmaitogen receptor (section 1.4).

The review will highlight gaps in our current knadge of androgens and
masculinisation and the aims at the end of thipthawill outline how some of these

gaps have been investigated in the studies presantkis thesis.

1.1 Testicular dysgenesis syndrome (TDS)

Almost exactly a decade ago, a theory was publigh@gosing that certain male
reproductive tract disorders have a common origithe fetal period. This syndrome of
disorders was termed the testicular dysgenesisregre (TDS), initiated by abnormal

fetal testis development, leading to somatic cetlfional malfunction, which then

causes deficiencies in male reproductive tracedsffitiation (Skakkebaek et al, 2001).

Currently, there are four disorders which are abm®d to share this common origin
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(Sharpe and Skakkebaek, 2008), although it mayobsilple that other disorders are also
part of the TDS. Of the identified four disordets®p manifest at birth; hypospadias and
cryptorchidism, and the other two present in acwdth namely low sperm counts and
testicular germ cell tumours (TGCT). It has beeggasted, based on epidemiological
studies (Joergensen et al, 2001; Boisen et al,; Bfiden et al, 2005), that each of these
disorders are risk factors for each other, consistgth them having a common origin,
and may possibly be increasing in incidence (ShanoeSkakkebaek, 2008).

1.1.1 Hypospadias

Hypospadias is a congenital defect of the penichvbbnsists of an abnormal location
of the urethral opening (meatus) (Duckett and Bask®96). Hypospadias can be
relatively ‘mild’ with the urethral opening locatemh the glans (near the tip) of the
penis, in ‘moderate’ cases anywhere along the ,sbafh ‘severe’ cases in the perineal
region (Baskin et al, 2001). Hypospadias is alsmmonly associated with abnormal
foreskin or penile curvature (Catti et al; 2008hisT disorder occurs when the urethral
folds of the penis fail to fuse correctly duringnge development. There are probably
multiple mechanisms via which this failure can ac@askin et al, 2001), but the main
cause is thought to be a defect in the action ef mmain hormone involved in
masculinisation; androgens. The mechanisms by wthishmight arise are discussed in
section 1.9.3.

Many countries in Europe and cities in the US, thale and China have reported an
increase in occurrence of hypospadias (Pauloz89)18ut the data from registries is
often considered unreliable. This is due to unéeerting, particularly of mild cases;

furthermore some forms of hypospadias can be maskddr the foreskin and may not
be obvious until puberty (Toppari et al, 2010). Tduerent epidemiology data suggests
that hypospadias occurs in 1 in every 125 livehkiiBaskin et al, 2001) and is usually
identified at time of delivery; although more retignt can be determined prenatally by
ultrasound.
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Mutational analysis has identified genes which rbayinvolved in hypospadias (Lin et
al, 2009; Miyagawa et al, 2011; Wang et al, 2004 addition, the importance of correct
androgen action in penile development is well distaéd and this will be discussed
further in section 1.9.3. However it should beeabthat for most hypospadias patients,
there is no identifiable cause which raises thesipdigy that hypospadias can be
induced by environmental factors (Baskin et al, 2Z0Gray et al, 2001; reviewed by
Kalfa et al, 2011). It is of general consensus thgtospadias is a highly heterogeneous
condition subject to multiple genetic and environtaé factors. Indeed, many
environmental chemicals, such as pesticides, figegcand phthalates display anti-
androgenic properties and have been shown to inypespadias in rodent studies
(Foster and Harris, 2005; Imperato-McGinley etl886; Mcintyre et al, 2001). The role
of environmental chemicals as endocrine disruptord inducers of hypospadias are

discussed later.

1.1.2 Cryptorchidism

Cryptorchidism is the failure of one or both tedteslescend into the scrotum and is the
most common reported congenital disorder in balysbdhe position of the cryptorchid
testes can vary from non-palpable (abdominal) tgh h8crotal (Boisen et al, 2004).
Spontaneous testicular descent occurs in up to abeésytorchid testes during the first
three months of life, during the period when tetsiase production is elevated (Boisen
et al, 2004; reviewed in Toppari et al, 2010). Goyphidism is reported to occur (on
average) in 2-4% of boys, but it may be as hig®%sin Denmark and 6% in the UK
(Toppari et al, 2001; Virtanen et al, 2007; Boissnal, 2004; Hughes and Acerini,
2008). Although some registries are reporting amregase in occurrence of
cryptorchidism, it is not clear if incidence is dging across the globe. This uncertainty
arises from differences in standardising the digsgion of cryptorchidism and also the
spontaneous resolution of cryptorchid babies regustandardization of the time of

diagnosis (Paulozzi, 1999).



The descent of the testes from the abdomen intedretum is thought to be mediated
either directly or indirectly by androgen actionhel exact mechanism of descent,
including the genes involved will be reviewed irctsen 1.2.2.3. However it should be
noted that similar to hypospadias, it is believiedt tthe aetiology of cryptorchidism is
multifactorial and endocrine disruptors in the faofrenvironmental chemicals may also
play a role in this disorder.

1.1.3 Sperm count and quality

Concern about ‘falling sperm counts’ was raise@ady as 1974 by Nelson and Bunge
and further established by Carlsen et al in 199#ckvreviewed 61 studies to reveal that
average sperm counts appeared to have fallen fro8nndillion/ml to 66 million/ml
between 1938 and 1991. Further studies publishe8vign et al in 2000 updated this
and confirmed that sperm counts had fallen in Eeydpetween the 1940’'s and 1966
from 170 to < 60million/ml and in North America leten the 1930’s and 1996 from
110 to 60 million/ ml. Both studies were met wittepticism based on criticisms such as
non-uniformity of laboratory methods or statisticedues and many argue these studies
do not prove a real decline (Jegou et al 1999)pDethe scepticism and unknowns, it is
evident from all counts being done, there are mmnts of an increase but only ever a
decrease in sperm count. This, added to the mamytreeports of an increased demand

for assisted fertility suggests there is an advehsage occurring in sperm counts.

1.1.4 Testicular germ cell tumours (TGCT)

Of less controversy is the rise reported in TGQiE most common cancer of young
men. TGCT arises from carcinoma-in-situ cells (OMich are thought to be derived
from primordial germ cells which did not undergormal differentiation during the
embryonic period (Rajpert-De Meyts et al, 1998).nMaeports have shown an increase
in TGCT occurrence in European countries and itiqudar in Caucasian men. 500,000
new cases were reported worldwide in 2002 (Braal,e2006). TGCT is six times more

common in developed rather than developing countrie
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1.1.5 Anogenital Distance

During development, the genital tubercle and gésiellings differentiate into either
the penis and scrotum or the clitoris and labiaon@ain males and females respectively,
whereas the cloacal membrane develops into the gnuisg rise to the perineum and
the distance between the genitalia and the anusi{tés al, 2008). In most mammalian
species, this distance is longer in males thaenmales, suggesting it is under hormonal
control (Salazar-Martinez et al 2004). Indeed, wfemnales are exposed to androgens,
the AGD increases and in males when androgen aitiblocked, AGD is found to be
decreased (Swan at al, 2005). There have been aumexperimental studies in
animals showing that anti-androgens decrease AGDnates as well as affecting
development of androgen dependent reproductiveetss¢Gray et al, 1999; Imperato-
McGinley et al 1986, Ostby et al 1999; You et a8p Furthermore, it has been shown
that AGD can be correlated with androgen actiorningua specific time in gestation
when TDS disorders are thought to originate, tinie tbeing termed the masculinisation

programming window (MacLeod et al, 2010; Welshlgp@08).

1.1.6 The masculinisation programming window (MPW)

In order to gain understating into the originsegnoductive disorders, studies have been
conducted in which reproductive disorders are iedum fetal rodents (Clark et al,
1990; Clark et al, 1993, Foster and Harris, 2005jntyre et al, 2001; Welsh et al,
2008). Such studies, combined with investigatiofietdl chemical exposure in humans
have provided insight into the time frames of catiperiods of sexual differentiation in
fetal life. It is now known that there is a specifime-frame in rats and mice, in which
correct androgen action is necessary for normak mgproductive tract development.
When androgen action is disturbed during this tirame, TDS disorders can result. The
reporting of such experiments has continued to geowd now the literature has
narrowed down the time period in sexual differamdia to be the ‘critical period of
development’ for the male reproductive tract, dgnwhich androgen action in the male
is most susceptible to perturbations (Welsh 2@08; MacLeod et al, 2010).



Androgens are first produced at approximately e®4%5 in rats, consequently, the
initial rodent studies which investigated androgesetion used chemicals to block
androgen action from e12.5 until the end of gesta{e21.5). These studies provided
insight into the differential effects of blockingh@rogen production by the testis and
blocking androgen action at the receptor. Thesemxegnts also provided insight into
the differential roles of the two main androgensstésterone and its more potent
metabolite dihydrotestosterone (DHT), in mascuétian. Testosterone is converted to
DHT by the enzymedreductase.

An example of one such study exposed rats #-N,Ndusopropylcarbamoyl-4-aza-
Scandrostan-3-one, also called the aza steroid, wisich competitive inhibitor of the
5a-reductase enzyme, and thus inhibiting the forrmatb DHT which is important in

masculinisation of the fetus. When rats were exgpdsethe aza steroid from e12.5-
e21.5, normal inhibition of nipple development inale rats was blocked and

hypospadias was found (Imperato-McGinley et al,6)98

Flutamide is an anti-androgen which competitivelyds to the androgen receptor, and
so blocks androgen action (section 1.6.1.4.2). ds weported that exposing rats to
flutamide from e12.5-e21.5 caused nipple retenéind induced hypospadias in males
(MclIntyre et al, 2001). Mcintyre et al also repdrte significant decrease in AGD in
males exposed to flutamide. This study also sugdesiat flutamide-mediated changes
in AGD and nipple retention are not sensitive prems of altered testosterone
development in males, but more of the developmdritiwis dependent on the more
potent androgen, dihydrotestosterone (DHT).

Clark et al (1993) narrowed the window of treatmantl exposed rats to finasteride,
which also inhibits &-reductase, with the aim of investigating the @rggiof
hypospadias. Initially this study exposed rats freb®.5 until postnatal day (PND) 21.
Surprisingly this study found that although AGD wadecreased on PND1, this was
reversed by PND22. Animals were reported to haymgyadias in addition to cleft



prepuce and reduced prostate weight. However,aihmee study then exposed animals to
an approximately seven times higher dose of fimakteadministered on successive 2
day periods during late gestation and identifiezt the most sensitive period or ‘critical
period’” was at el6.5 and el7.5, in which the md3STike defects, for example
hypospadias, cleft prepuce and decreased anogestaince, were induced by the
finasteride (Clark et al, 1993).

Further studies have been conducted to investitpdecritical period and insight has
been gained by blocking androgen action using glesidose of flutamide, on particular
days of gestation. This helps to elucidate whishues of the male reproductive tract are
being programmed on particular days of gestatiahwhen this programming is most
susceptible to disturbance (Foster and Harris, ROdese studies found that blocking
androgen action on €16.5 in rats induced a higidémce of retained nipples, epispadias
and missing epididymal components in the male afigp When exposed at el7.5,
hypospadias, vaginal pouch, cleft prepuce and ngsgrostate lobes were reported
more predominantly than after any other day oftinemt. Reduced prostate size and
abnormal kidneys were found after flutamide expesur €18.5, and after exposure on
€19.5 abnormal seminal vesicles were noted (FestérHarris, 2005). There were few
male offspring from this study which were found hbave cryptorchidism, which
suggests this disorder occurs when androgen aiditrocked over multiple days of
gestation. Nonetheless, even six years ago, it clear that androgens act at very
specific times during fetal life to regulate normalvelopment of male reproductive tract

tissues.

The most defining studies with regards to androgetion in the development of the
male reproductive tract perhaps are those publiblyed/elsh et al in 2008. The initial
aim of these studies was to block androgen actiofour different gestational time
windows in the rat. Using flutamide, androgen actiwas blocked, during an early
window, e15.5-e17.5, a middle window, el7.5-el19/ata window, €19.5-e2.5 and a
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full window from e15.5-e21.5. The results foundtthadrogen driven masculinisation
of all male reproductive tract tissues is mediatadng the early programming window
(e15.5-e17.5) and that deficient androgen actiomindu this window induced
hypospadias, cryptorchidism, and decreased AGDs $tudy also underlined AGD as
being a lifelong read-out of androgen action duijingt €15.5-e18.5. In these studies,
phallus length and weight were found to be difféedly regulated. In parallel, another
set of animals were exposed to testosterone dthisngame four windows and this study
concluded that excess exposure to testosteroned coat advance or enhance
masculinisation and that exposure to females dutiegearly window induced a male
phenotype, with increased AGD. The exposure tooststone during the various
windows demonstrated that not only is androgeroadible to virilise the female after
exposure in a particular window, but furthermoresgomptive excess androgen in this
time window had no discernible effect on males.sTéuiggests that in vivo androgen
action is at its maximum capacity during the catitime for male reproductive tract
differentiation (Welsh et al, 2008).

Another study by Welsh et al, again using flutamideowed that adult penile size
depends critically on androgen action during theVWBut subsequent growth depends
on later androgen exposure after the MPW. Fetglostnatal testosterone exposure did
not increase adult penile size above its pre-detean(in the MPW) length, although
the growth towards this could be advanced by pieefal testosterone treatment
(Welsh et al, 2010).
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Figure 1.2 lllustration of the timing of events in male reproductive tract programming,
differentiation and growth in the rat with the actions of androgens during the MPW highlighted in
the red box. Note that the (GT) genital tubercle; (VP) ventral prostate; (WD) Wolffian duct;
(AGD) and anogenital distance are all programmed by androgens during the MPW. Adapted
from Macleod et al, 2010.

These foundation studies have been built upon sl mow widely accepted that a
masculinisation programming window (MPW) existsrats within the period e15.5-
el18.5 (Figl.2). During this critical period, sufént testosterone (androgen) must be
produced by the fetal testis to bring about ‘prograng’ of the male reproductive tract
so that it will subsequently differentiate and groarmally after the MPW. It is during
the MPW that correct androgen action is requiregragram the genital tubercle (later
penis), the Wolffian duct (later vas deferens, senvesicles and epidiymis), the AGD
and the prostate (MacLeod et al, 2009), althougtiratal androgen action is required to
reach this full potential. Any impairment of andemgproduction or action within the
MPW is likely to result in smaller reproductive arg and their abnormal formation and
function (e.g. cryptorchidism, hypospadias). The WIFs an early event, occurring
immediately after testis differentiation, so andmogroduction and action at this time
can be difficult to measure directly, especiallyhummans (Scott et al, 2009). However,
anogenital distance (AGD), which is longer in mallean in females, provides a life-
long read-out of androgen exposure just within MW (Welsh et al, 2008; MacLeod



Chapter 1 Literature Review Page | 12

et al, 2010). Based on AGD, emerging evidence liertuman points towards similar
importance of the MPW (~8-14 weeks’ gestation; (8ett al, 2008)) and a critical role
for deficient androgen action in the MPW as a caiseDS disorders (Swan et al, 2005;
Hsieh et al, 2008; Eisenberg et al, 2011; Mendadlal, 2011).

The MPW is now commonly used as the time framentestigate TDS disorders in
rodent studies and this has provided an invalupldgorm upon which investigations
can be based. However there are many gaps in awl&dge about this relatively
newly defined time-frame. The studies conductedati® address that impaired androgen
action during the MPW causes a failure in prograngmof the reproductive tract.
However the molecular mechanisms driven by and@geming this time in normal and
abnormal development remain to be elucidated. Evigethere must be something
unique about androgen action during this time fravhech does not occur at any other
point. Furthermore, the regulation of this timenieremains to be understood. The
presumption to date is that the onset of the MPWIus to the time of onset of
testosterone production by the testis, which hap@éraround e14.5 in the rat, which is
a very reasonable presumption. However if thisus,tand androgens are the substance
controlling the ‘opening of the window’, what mighé involved in ‘closing’ the MPW?

It is well established that androgens continue ¢opooduced after the MPW and
throughout much of postnatal life, and developn@nhale reproductive organs cannot
be induced during this time frame only during th®\M. It is interesting to note that
there is little reported in the literature about tvailability of the androgen receptor
prior to the MPW. Furthermore, if AR is present,ulbexcess exposure to androgens
affect the timing of the MPW?

1.2 Determination of gonadal sex of an embryo

Although the genetic sex of an embryo is determiédfertilization, the sexual
differentiation of the fetus actually only beginsrithg the period of organogenesis when
the gonads differentiate (Brennan and Capel, 28@4in and Lovell-Badge, 1999). The
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gonads initially develop in a non-sex specific mammand are identical in XY and XX
embryos until e1l2 in mice, e13.5 in rats and weak Gumans (Brennan and Capel,
2004; Lambrot et al, 2006). The development of gbeads can be divided into two

phases, formation of the bipotential gonad and iteedevelopment into a testis or an
ovary.

1.2.1 Formation of the bi-potential gonad

The urogenital system arises from the intermediasoderm layer of the fetus which
lies on either side of the embryo, filling muchtbé coelomic cavity between the limb
buds. The mesoderm layer consists of three regimm anterior to posterior, the

pronephros, mesonephros (from which the gonadesirisnd the metanephros, from

which the kidney eventually forms. (Wilhelm et 2007).

pronephros
mesonephros

metanephros

Figure 1.3 Diagrammatic representation of the urogenital system (mouse at el0). Epithelial
structures are in red and mesenchymal structures are in blue. The genital ridge is represented by
the striped region. WD represents Wolffian duct; MT represents mesonephric tubules, MD
represent Millerian duct, UB represents ureteric bud and CE represent coelomic epithelia.
Diagram from Swain and Lovell-Badge, 1999.

The gonads develop from a single layer of coeloapithelium which is located on the
ventrolateral surface of the mesonephros (SwainLawell-Badge, 1999 Wilhelm et al,

2007). The coelomic epithelium thickens and praodifes to give rise to the genital ridge,
also called the bipotential gonad. Genetic analysi®dents and human has identified

some key gene pathways which are involved in thiy éarmation of the indifferent
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genital ridges. These includgilms Tumour suppressor(Wtl) (Nachtigal et al, 1998),
Steroidogenic factor-1 (Sfl)Achermann et al, 1999; Achermann et al, 20@)\,TA-
binding protein 4 (Gatad)Tevosian et al, 2002),imhomebox protein 9Birk et al,
2000), empty spiracles homologue 2 (Emx®liyamoto et al, 1997) andhsulin-like
growth factor 1 receptor (IgflrfjBrennan and Capel, 2004Nt1 is expressed widely
throughout the urogenital ridge, the kidney and dbead.Wtl1 encodes a nuclear zinc
finger protein that can function as both a traqdimnal activator or repressor depending
on cell type and promoter context (Wilhelm et &0?2). Steroidogenic factor-1 (Sf13

a nuclear receptor expressed in the developing emitad ridge but also in the
hypothalamus and pituitary, and is thought to b@artant in the formation of the
hypothalamic-pituitary-gonadal axis early in deysient (Sadovsky et al, 2000,
Shinoda et al, 1995). Gonads $fl mutant embryos do not develop beyond the early
indifferent stage and fail to undergo masculin@atin XY animals (Wilhelm et al,
2007). Limhomeobox protein 9 (Lhx@nd emptyspiracles homologue 2 (Emxaye
both homebox genes also crucial for the initialedlepment of the bipotential gonads. It
has been shown that mice lackiblgx9 show a similar phenotype to those lack®ig.
and furthermord_hx9 can bind to the promoter &f1 (Luo et al, 1994). Mutants of
Emx2lack a thickening of the coelomic epithelium amadet lack gonads completely
(Miyamoto et al, 1997).

Originally the bipotential gonad consists of tw@eag of cells; the somatic progenitor
cells, which have migrated from the mesonephrosthadcoelomic epithelium and the
primordial germ cells, which arise from a populatiof epiblast cells in the
extraembryonic mesoderm, near the base of thetaikanThe primordial germ cells
migrate via the hindgut to the genital ridge and gave rise to the spermatogonia in the
testes and the oogonia in the ovary (De Felicl,&2G04).
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1.2.2 Testes Development

The XY bipotential gonad begins differentiationard testis when a particular gene,
expressed only on the Y chromosome, termedtlggene, is expressed (Koopman et al,
1991). In mice this expression begins at el0, erdt around €12.5 and in the human
around week 6 of pregnancy. This leads to a casoddwents which results in four
main cell types of the testis, the Sertoli cellg Leydig cells, the peritubular myoid
cells and the germ cells as well as formation o wompartments, the seminferous
cords and the interstitial space and also the foamaf the testis vasculature (Wilhelm
and Koopman, 2007).

1.2.2.1 SRY

The testis determining gen8yy, discovered in 1990 (Gubbay et al, 1990), has been
shown to be the only gene required from the Y clusmme to establish male
development. The loss &ryfunction in XY embryos results in ovary developmant

the gain ofSryfunction in an XX embryo leads to the developmeitestes (Lovell-
Badge et al 1990, Koopman et al 1991, Berta e9@0;1Jager et al 1990).

The Sry transcription factor encodes a nuclear high migbigjroup (HMG) domain
protein which can alter chromatin structure (Brenaad Capel 2004). Outside of this
domain, Sry exhibits little sequence conservation between ispedviutations ofSry
which produce a clinical phenotype have always b&mmd within this domain,

implying its importance.

The main function oSryis to induce the differentiation of Sertoli celist the exact
molecular mechanisms involved in achieving this poerly understood (Swain and
Lovell-Badge 1999). It is believed th&ry induces Sertoli cell differentiation by
regulating other transcription factors, the mostestigated of which is th&ry-like
HMG-box protein 9 (Sox9qWilhelm and Koopman, 2007; Wilhelm et al, 2003px9is

critical in male development, and studies have shtvat Sox9alone is sufficient to
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induce testes formation in mice (Bergstrom et 809 Vidal et al, 2001). Conversely,
null mutations inSox9 prevent testis differentiation (Barrionuevo et 2005). Sox9
expression persists in Sertoli cells throughowt &fter transient expression 8fy has

ceased.

In addition toSox9 the following genes have also been shown to beiarin testes
development, namellygf9, Wnt4, Ptgds and Gatg®ilhelm et al, 2007; Brennan and
Capel 2004). These genes contain poteftigbinding sites in their promoters but their
direct interaction wittSry requires further investigation (Wilhelm and Koopma007).

It is also suggested th&tyrepresses a negative regulator that functioniseatdp of the
genetic cascade to suppress testes developmensparal studies propose this negative
regulator to beéDax1 (Bardoni et al, 1994; Jordan et al, 2001; Swaialefl996). The
literature concerning the role @fax1is contradictory. There is consensus that this X-
chromosomal gene probably interacts wiiti and with both oestrogen receptarand

B, and the androgen receptor (AR) and progestereptor (Conde et al, 2004; Park et
al, 2005; Zhang et al, 2011). It has been shovwbetexpressed in the developing adrenal
gland, gonads, hypothalamus and pituitary, withreggion patterns correlating wigifl
(Ikeda et al, 1996 Dax1 switches off in the male mouse testis at arouriitet then re-
appears at around e15-17 (Wilhelm and Koopman, 20@7contrast, it is constantly
expressed in the ovary (Swain et al, 1996). Baseduplications in humans that lead to
XY sex reversal, some literature states this t@ibevarian determining or anti-testis
gene which, in the male, is suppressedSBRY However, loss of function dbdaxl in
female mice has no reproductive consequences whgsticular development in males
was impaired which is why some scientists do nassify this as an ovary determining
gene (Yu et al, 1998; reviewed in Wilhelm and Koapom2007).

TransientSRYexpression occurs in a wave that begins in th&reaf the genital ridge
(e10) and then encompasses the entire gonad rgapbak expression at ell in the

mouse. The expression declines first in the cetitien at the poles and is undetectable



Chapter1  [LiteratureReview  Paoelt7

by e12 (Wilhelm and Koopman, 2007). The exact mdercmechanisms which regulate
this expression are not yet fully understood. Hosvewice mutants have shown that
splice variants oWtl, Gatadand theinsulin receptor familymay be involved. The
timing of peakSry expression is crucial and delayed expression ead to a range of
phenotypes from complete XY sex reversal to uniédter bilateral ovotestes (gonads

which have both ovarian and testicular tissue/c@idlhelm et al, 2009).

1.2.2.2 Sertoli Cells

The Sertoli cells are important not only becauseythre essential for early testes
development (Swain and Lovell-Badge 1999) but &ger and throughout life for germ
cell support and spermatogenesis. Furthermore rifi@ation of the male pathway
depends on the development and the threshold nuaofb8ertoli cells (Brennan and
Capel 2004). Once sufficient Sertoli cells havdedédntiated, morphological changes
can be seen in the gonad, as the Sertoli cellsgandcytes arrange themselves into
seminiferous cords and the proliferation of botH tges in parallel increases testes
size. The formation of the seminiferous cords imesl the Sertoli cells undergoing
mesenchymal to epithelial cell transformation anthpzation which allows aggregation
around the germ cells. It was originally believédttthe Sertoli cells then produced a
trigger which signaled the mesonephric cells frovwn adjacent mesonepehros to migrate
into the developing testis giving rise to the gakular myoid (PTM) cells (Brennan and
Capel 2004), which begin to express AR during thigration (Sharpe, 2006). However,
more recently it is believed that the PTM cells naaige from pre-existing cells in the
gonad (Cool et al, 2008). The PTM cells collabenaith the Sertoli cells to induce the
basement membrane, also called the basal laminaiffSwd Lovell-Badge, 1999). This
finalises compartmentalization of the testes imt® $eminiferous cords that house the
germ and Sertoli cells and the interstitium whiduses the Leydig cells responsible for

producing masculinising hormones.
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The Sertoli cells also have two further roles. Ting of these is to produce paracrine
factors to initiate differentiation of the Leydi@lts. In addition, and very importantly,
Sertoli cells also secrete anti- millerian hormh&H) at around e12 in the mouse and
the action of this hormone is vital in masculingsithe fetus and inducing apoptosis of a
female structure, the miullerian ducts (Sajjid, 20 XMH is responsible for regression
of the mallerian ducts in the male fetus, whichfemales, gives rise to the fallopian
tubes, the uterus and upper third of the vaginis. proposed tha®fl, Wtland possibly
Daxlare involved in the regulation of AMH (Shen etE94; Nachtigal et al, 1998).

1.2.2.3 Fetal Leydig Cells

Approximately 24 hours after Sertoli cell differetiion, the Leydig cells begin to
differentiate in the interstitium in the mouse athis is thought to be regulated by
paracrine factors from the Sertoli cells. Thesepamne factors includdesert hedgehog
(Dhh) (Canto et al, 2005; Yao et al, 2003)atelet derived growth factor (Pdgf)
(Brennan et al, 2003) andristaless-related homeobox gene (AfKitamura et al,
2002), and defects in these factors can lead toratal Leydig cell differentiation
(Barsoum and Yao et al, 2006). The Leydig cellsehswo distinct lineages, the fetal and
adult Leydig cells. Fetal Leydig cells are presienthe testes from el12 in the mouse
(Brennan and Capel 2004) until shortly after biatd function primarily to produce
testosterone to virilise both the internal and mexdk genitalia of the fetus. The
production of androgens is discussed in section Tt Leydig cells also produce
insulin like growth factor 3 (INSL3), a hormone whiis essential for migration of the
testes within the abdomen and for normal gubern@aculevelopment (Barsoum and
Yao, 2006).

An important difference between the male and fengaleads is their final location
within the body. The testes descend into the sorowhereas the ovaries remain
abdominal, close to the kidney. The descent oftéisées is a pre-requisite for normal

spermatogenesis and fertility in adulthood (Klohiset al, 2004). Testes descent is
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dependent upon the androgen and INSL3 mediatedatamof the gubernaculum (an
embryonic structure which connects the testesdastinotum) and occurs in two phases
(Barteczko and Jacob, 2000). In the first phasggsemove across the abdomen to the
entrance of the inguinal canal and this involvethldestosterone and INSL3. The next
stage is believed to involved androgens in the yedn of a peptide called calitonin
gene related peptide (CGRP) which produces rhythroantractions of the
gubernaculum that guide the testes along the iagusanal and into the scrotum
(Momose et al, 1993; Terada et al, 1994;). CGR# 33 amino acid neuropeptide, well
classified to be involved in neurotransmission anthis area is known to elicit effects
through a G-protein coupled receptor (Poyner e2@02; Rosenfeld et al, 1983). CGRP
is produced mainly in the dorsal root ganglia tbantain the cell bodies of sensory
nerves (Supowit et al, 2001). Mutations in genehsasHoxal0, HoxallndDhh have
been shown to disrupt the second phase of testidelscent whereas Insl3 mutations
cause disruption of the initial phase (Hutson et1897; Ivell et al, 2003). Thus the
descent of the testes is clearly dependent on aeddferent factors and when this
descent fails to occur completely, cryptorchidisnsiees. It is interesting that mice that
are null forinsl3, have complete failure of testicular descent duka¢k of development
of the gubernaculum and over-expression lo$l3 in females results in ovaries
‘descending’ and inguinal hernias (Sharpe, 2006).

1.2.2.4 Formation of the vasculature

Following SRYexpression, vascular endothelial cells migrate the gonad to form the
coelomic blood vessel on the surface of the testdsthe blood vessels that give rise to
side branches in between the seminiferous cordsg/¢@/ard et al, 2003). This arterial
network, which is identified by the arterial marleghrin B2 and elements of the Notch
signalling pathway, routes the blood flow throubk testes (Brennan et al, 2004) and is
important in providing oxygen to the testes as \asltransporting testosterone produced

by the Leydig cells to target organs in the bodye(®an et al, 2002). It has also been
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suggested that formation of the vasculature play®la in both seminiferous cord

formation and Leydig cell differentiation (Tangadf 2008).

1.2.3 Ovary development

The development of the ovary is well documentethaliterature (Brennan and Capel,
2004; Hirschfield, 2008; Loffler and Koopman, 20@2)d will not be reviewed in detail
here. In brief and of relevance are two key indéepen signaling pathways which are
believed to work in a complementary manner to prienowary development and repress
male signaling and testicular development. The ifshese is the R-spondin / Wn#H
catenin pathwayR-spondinis required forwnt4 expression in XX gonads and this
exerts its functions via stabilization gf cateninto promote ovarian fate and block
testes development (Chassot et al, 2008). Lossiraftibn of R-spondinleads to sex
reversal in an XX female. Deletion Bfspondinin mice impairs ovarian differentiation,
triggers development of ovotestes, results in $eldte vascularisation, and the
appearance of Leydig-like celd/nt4is believed to act at the top of the ovarian cdsca
and is expressed in the bipotential gonad and besawary specific at e11.5 (Nef and
Vassalli, 2009)Wnt4signalling has been implicated in repression eftdéstes pathway,
and null mutations ofVnt4in XX mice results in partial masculinsation ottgonad
(Vanio et al, 1999).

In addition, the Foxl2 gene has been shown to be crucial for granulosé cel
differentiation and ovarian maintenance. The exgoesof FoxI2 is first seen at e12.5 in
the pre-granulosa cells. Loss BbxI2 function leads to differing effects in different
species. In goats, it causes sex reversal, in onbepartial sex reversal and in humans
causes premature ovarian failure (Garcia-Ortid 2089). Recently it has been reported
that the absence &foxI2 (in knock out models) allows for an increase ipression in
Cyp26blwhich up-regulateSox9and Sfl known to be involved in testis development
(Kashimada et al, 2011).



Combined loss oR-spondinand FoxI2 results in extensive gonadal XX reversal, where
testes-like seminiferous cords form that expregh hevels of SOX9 and AMH and
contain well differentiated spermatogonia (Ottoleingt al, 2007). However, even the
loss of both of these key pathways, does not indcam@plete sex reversal which
suggests that additional factors are involved iari@n promotion and testes suppression
(Cederroth et al 2007). These factors may incldd®-1, which has been shown to be
up-regulated byVnt4 but of more relevance for this study, it has bgkeown to be an
SRY repressor. Increas¥dnt4andDax1 expression have been suggested to be involved

in XY sex reversal (Domenice et al, 2004; Jordaal,2001).

1.3 The production of androgens

Steroid hormones are produced by a process caedidogenesis in the specialised
streoidogenic cells of the adrenals, gonads, ptacand brain (Stocco, 2001). The first
step of steroidogenesis is shared between glucooiid, mineralcorticoids and sex
steroids (Hiort and Holterhus, 2000). As this rewis concerned with male sexual

differentiation, it will focus on the synthesisafidrogens, in particular testosterone.

1.3.1 Steroidogenesis

Cholesterol, the precursor of all steroid hormonas be synthesised de novo (from
acetate) in the testis or acquired from serum liptgins, in the form of high density

lipoproteins (HDL) or low density lipoproteins (LDICao et al, 2000). In the rat, HDL

is the main form of circulating cholesterol whergathe humans, LDL is considered the
principal form of circulating cholesterol (Cao &t2000; Carr et al, 1983; Landschulz et
al, 1996).

Cholesterol requires to be transferred from thesioutitochondrial membrane to the
inner membrane. This requirement is due to thelflilied space between the inner and
outer membrane, filled with agueous fluid which yorlllows the passage of water

soluble molecules (Thomson et al, 2004; reviewedSkbyptt et al 2009). Scavenger
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receptor class B type 1 (SRB1) is a cell surfacd H&xeptor, which is expressed in the
mouse testis and which can import cholesterol ftbenouter mitochondrial membrane.
Principally however, the steroidogenic acute repmaprotein (StAR) translocates the
cholesterol from the outer mitochondrial membrafiekane et al, 1998; Miller, 2002;
Stocco and Clark, 1996%f1 has been shown to be involved in the regulatiobath
SRB1 and StAR, as well as two enzymes which arelved in the de novo synthesis of
cholesterol, namely HMG-CoA synthase and HMG-Codutase (Mascaro et al, 2000;

reviewed in Scott et al, 2009).

The conversion of cholesterol to testosterone reguiwo main categories of enzymes,
the cytochrome p450 enzymes and the hydroxysteteid/drogenase (HSD) enzymes
(Payne and Hales, 2004). The cytochrome p450 erzymelude CYP1lal and

CYP17al and these enzymes catalyse the hydroxylai cleavage of the steroid
substrate by using nicotinamide adenine dinucleothosphate (NADPH) as an
electron donor. The HSD enzymes includ&@HSD and 1B-HSD and catalyse the
oxidation and reduction of steroid hormones anduireqNAD/NADP as electron

acceptors (Payne and Hales, 2004).

Cholesterol
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Figure 1.4 Simplified testosterone biosynthesis pathway in the mammalian Leydig cell, outlining
the A4 and A5 pathways and enzymes involved.
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On the inner mitochondrial membrane, the first bk tenzymatic reactions in
steroidogenesis can begin. This is catalysed by I0#P which cleaves a six carbon
chain from cholesterol to generate the steroid meaglone (Thomson et al, 2004).
Pregnenolone then moves to the endoplasmic reticuluhere the remaining
steroidogenic reactions occur. Pregnenolone cancdreverted to androstenedione
through one of two pathways, term&8 andA4 (Coffey et al, 1972, reviewed in Scott
et al, 2009). In theA5 pathway, the pregnenolone is catalysed toa-17
hydroxypregnenolone and then to dehydroepiandmsteby CYP17al and then to
androstenedione by p3HSD. It is thought theA5 pathway is the predominant
steroidogenic pathway in human fetal (Fluck e2803) and adult testes (Hammar et al,
1986; Rey et al; 1995). In th®4 pathway, pregnenolone is converted to progesteron
and then to 14&-hydroxyprogesterone and finally to androstendioaed each
conversion is catalysed by CYP17al. It is belietleat theA4 pathway is the most
prominently used pathway in rats (Bell et al, 19B&an et al, 1988). However it is
believed that it is possible to converge from Ntepathway to thé\4 pathway. In each
of the pathways, androstenedione is finally coracetd testosterone by 3-HSD. There
are multiple isoforms of BZFHSD (O’Shaughnessy et al, 2000), of which types3 i
involved in testis function (Geissler et al, 19%ljhough type 5 has also been found in
the fetal testis (Pelletier et al, 1999). It isemasting to note that the fetal LCs of the
mouse do not express EHSD type 3; however it is expressed in the sermioifis
tubules. Consequently in the mouse, it is thoulgat &androstendione is secreted by the
fetal LCs and is then converted into testosteronethie seminiferous tubules
(O’Shaughnessy et al, 2000).

It should be noted that there is controversy ragarthe difference in concentration of
serum testosterone between males and femaleselhuimans, it is believed the LCs
begin to produce testosterone at 8 weeks of gestatid the levels peak at weeks 12-14
of pregnancy (reviewed in Scott et al 2009). Somueliss report during week 12-20,
testosterone levels are 3-8 fold higher in the nmthén female (Rodeck et al, 1985;



Takagi et al, 1977). However, some studies havaddhat at the individual level, this
difference is not always apparent (Zondeck et 8If7). Furthermore, some studies
suggest there are no differences in blood testmstebetween the two sexes at birth
(Forest and Catchaird, 1975; Takagi et al, 197%) again, some scientists disagree
(Simmons et al, 1994). In the male rat, plasmaoststone levels are reported to be 4
fold higher than in females.

1.3.2 The differential roles of testosterone and DH

Once produced in the fetal Leydig cells, testosters secreted into the bloodstream
where in humans it binds to sex hormone bindindyfio (SHBG) and in rodents to
albumin (Alfsen, 1963; Grishkovskay et al, 199@)abdition, testosterone can reach the
Wolffian duct in relatively high concentrations whas in other tissues, when bound to

SHBG or albumin, it is believed to reach targeteelatively low concentrations.

Once released from the testis, testosterone caroiveerted in target tissues into its
more potent form, dihydrotestosterone (DHT) by #mzyme G-reductase. There are
two isoforms of &-reductase, type | which is expressed in the skthlever and type |l
which is expressed in the male reproductive tré&mfects in type Il can cause
pseudohermaphroditism and this is discussed lateection 1.6.1. Experiments have
shown that &-reductase is regulated by testosterone; for ex@ngalstrated rats have a
decreased expression of this enzyme in the prostaité can be recovered by exposure
to testosterone (Dadras et al, 2001;Wright et399).

Testosterone and DHT are differentially effectimedifferent response systems (Luttge
and Whalen, 1970; Bentvelsen et al, 1995). Testste mediates Wolffian duct
stabilisation while differentiation of the urogalisinus and external genitalia depends
more upon DHT action. The differing roles of theothormones are clearly reflected in
individuals with @m-reductase deficiency and this is reviewed in secli.6.1. It should

be noted that in the absence of DHT, testoster@behigh concentrations, can



differentiate the external genitalia which impliesth androgens work through a similar

mechanism but less is required of the more potéfit.D

1.3.3 Hypothalamic-pituitary-gonadal axis (HPG axi$

As stated above, the Leydig cells, whether fetaddult are responsible for testosterone
production. Testosterone production is part of @dbmck loop involving the
hypothalamus, the pituitary and the gonads. Infbriee hypothalamus secretes
gonadotrophin releasing hormone (GnRH), which tisat@ the pituitary and stimulates
the production of luteinizing hormone (LH) and fdk stimulating hormone (FSH) that
are released into the bloodstream (Kaiser et &5)19The steroidogenic Leydig cells of
the male have receptors for LH and respond by miadutestosterone (Griffin et al,
2010). FSH binds to its receptors on the SCs antites and helps maintain
spermatogenesis (Walker and Cheng, 2005). Oncé¢etites have produced sufficient
testosterone, testosterone itself acts as the inegitedback signal to decrease LH
production, in males. Furthermore, in responseSH,FSertoli cells can produce Inhibin
B, a hormone which also acts as a specific negé&tieeback regulator of FSH (Goulis
et al, 2008).
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Figure 1.5 Diagrammatic representation of the feedback loops of the HPG axis. GhRH
produced by the hypothalamus signals the production of gonadotrophins from the pituitary
which stimulate the Leydig and Sertoli cells of the testis which in their turn produce

negative feedback hormones (testosterone and inhibin B respectively)

In humans, testosterone is produced in the fetap@toximately week 8 of pregnancy,
with a peak in production between weeks 11-14 (Seoal, 2009). It is interesting to

note that the LH receptor is first reported to leedtable in the testis at week 10 in
humans and LH is first secreted at week 12. Hunmonic gonadaotrophin (hCG) is a
glycoprotein hormone similar in structure to luteing hormone that is produced by the
placenta (in primates) and peaks in production betwweeks 8-12 of pregnancy. Thus
it is accepted that testosterone production byféta testis is initially not under the

control of LH but is regulated by hCG and perhags &y paracrine factors (Scott et al,



2009). Rodents do not produce hCG and the stanuypgthesis is that testosterone
production by the fetal testis in rodents is retpdanitially by paracrine factors. In rats,
testosterone is first produced at el4.5, and des$pé presence of LH receptor, LH is
not secreted until e17.5 and production peaks @5e221.5, suggesting that LH-driven
testosterone production by the fetal rat testisosoperative until the end of gestation
(Aubert et al, 1985, Scott et al, 2009).

Although the exact mechanism of early regulatiorsteroidogenesis has not yet been
identified, several factors have been identifiedatthcan stimulate fetal LC
steroidogenesis in vitro, and these include, IGRHB, ANP, CNP and BNP and the
receptors for these have been shown to be praséme irat fetal testis from e15.5 (Scott
et al, 2009). It should be noted that some studg® suggested that retinoic acid may
be involved in early human steroidogenesis as & baen shown to stimulate
testosterone production by fetal human testis explan vitro (Lambrot et al, 2006).
However, in fetal rodents, retinoic acid inhibitersidogenesis (Livera et al, 2000). Of
relevance are studies showing that absence of lgtiin (through decapitation) does
not affect steroidogenic production in fetal life laast in the mouse, rat and rabbit
(George et al, 1979; Habert and Picon, 1982; Padaaret al, 2002;). Chemicals which

interfere with steroidogenesis are discussed itiget.6.1.1.

1.4 Androgen receptor

Steroid hormones exert their effect by bindingdoeptors and altering gene expression.
Steroid receptors are a large super-family of liactivated transcription factors and
this family includes oestrogen, progesterone, glodicoid, mineralocorticoid and
androgen receptors (Beato and Klug, 2000). Thespters share a common molecular
structure (Giguere, 1999; Whitfield et al, 1999)dathis review will focus on the

androgen receptor.



The gene for AR is located on the long arm of closome X at position Xql1-q12 in
humans. It spans 90 kilobase pairs and consisésexfons (McEwan, 2004). Together,
these encode a protein of 919 amino acids with keentar mass of 110kDa (Patrao et
al, 2009). The AR protein, like other members sffégmily, has four distinct functional
domains which together mediate the genomic actmfnandrogens in target tissues.
These domains are the N-terminal domain, the DNalibig domain, the ligand binding
domain and a hinge region (Tilley et al, 1989; Heesrand Tindall, 2007).

X Chromosome
Xpl11-12
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AR gene .- 7-
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Figure 1.6 Diagrammatic representation of the AR gene and protein, showing the N-

terminal domain in orange, the DNA binding domain in green, including the zinc fingers,

and the hinge and ligand binding domain in blue.

The N-terminal domain, encoded by exon 1 is reddyivong, representing almost half
of the functional receptor. The N-terminus is respble for transcriptional activity and
contains the activation function 1 (AF1) domain tfigsy and McEwan, 2003). AF1 is

responsible for almost all AR transcriptional aityivand also mediates interactions with
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some co-regulators as well as with the basic trgstgmal machinery. Analysis of the

amino acid sequence of the AR N-terminal domaimfi@ diverse range of organisms
has revealed the presence of three areas of sexjgenservation; amino acids 1-30,
224-258, and 500-541 (McEwan, 2004). The first 80n@ acids of the N-terminus are
believed to be important for interaction with th& Aigand binding domain, perhaps
forming a loop that is important for functional izetion (Steketee et al, 2002). The
second conserved area, 224-258 lies within the #fgion and this sequence is highly

conserved from fish to primates (Betney and McEvZ803).

The DNA binding domain is encoded by exons 2 ansl &stein-rich and is the most
conserved region within the nuclear receptor famiith identical amino acid

sequences in humans, rats and mice (Heemers addllTi2d007). This domain contains
two zinc finger motifs and a c-terminal extensiéfeiplein and Chang, 2002). The first
zinc finger mediates specific DNA recognition ahe second finger is involved in AR
homodimerization as well as DNA/receptor compleabgization (Centenera et al,
2008). Both the DNA-binding region and the hinggioa contain nuclear localisation

signals (NLS) suggesting these regions are invoineuliclear translocation of AR.

The C-terminal ligand binding domain is encoded tbg remaining 5 exons and
mediates high affinity interactions between AR dtwl steroidal and non-steroidal
ligands. The LBD consists of X2helices that form a ligand binding pocket (Heemers
and Tindall, 2007; MeEwan, 2004). Upon ligand bimglia conformational change is
induced in the LBD which results in the stabilipatiof a-helix 12, resulting in a more
compact structure and the formation of a functiawlvation function 2 (AF2) on the
surface of this domain. The AF2 region may playke in dimerization and also in

stabilization but this is weak in comparison to &f€l region (McEwan, 2004).



1.4.1 Androgen mode of action

Once testosterone or DHT reaches its target delisffuses through the cell membrane
and interacts with the AR which, in the un-boundnfpis located in the cytoplasm
attached to heat shock proteins and immunophillaperones, including HSP90,
HSP70, HSP56 and p23 (Eder et al, 2001; HeemersTantll, 2007; Kimmins and
MacRae, 2000; McEwan, 2004). Studies suggest tieaHiSP chaperone machinery in
eukaryotes functions to prevent AR misfolding agdragation and promote refolding
of denatured polypeptides (Chen et al, 1998; Risal, 1999). Once the ligand has
bound to the AR, the receptor undergoes conformatiohanges, allowing its release
from the multiprotein complex, unmasking the AR NL$ausing increased
phosphorylation, nuclear translocation and homodiagon. In the nucleus, the
activated AR-ligand homodimer complex binds to #pe®NA sequences in genes,
termed androgen response elements (ARE’s). AREmast commonly localised in the
promoter regions of androgen regulated genes, asgbrostate specific antigen (PSA)
(Cleutjens et al, 1997; Luke and Coffey, 1994). ARR&an also be present in intronic
regions of AR regulated genes. The consensus AREesee has been identified as a
partial pallindromic 15 basepair element consisbhgvo imperfect 6 base pair indirect
repeats with a 3 base pair space (5-GG(A/T)ACANNNTCT-3; (Patrao et al, 2009,
McEwan 2004).

AR mediated transcription of target genes requinesrecruitment of RNA polymerase-
II (RNA Pol II) to the promoter sequence of thegitrgene (Roeder, 1996). RNA Pol Ii
recruitment is mediated through the assembly of $&{ideneral transcription factors)
and this forms the pre-initiation complex. Thesffiof these GTFs is TBP (TATA box-
Binding Protein) which binds near the transcripsbrstart site (McEwan and

Gustafsson, 1997). TBP is part of a multi-protesmplex, which also contains general
and promoter-specific TBP-associated factors (TAFNBP binding induces DNA

bending, which causes sequences of the TATA taantewith the GTFs and steroid

receptor-coregulator complexes. Other transcriptamrtors, namely TFIIB and TFIIB



bind to TBP and function to recruit the RNA Poldbmplex (Heinlein and Chang,
2002).
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Figure 1.7 Summary of androgen receptor mode of action. Androgens disassociate from SHBG

and bind to AR in the cytoplasm. This causes the disassociation of AR from chaperone proteins
and the ligand-receptor complex translocates to the nucleus where it binds to target genes to

modulate transcription via the involvement of GTFs, RNA pol Il and various co-regulators

This classic genomic action of androgens is a mashawhich requires approximately

40 minutes to alter gene expression and hoursi@agene is to be expressed (Walker,
2009). There is increasing evidence that androgemg also initiate cellular processes
through rapid non-genomic mechanisms, in a maftenioutes (Foradoret al, 2008).

This is reviewed in section 1.5.

1.4.2 AR expression
The expression of androgen receptor in the dewadppeproductive tract has been

investigated through immunohistichemical studiesthie male and female rat fetus, AR
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is present at equal levels until the onset of déffidiation (Bentvelsen et al, 1995) and
the same appears to be true in humans (Sajjid 20@8B; Wilson and McPhaul, 1996). It
is interesting that both males and females haveilasinAR expression prior to
masculinisation of the reproductive tract as thiggests that sex specific AR expression
does not appear to be a factor in masculinisattsshould be noted that there are some
differences in the literature which report the tigg of AR expression in rat studies, this
may be due to differences in rat strains and oibadies which have been used
(Bentvelsen et al, 1995; Majdic et al, 1995).

In the male reproductive tract of rats, AR is gaflgr first expressed in the

mesenchymal cells and later in the epithelial cékannon and Cunha, 1983). An
exception to this is displayed in the efferent duathich express AR from el4.5
throughout gestation in both the mesenchymal anthedal cells (Bentvelsen et al,

1995). In the WD, the mesenchyme is AR positivanfre14.5 throughout gestation,
however the epithelial cells only become AR positat around e18.5 (Bentvelsen et al,
1995; Hannema and Hughes, 2007). Furthermore tidkdgmal tail is AR positive in

the mesenchyme from e18, but epithelial cells dm@gome AR positive from postnatal
day 2. The distal WD (later vas deferens) does engiress AR until €20.5 in the
mesenchymal cells and, similar to the epididmyil épithelial cells become positive at
PND2. The mesenchymal cells of the prostate anlagpress AR at €16 with a majority

of epithelial cells only becoming AR positive at PBl(Bentvelsen et al, 1995).

The interstitial cells of the testis become AR pesiat around e€17.5 in the rat but some
studies have reported staining as early as elStteimterstitium (You and Sar, 1998); a
similar pattern of staining has been reported ahbman testis at corresponding ages
(Boukari et al, 2009). SCs remain negative for ARIWPND 5 in the rat and expression
increases in SCs as the animal develops towardsriyuf¥ou and Sar, 1998; Bremner
et al, 1994). The lack of AR in SC correlates wiigh AMH expression in the fetal

period and, in contrast, when AR is switched onmetslly, AMH expression decreases



(Rey et al, 2009). The absence of AR in SCs irl féégamay be to protect the cells from
precocious maturation and onset of pubertal spegeaic development.

The folds and swellings in and around the urogétitzercle express AR at e14.5 in the
mesenchymal cells and during development, in thdem@T, the number of
mesenchymal cells expressing AR increases progedgsiThe epithelial cells in the
skin of the genital tubercle express AR from PND3SHe rat (Bentvelsen et al, 1995).

Both the gubernaculum and perineal region exprégaundantly from €18.5 in the rat.

In females, the Millerian ducts are AR negativeotighout development, after
differentiation, females have low levels of AR esggion in comparison to males in the
urogenital sinus and tubercle (Bentvelsen et @5)9

The expression patterns of AR in the male reprodedract suggest that androgens
induce epithelial differentiation of the genitaN@ action in the mesenchymal cells.
Although a full review of mesenchymal-epitheliataractions is outwith the scope of
this review, it is accepted as fact that mesenchyapighelial interactions play a central
role in the development of the male reproductigett{Cunha et al, 1991; Donjacour and
Cunha, 1993; Kurzrock et al, 1999) and these wiltdéferred to where appropriate in the

review of phenotypic differentiation.

Of particular interest is the relative lack of datailable for AR expression prior to the
onset on androgen production in the fetus in botlents and humans. One study of AR
in the urogenital system of a marsupial reportet kR mMRNA is present just before
the genital ridge develops, but AR protein invesins were only carried out just prior
to the end of gestation (Butler et al, 1998). Te best of my knowledge, there is little
data showing the availability of AR protein in theveloping reproductive tract prior to

the production of androgens.
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1.4.3. Regulation of AR expression

Given the importance of AR in the various actiofsmdrogens it is not surprising that
the AR protein is regulated at multiple levels. thermore, AR expression is
differentially regulated in different tissues. Papk the simplest way to review this is to

separate transcriptional regulation and post-trgptsznal regulation of the AR protein.

At the transcriptional level, AR is auto-regulateglandrogens, which have been shown
to reduce AR mRNA in both rat tissues and LNCalsddlan et al, 1998; Krongard et
al, 1991). The stability of AR mRNA is important the regulation of AR protein
expression and when RNA-binding proteins bind tmaserved UC rich element of the
3’ untranslated region of AR mMRNA, AR protein exgsm®on is altered (reviewed in
Yeap et al, 2004). In 1994 Bentvelsen et al dematest fetal exposure to androgens in
the female up-regulated AR expression and that @xpoto anti-androgens during the
fetal period, down regulated the expression of ARnales in comparison to respective
controls (Bentvelsen et al, 1994). Another exampfeandrogens regulating AR
expression, is the age-dependent down-regulatiohRofevels in the rat penis, which
has been shown to be androgen dependent (Takahel800). Furthermore, androgens
can regulate the expression of co-regulators winckurn potentiate AR signalling,
providing another level of regulation (Urbanucci af 2008). Co-regulators are
discussed further in section 1.7.1. However it &hdae noted that some of these co-
regulators are involved in post-translational ragoh of the AR protein as well as
enhancing or repressing AR activity. It is also artpnt to remember that changes in
AR mRNA do not necessarily mean a correspondingghan AR protein and generally

the latter is increased by testosterone action.

The binding of steroids to their receptors to él&iresponse, is a cyclical event and
degradation of the receptor after this event isartgnt in order to regulate subsequent
rounds of transcription. Ubiquitin dependent prégeis is an important mechanism for

controlling protein turnover and is well establidhees a method of regulation of various



transcription factors (Freiman et al, 2003, Nawtale 2004). For example, both the
oestrogen and glucocorticoid receptors have beemvrishto be ubiquitinlyated and
destroyed after binding to their respective ligaradsa form of regulation. This is also
true for AR, which can be destroyed via the 26Stgmeome (Sheflin et al, 2000).
Another example of AR being a target of ubiquitioatregulation / destruction is
Mdm2 the proto-oncogene which has been reported t& wah histone deacetylase 1
(HDAC]) to de-stabalise the AR protein and reduce AR atedi transcription

(Gaughan et al, 2005).

1.5 Oestrogens in the male

Oestrogens are one of the sex steroid hormonesluped by steroidogenesis and
historically are thought of as the ‘female’ hormomkereas androgens are considered
the ‘male’ sex steroid hormone. Over the past @il decades this perception has
changed and it is imperative to note that not @mly both sex steroids present in both
males and females, but oestrogens can also be tampdor some aspects of ‘normal’
development of the male phenotype in some spettigs. believed that it is not the
gualitative differences in these hormones whichiavelved in sexual differentiation
but the difference in hormone concentration andedghtial expression of hormone
receptors. Indeed, several studies have reportatl disturbance of the androgen-
oestrogen balance can lead to disrupted developof¢m¢ male phenotype (reviewed in
Sharpe, 1998).

The importance of oestrogens in males was perhafysreally noted when mice in
which the oestrogen receptor alpha had been knooke{ERKO) were reported to be
infertile (Lubhan et al, 1993; Korach et al, 1998)rther studies of the knockout model
have reported that the efferent ducts in thesesvaie incapable of reabsorbing luminal
fluids from the testis and it is hypothesised tbastrogens are responsible for the
regulation of fluid resorption and thus increasspgrm concentration prior to their entry

into the epididymis (Hess et al, 1997). The rolee$trogens in the testis is probably



one of the more investigated roles of oestrogerthenmale. Unlike androgens, which
work through one receptor, oestrogens can workutiirane of two receptors, ERand
ER-$ and the latter is more widely expressed throughiogitrodent and primate body
(Saunders et al, 1998). HRs expressed in all of the cell types of the &eat well as in
the epididymis, vas deferens, seminal vesiclestlaagrostate. ER-is also expressed in
the LCs, at least in rodents. Moreover, aromatag@ch converts testosterone to
oestradiol is expressed in many of the cell typewhich ERe and ERB are expressed
in the male reproductive tract as well as in adipiissue, bone, the heart and the brain.
Ironically, oestrogens produced in the brain amught to be involved in masculinsing
the brain and male sexual behaviour in rodents gMi@and Sachs, 1994) but not in
humans. As AR, ER and aromatase are expressedny ofathe same cell types, a
balance in action between androgens and oestragaypde important for some aspects
of male reproductive function. One of the older amare dramatic examples is a study
in sheep (Bennetts et al, 1946). This showed thamclover (which contains weak
phytoestrogens) was ingested by castrated rartes] ib death due to urinary retention
caused by overgrowth of the bulbourethral glandsweéler, when animals which had
not been castrated and consequently had high le¥elisculating testosterone ingested
clover, it had no effect. Another study which exdifrgs nicely the balance between
androgens and oestrogens, involved exposure of toatdiethylstilbestrol (DES) (a
synthetic oestrogen discussed in section 1.6.1ifh.1yvo different doses. In addition
some rats were exposed to the low dose of DESnjunotion with a GnRH antagonist
(GnRHa) to block androgen production or flutamidebtock androgen action (Rivas et
al, 2002). Treatment with the high dose of DES titally reduced the expression of AR
in investigated tissues, which was also seen whenads were exposed to the low dose
of DES in combination with GnRHa or flutamide. Hoxge, administration of GnRH
alone or flutamide alone did not have this eff@fES as an anti-androgenic compound
is discussed in section 1.6.1.1.1. Another exaropla requirement for the androgen-

oestrogen balance is evidenced by gynaecomastial@s, which can be induced either



by exposure to oestrogens or by lowering androgersndrogen activity (which can

occur in aging or in conjunction with abdominal sity) (Gustafson et al, 2003).

Therefore it appears that the development of tlmeecomale phenotype requires a fine
balance of oestrogens and androgens in particidanes. In addition there is some

evidence that these sex steroids could work togefloe example, oestrogens can trans-
activate the AR/ARA70 complex at high concentrafigeh et al, 2000) and using a two

hybrid system, co-transfection of the two receptots CV-1 cells has demonstrated a
mutual ability of each receptor (AR and ER) to gotase trans-activation mediated by
ligand binding to the other receptor (Panet-Raymetral, 2000)

1.6 Disorders of sex development in the male

As discussed in the introduction, the sex develognoé an embryo can be classified
into three sequential stages, the indifferent stageere primitive structures develop,
gonadal differentiation and phenotypic differentiat Disorders of sex development can
occur as the result of deficiencies at any of th&ages and it is important to review
these to not only understand where androgens nfiighaetiologically into these sex

differentiation disorders but also to understanenthin their possible relationship to
TDS.

The exact molecular mechanisms involved in theffiadint stage of development of the
urogenital tract remain to be fully understood. fEhare however, certain genes which
have been identified to be crucial for this partdefzelopment, and mutations in these
genes are reported to cause a variety of diffedesdrders. For example, mutations in
Homeobox A13HoxAl3)have been associated with hand-foot-genital syndrdrhis
disorder is characterised by mild bilateral shartgrof the thumbs and great toes and
urogenital abnormalities including abnormalities tife ureters and urethra and
Mullerian fusion in females and hypospadias ofalale severity in males (Mortlock and
Innis, 1997). Examples of genes which have beemtifted at the indifferent stage to be



involved in disorders of sexual development includgLI3, associated with
hypospadias, micropenis and Pallister-Hall syndr@gBese et al, 2002; Narumi et al,
2010); CFTR associated with congenital aplasia of the vagrdet (Zielenski et al,
1995); ROR2 associated with aphallia (absent phallus); Rakisgndrome, a disorder
characterized by short-limbed dwarfism, abnornesitin the head, face, and external

genitalia, as well as vertebral segmentation (Ba2005; van Bokhoven et al, 2000).

During development of the gonad the most promiksdrder that has been reported to
occur is hypogonadism, when functional activity tbk gonads is low or absent.
Hypogonadism can be due to whole testicular dysfonor dysfunction of individual
cell populations (Grinspon and Rey, 2010). Abnorg@hadal differentiation can cause
hypogonadism and an example of this is ‘streak’agisn where the testes fail to produce
testicular hormones. These individuals can have twwabsent serum AMH and
testosterone in conjunction with high gonadotroplevels (Rey et al, 1999). Partial
forms of this disorder can present with asymmegonadal differentiation or ovotestis
(reviewed in Rey et al, 2011).

Mutations in certain genes at the indifferent ste@e cause isolated testicular dysgensis,
when non-reproductive organs form normally, forrapée mutation or deletions BRY
However, most mutations do cause disorders els@wherthis early stage. This is
illustrated by mutations oVT1, which can result in at least three well knowrodiers,
Denys-Drash syndrome (affecting the renal systemvedsas the gonads) (Heathcott et
al, 2002; Little et al, 1993), Frasier syndromes¢asated with nephropathy as well as
gonadal dysgenesis) (Barbaux et al, 1997; Klarat,et998) and WAGR syndrome (can
cause mental retardation as well as gonadal dysg@r@lmind et al, 2009; Gessler et
al, 1993). Other than affecting the gonads, mutatio Sox9have been shown to lead to
skeletal malformations, also termed campomelic kgsp (Kwok et al, 1995),
micrognathia (Jakobsen et al, 2007) and cardiacy@hka et al, 2004; Montero et al,
2002) and renal defects (Reginensi et al, 2011) .
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1.6.1 Androgen deficiency

Other than hypogonadism, caused by mutations ieg@mnvolved in formation of the
testis, hypogonadism can also arise once the teasisormed and individual cell types
do not function properly. An example of this is iamed LC function which leads to a
decrease in virilisation due to lack of testosteronhis can mean that the WD is not
stabilised or differentiated, the external gerétadi not masculinised, leading to varying
severity of hypospadias and lack of testis desddotvever, as the SCs continue to
produce AMH, the Mdllerian ducts and its derivasivae removed. LC dysfunction can
be due to various factors, such as LH receptor toatin humans, known as Leydig
cell hypoplasia (Latronice et al, 1996; Mendoncale2010), defects in steroidogenic
enzymes such as StAR or CYP1lal which causesdimdenital adrenal hyperplasia
(Miller et al, 2009). Defects of either of the H®Dzymes also result in LC dysfunction
(Lee et al, 2007; Mendonca et al, 2010, reviewedan et al, 2011).

Dysfunction of the Sertoli cells can lead to a latlAMH and this can cause persistent
mallerian duct syndrome (PMDS), characterised bg fitesence of a uterus and
fallopian tubes in XY males (Josso et al, 2005).chHSupseudohermaphroditic’
individuals are usually virilised normally as th€ lproduce testosterone in the normal
range (Rey et al, 1999; Thomson et al, 1994).

Incomplete masculinisation may also be caused biyogen deficiency downstream of
the testis for example because of a lack mfdductase in the target organ (Imperato-
McGinley et al, 1974). Patients with a deficienecy So-reductase type 2 have low
synthesis of DHT and at birth may have an undelised phenotype, with ambiguous
genitalia, bifid scrotum, and a urogenital sinugmpg on the perineum (Sultan et al,
2001). Due to normal levels of local testosterathe, WD derivatives are normal in
these individuals. Over 40 mutations have been tifilsoh in So-reductase type 2

deficient patients but a very recent cohort ingsgion reported that the various
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phenotypes displayed by patients with mutation&dfreductase type 2 could not be

linked to particular genotypes (Maimoun et al, 2011

So far the deficiency in androgen production hasnbeliscussed, however
pseudohermaphroditism can also occur when the Aeipris defective and signalling
is abnormal despite the presence of sufficient @yeirs. Three pathological situations
are well associated with AR defects, androgen siigity syndrome (AIS), spinal and
bulbular muscular atrophy (also known as SBMA omKexdys disease) and prostate

cancer (Brinkman, 2001).

Androgen insensitivity syndrome can present itselftwo forms. The more severe

phenotype is called complete androgen insensitisiggdrome (CAIS) and the less

severe, partial androgen insensitivity syndromel@AAhmed et al, 2000; Quigley et

al, 1995). CAIS patients have a completely non-fimnal AR and present with normal

female external genitalia, a short blind endingiragvith no uterus or fallopian tubes,

absence of WD derived structures, absence of peostad development of normal

female breast tissue at puberty (gynaecomastiagl@ bt al, 1999; Quigley et al, 1995).

In contrast, PAIS occurs when there is incompless lof AR function and can present
with a range of phenotypes ranging from a predontipafemale appearance as for
CAIS, to ambiguous genitalia to a predominantlyerahenotype with disorders such as
micropenis, hypospadias and cryptorchidism (Jaasken, 2011; Rey et al, 1994;

Werner et al, 2010).

Over 400 different mutations leading to AIS haverbeeported (database can be found

at http://www.mcqill.ca/androgendband in general these can be classified into two

groups according to DNA and mRNA alterations. Tist fis loss or gain of genomic
information such as macro and micro deletions asepair insertions and the second is
point mutations responsible for non-sense, misesansl splice mutations (Sultan et al,
2001). Each of these defects disturbs the abifits® to regulate gene transcription. It
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is interesting that the same mutation can leadifferent phenotypes or alternatively
different molecular defects can produce the sanengiype. This suggests that other

determinants may influence androgen action withentarget cell.

1.6.1.1 Anti-androgenic chemicals

There is growing concern that certain environmegtemicals can inhibit androgen
production or action and affect virilisation (Fish004; Gray et al, 2006; Sharpe,
2001). This has been reported in wildlife in pait exposed fish that have ovotestes or
intersex genitalia, in birds that display deforestiof the reproductive tract and similar
traits have also been found in amphibians and tsddreviewed by Sharpe,
http://www.chemtrust.org.uk/documents/ProfRSHARPEI&ReproductiveHealth-
CHEMTrust09.pdf). As discussed in section 1.1.4CTGare reported to be increasing
in occurrence in humans and other TDS disordercanemon and some believe that
they may also be increasing in prevalence, in @agr low sperm counts and associated
infertility. The identification of sexual developmte disorders in wildlife and the
increasing concern over human reproductive devedoprhas led to anti-androgenic
environmental chemicals being studied intensivath whe hypothesis that they may be
involved in the origins of TDS and affect viriliga of the fetus. Although some genetic
mutations have been found in patients with TDSegierabnormalities are not always
found and other explanations for these disordexssaught. Moreover, TDS occurrence
is highly linked to geography suggesting that emvnental factors are involved in these
disorders and/or that there are ethnic/genetieiffces in susceptibility (Lopez-Teijon
et al, 2008; Virtanen et al, 2005)

It is extremely difficult to accurately determirfeetexact level of exposure of the human
fetus to environmental chemicals and the effedts ey have. In order to prove that
environmental chemical effects are linked to TOf kevel of exposure would have to
be determined, this would have to be linked to ahmaistic effect and then to the

outcome disorder. This obviously has incredibletatises because of inaccessibility of
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the fetus. Consequently, the majority of our unt@eding of environmental chemicals
and their possible role in TDS has come from expenital rodent studies. One criticism
of these rodent studies is that the dose of chésnirsied to induce TDS disorders are far
in excess of what humans are generally exposeddaaay adverse outcomes of these
chemicals in rodents are unlikely at exposure keaberienced by humans (Sharpe and
Skakkebaek, 2008). However it can also be arguatdhilimans are exposed to mixtures
of many different chemicals, thus higher dosesnoihdividual chemical may mimic the
effects of more complex mixtures (Sharpe, 2008 edbeless the most relevant studies

are those which expose rodents to mixtures of ctemin much lower doses.

1.6.1.1.1 Diethylstilboestrol (DES)

DES is a synthetic non-steroidal oestrogen which fivat synthesised in 1938 and was
used therapeutically until 1971 to prevent preggacemplications and miscarriage.
DES was discontinued for use when it emerged thatesfemales exposed in utero to
DES developed clear cell adenocarcinoma of thenaagnd fertility problems (Barclay,
1979; Fowler and Edelman, 1978; Herbst 1981). Inssexposed to DES in utero,
testicular and reproductive tract abnormalitiesenbgen reported (Schrager and Potter,
2004; Wilcox et al, 1995).

Initially it was hypothesised that the adverse @Heof DES in males was simply due to
the oestrogen agonistic effect, but some studiggesi it is more complex than this.
Thus, DES-induced disorders of the male reprodeadiiact may result more from the
disturbance of the androgen-oestrogen balancerrdthe from oestrogen action alone
(Rivas et al, 2002). Furthermore, it has been shibvahaltered gene expression induced
by DES in fetal life can persist well after expasus terminated and the permanent
defect in gene expression does not necessarilycideinwith spatial localisation of
altered expression at acute exposure (Bromer é20819). Thus, the typical endocrine

regulation of gene expression may not accountifese¢ apparently epigenetic effects.
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1.6.1.2 Phthalates

Phthalates are a group of chemicals mainly useglasticisers to soften polyvinyl

chloride in the manufacture of various differenbguicts including pharmaceuticals,
cosmetics, perfumes, medical equipment and toysidblé et al 2007). Examples of
phthalate chemicals include Di-n-butyl phthalatd8H) and di-2-ethyl hexyl phthalate
(DEHP), but many more exist. The effects of phtteslaon testosterone production in
humans is conflicting. Some studies have reportedgative correlation between fetal
AGD in humans and the levels of phthalates reporteahaternal urine (Lottrup et al,

2006; Swan et al, 2005; Swan et al, 2008). Howeveontrast, other studies have found
no association between phthalate exposure and Adiang et al, 2009) although some
effects have been noted on germ cells in vitro (heonet al, 2009). Moreover,

phthalates have no effects in vitro on steroidogesnby human fetal testis explants
(Hallmarkk et al, 2007; Lambrot et al, 2008) andyrenconvincingly, no effect on

steroidogenesis in a fetal testis xenograft mod&r achronic phthalate exposure
(Mitchell et al, 2011, submitted). This controvetsywever does not exist in rat studies,
which provide unequivocal evidence that phthalates inhibit fetal testosterone
production (Gray et al, 2000; McKee et al, 2006kRBat al, 2000; Wilson et al, 2004).

1.6.1.3 Fungicides and herbicides

Certain fungicides and herbicides have also beported to affect androgen action.
Ketoconazole is an anti-fungal agent used in tbattnent of fungal skin conditions and
also in Cushing’'s syndrome. Ketoconazole has beparted to inhibit CYP17 (Pont et
al, 1982), vital in steroidogenesis and studiescaté that human LC steroidogenesis,
which has a preference for th&b pathway, is more susceptible to ketoconazole
disturbance than are rat or dog Leydig cells (et in Scott et al, 2009). Another
fungicide of interest is prochloraz used in croptection and shown in rodent studies to
affect fetal steroidogenesis by inhibiting CYP17nweersion of progesterone to

testosterone (Laier et al, 2006; Vinggaard et @05).
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Linuron is a urea-based herbicide and in rodends imhibit androgen action by
reducing fetal testosterone production (Wilsonl&0®4; Hotchkiss et al, 2004) but also
by antagonising AR (Mcintyre et al, 2000). Unlikeetfungicides described above, the
mechanism by which linuron might work to disturbdeosgen action has yet to be

elucidated.

1.6.1.4 Pharmaceuticals

There has been substantial interest in the effeittepapeutic drugs on virilisation of the

fetus. Glucocorticoids are used in the treatmentahy different disorders, including

those in pregnant woman, despite the fact thatsitestablished that elevated
glucocorticoids in response to stress can suppessssterone production in adult males
(Hardy et al, 2005).

16.1.4.1 Indomethacin

Indomethacin is a non-steroidal anti-inflammatomygd (NSAID) which inhibits the
production of prostaglandins. PGs are reviewecdeatisn 1.7.3. Indomethacin works by
competitively blocking the COX1 and COX2 enzymesniselectively) which inhibits
the synthesis of prostaglandins and their effedhflammation (Mitchell et al, 1993).
Blocking COX2 is what makes NSAIDs effective, assthleduces inflammation;
however, blocking COX1 can cause unwanted sidefi@ateman et al, 1994; Vane,
1996). Prostaglandins, particularly of the E anddfies are the main promoters of
cervical ripening and myometrial contractility imegnancy (Vladic-Stjernholm et al,
2009). Consequently indomethacin has been usebeintréatment of pre-term labour
(Norton, 1997). Many studies have been conducteanimals and humans investigating
the effect of prenatal exposure to indomethacirh wiinflicting results. Some of these
studies have reported indomethacin exposure inout@oes not produce any
malformations in offspring in mice and rats (Klesh al 1981; Randall et al 1987).
However studies have been published which contratiese findings. Kusang et al

(2977) reported that exposing mice to indomethaeinses skeletal defects as well as
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fused ribs. In addition the studies reviewed in.3.8howed that Gupta et al (1986)
found that exposing male mice to indomethacin chuseomplete virilisation of the
external genitalia as well as decreased AGD. Whabhbits were exposed to
indomethacin there were no birth defects in these$ which survived but an increase in
resorption of developing embryos was reported (@dyret al, 1972). Studies using 8
rhesus monkeys reported that exposure to indometha@s associated with
oligohydramnios (deficiency of amniotic fluid) amdso reported a 50% fetal mortality
rate (Novy, 1978). Exposure at various doses, tsm laad to constriction of the fetal
ductus arteriosus (Arishima et al 1991; Sharpé, 1995).

In humans, exposure to indomethacin in the finshdster does not generally produce
fetal malformations (Aselton et al, 1995; Katz et1l®84) and it has been suggested that
there is minimal transplacental passage of indoao#thin this trimester (Klein et al,
1981). In the second trimester, in humans, indoawth crosses the placenta and
reaches the fetus in concentrations close to tfmsed in the mother (Moise et al,
1990). Some studies suggest there is a similaeqpath rats, such that indomethacin
does not cross the placenta in pharmacologicafipifstant quantities until close to
parturition (Klein et al 1981). However, the vastmber of publications which report
adverse side effects in fetal rats when exposedven low doses of indomethacin
suggests otherwise. As prostaglandins play impobrtaas in many different systems, it
is inevitable that blocking PG action using indonaein can cause various
complications within the fetus. These include gastestinal complications, including
perforation and bowel necrosis (Cassady et al, IR&8na et al, 1992) and disorders of
cerebral blood flow, such as cystic brain lesiond mtracranial haemorrhage (Baerts et
al, 1990; Norton et al 1993). In addition to thé&efs in utero, indomethacin can cause
gastrointestinal ulceration in adults as well ast@acaenal failure (Schlondorff et al
1993). Thus it seems the effect of indomethacineddp on the species being treated,

the dose being administered and the timing in gestaevelopment.



Chapter1  [LiteratureReview  Pao°l4®

Although the ability of indomethacin to block PGlyesis by inhibiting COX enzymes
is well documented, it is important to note thatlamethacin may also have other
mechanisms of action, which are independent of @@®bition (Hawcroft et al, 2001).
For example, indomethacin can directly activate titamscription factor peroxisome
proliferator activated recepter(PPARy) (Lehman et al, 1997). Furthermore, Zhang et al
(1999) have shown that some of the antiprolifemtand antineoplastic effects of
NSAIDs are independent of the inhibition of eit@DX1 or COX2.

It should be mentioned that some of the chemicelsudsed above are used regularly
within the laboratory to elucidate the mechanisinammrogen perturbation. In addition,
AR antagonists are often used to elucidate AR nutdeanechanisms and flutamide is

one such chemical.

1.6.1.4.2 Flutamide

Flutamide is a non-steroidal AR antagonist whicmpetes with testosterone and DHT
(Sufrin and Coffey, 1976). Flutamide blocks theemattions between the N-terminus
and C-terminus of AR thus preventing transcriptlaivation. Once absorbed orally,
flutamide is converted in the liver to the biolagly active metabolite, 2-
hydroxyflutamide (Xu and Li, 1998) and has a hiéf bf only 6 hours in humans; there
is no evidence that flutamide or its metaboliteuscalate in any tissues. Flutamide does
not affect the testicular production of testosteron its conversion to DHT (Peets et al,
1974). However, in order to be a competitive antéggoof these androgens, flutamide
must be administered 500-1000 fold higher thanut@tang testosterone levels in order
to induce antagonism (Simard et al 1986). Even wh shigh doses, complete
antagonism is not always achieved against the coingpeestosterone and DHT,
although DHT-dependent tissues are more susceptiliemplete antagonism, whereas

within the testis (where testosterone levels ateemely high) the opposite is the case.
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1.6.2 Androgen receptor knockout models

Other than the use of chemicals, knockouts of tlie iA mice have also been an
invaluable tool for the study of androgen actiomisThas been done using Cre-lox
technology which will not be reviewed here but denfound elsewhere (Sauer et al,
1987; Sauer et al, 1988; Orban et al, 1992). Tte 6f the AR knockout (ARKO)
models employed this technology to knockout ARlircall types. The male phenotype
was reported to be female, i.e. the genetic makre whenotypically female in outward
appearance. ARKO males were reported to have demteanogenital distance, micro-
phallus with hypospadias and the vas deferens,idspms, seminal vesicles, and
prostate were absent. In addition, the testes f@eremaller than in wild type males and
were cryptorchid and serum testosterone was lowK@Rmales also displayed a
decreased bodyweight (Yeh et al, 2002). When phdis these studies only reported
early findings of the effect of ARKO in females lsiated that female fertility was not
affected. However more recent studies have showh ARRKO females have intra-

ovarian defects and are subfertile (Walters é2@09).

AR has also been knocked out of particular celesypnd the effects reported. In 2004,
AR was knocked out of SCs in the testis (SCARK@)cdntrast to the cryptorchid and
small testis reported in ARKO mice, the SCARKO modas found to have normal
development of the male reproductive tract and mabuhescent of the testes. The testis
weight was reduced however in comparison to resgecbntrols, and it was found that
the number of spermatocytes and spermatids werglgreeduced or absent and all
animals were infertile. This study concluded tha& A required within the SC for

androgen maintenance of complete spermatogenesi&éndt et al, 2004).

Attempts to knockout AR from LCs have been repoded these animals were infertile,
and spermatogenesis was arrested at the sperntagie Elsai et al, 2006; Xu et al,
2007). These animals also had reduced levels tufstesone and increased levels of LH
and FSH demonstrating the effects on the HPG &lasvever, it has been shown that
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AR knockout in this model may not be specific tosL@hd some AR may have been
knocked out of SCs also and so to date, no LC pe&iR knockout model has been
reported (De Gendt and Verhoeven, 2011).

There have been two notable attempts to knockouinARTM cells (PTM-ARKO). The

first of these reported decreased testis size dgdzoospermia, but fertility was stated
to be normal (Zhang et al. 2006). A more recent PARKO model reported grossly
normal reproductive tract development, but the makere azoospermic and infertile.
These animals had normal levels of testosteroneabhfi FSH but had impaired SC
function (Welsh et al, 2009). The latter study atdmwed that the former knockout
(Zhang et al, 2006) had not in fact knocked outiARTM cells, but rather only in the

smooth muscle of arterioles.

1.6.3 Excess exposure to androgens

In addition to deficiencies in androgen action dgrihe fetal period having a variety of
affects, excess androgen exposure can also bendatal, particularly in females. In
humans this is the most common endocrine disomdevaman of reproductive age.
Androgens are produced by the ovaries and adrdaatlg and excess production can
lead to a range of virilisation phenotypes inclgda masculinised urogenital tract and
external genitalia, hirsutism, acne, menstruabitarity and fertility problems (Abott et
al, 2005). Excess androgens in females can be a@wertgenital adrenal hyperplasia
(CAH) (Barnes et al, 1994; Kalaitzogou and New, 33& polycystic ovarian syndrome
(PCOS) (Abott et al 2005; Dumesic et al, 2005).

CAH is an autosomal recessive disorder which ocaumnost cases when there is a
mutation in 21-hydroxylase (also called CYP21), ofh¢he 5 enzymes required by the
adrenal glands to synthesize cortisol (White an€isgp, 2000). This enzyme is one of
the cytochrome p450 enzymes. Deficiency in CYP2dulte in the adrenal cortex

compensating by over-producing other cortisol preats which leads to the excess
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synthesis of androgens (White and Speiser, 200AH €@males usually have normal

internal reproductive tracts, but may display ambigs genitalia. In addition as these
females have high circulating androgens but noallpcproduced testosterone, WD

derivatives are not present (reviewed in Merke Bodhstien, 2005). Other symptoms
include abnormal menstruation, deepening of voieg hirsutism. Males can also be
affected by CAH and these individuals may underngloepty as early as 2-3 years of age
(reviewed by Merke and Bornstien, 2005).

PCOS is an autosomal dominant condition in whi@hdtaries (and sometimes adrenal
glands) over-produce androgens mediated by hypdaesia and LH pulses
(Rosenfield, 1999). As well as the expected vaiisn, females with PCOS also display
abnormal menstruation and reproductive abnormslitie addition, many of these
patients are found to have other disorders sucmsasgin resistance, central obesity,
dyslipidemia, hypertension, glucose intolerance &gk 2 diabetes (reviewed by
Dunaif, 1997). The aetiology of PCOS remains unkmdwt one study has suggested
that excess androgen exposure in utero can caederttale offspring to develop PCOS
in adulthood (Xita and Tsatsoulis, 2006). Furthemna microarray study reported
PCOS theca cells to have abnormal expression ofI€YPvolved in steroidogenesis)
and also in GATA-6, known to be involved in embrimmevelopment and Wnt
signalling (Wood et al, 2003).

Several studies have investigated excess androgas@e using laboratory rodents not
only to understand disorders such as CAH and PC@Salso to address increasing
concern about androgenic chemicals in the envirommExposing rats to excess
androgens, in the form of testosterone has beenntbst common experimental
approach and this has been shown to lead to vadiegiees of virilisation of the female
fetus. The effects reported in this approach depeeds much on the dose of
testosterone administered, the timing of admintistnaand the strain of rats used. For

example a study which used three different doséssbbsterone in Sprague Dawley rats
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found that although dams had a lower bodyweight andincrease in embryonic
lethality, the reproductive tract of the femalespting was normal (Fritz et al, 1984). It
is interesting to note that this study exposed frat® €13.5- €16.5. Most studies report
females to be susceptible to masculinisation begx¢estosterone exposure from el5.5
onwards. For example, studies published by Rheabkint1997 exposed female rats to
testosterone from el16.5 onwards and reported femalehave an increased AGD,
abnormal vaginal development and opening. Interglsti LH surges were not affected
(Rhees et al, 1997). In general, when exposed énouto testosterone, the female
offspring display male-like genitalia (Welsh et aD08; Wolf et al, 2002), increased
AGD (Kawashima et al, 1978; McCoy and Shirley, 19Bhees et al, 1997) delayed
puberty, early constant estrus (McCoy and Shid®&@2; Slob et al, 1983) and increased
infanticide in rats (Rosenberg and Sherman, 19i/48.WD can be stabilised in females
exposed to testosterone and its derivatives haeebaen found in postnatal female rats.
Some studies have found prostates in females exftess testosterone exposure but the
same studies have not found the WD to be stabilisedontrast, some studies have not
only reported the stabilising of WD but have alsovided evidence for its coiling
(differentiation) (Welsh et al, 2009). The lattdudy reported that WD derivatives
persisted into adulthood despite the lack of exogenandrogens postnatally.
Furthermore, WD of control females which regressemeeported to have apoptotic
activity in contrast to the WD stabilised in tes&mene exposed females which have cell
proliferative activity. Of particular significances the timing of WD stabilisation
reported. Welsh et al (2009) concluded that degeioer of the WD in males in which
androgen action was ablated experimentally happktedthan in control females and
that a male female time difference in programmihthe WD may exist.

An extensive study was published in 2001 by Wollaktvho exposed rat fetuses to
various doses of testosterone propionate from ed%9%. The exposure to TP in utero
had no effect on the male pups at any dose, aghe examined. At a dose of 0.5mg/kg
TP, exposed females displayed increased AGD atimgareduced number of nipples,

cleft phallus, small vaginal orifice, and the prese of prostatic tissue. At a higher dose
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of 10mg/kg, virilisation of the females was moreminent, with no vaginal opening at
all and animals also had bulbourethral glands dsaseseminal vesicles. Some females
also displayed a greatly distended, fluid fille@rus or hydrometrocolpos (Wolf et al,
2002). These studies also reported that TP treddets were late with parturition, had
abnormally small litter sizes as well as lower Ibiweights of pups. This is a well
documented effect of TP in rats and some studies resorted to caesarean section and
use of foster mothers to overcome problems withatyas (Welsh et al, 2008, 2010). In
contrast injecting testosterone directly into thenatic sac had a less severe effect
(Swanson and Bosch, 1965). This is one of the rsasty the studies conducted in this
thesis to investigate androgens, used DHT rathaar thstosterone. Further reasons for

using DHT are discussed in chapter 3.

There have been reports that female rats displagynaologue of the male prostate and
this is termed the Skenes paraurethral gland. Ssmeatists have reported that Wistar
rats (the strain used for the studies in this #)a$p not have this gland due to absence of
sufficient testosterone during embryonic and neainperiods, whereas others have
reported that some Wistar females can have an dedeloped but functional prostate
(Biancardi et al, 2010). In our control Wistar fdenaats, no prostates have ever been

reported previously and were not found in the adrgtudies reported in this thesis.

1.7. Androgen biochemical associates

So far, this review has discussed androgens andmtiRanscription, this ligand-receptor
complex does not work alone. AR has been shownadxk with various transcription
factors. Over the past 15 years, it has becomélettad that correct AR transcriptional
activity also depends on various factors which @o posses DNA binding affinity.
These include, but are not limited to, co-regutomethylation enzymes and

prostaglandins.
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1.7.1 Co-regulators

Co-regulators can be generally defined as protelmsh interact with nuclear receptors
to either enhance (co-activators) or repress (peessors) transcription. Co-regulators
are not generally considered to possess specifi® hkding affinity and do not
significantly alter basal transcription rate (McKeanet al, 1999). Aimost 300 nuclear
receptor co-regulators have been identified siheedolation of the first co-activator in
1995. In 1969, Britten and Davidson published aotheof 'master genes’, a type of
‘master RNAS’ suggested to directly regulate traipsion, but data could not be found
to support this. Then, the vast studies focusingRbiA pol Il and regulation of mMRNA
transcription discovered a new group of proteinsese proteins, co-regulators, were
proven to be vital in transcription in addition RNA pol Il and general transcription
factors (Lavery et al, 2006; Lee and Young, 200@EMan et al, 1997). The emergence
of new co-regulators and our understanding of codegor function is growing
progressively. It is now accepted that co-regutatme involved in virtually all of the
reactions needed for control of gene expressiomyMumblications now term the genes
which encode the co-regulator proteins, the trustemagenes of eukaryotes, proving

Britten and Davidson were not completely incorrect.

Co-regulators that interact directly with nucleaceptors exist in large steady state
complexes with multiple secondary co-regulator mend. Each component may have
multiple enzymatic capabilities, for example adesyisferase, ATPase activities,
methyltransferase. In addition, co-regulator prideare affected by phosphorylation,
methylation and other modification statuses. Mastegulators are expressed in a wide
variety of cell types and can interact with morarttone nuclear receptor and there may
also be redundancy between or within different sgasof co-regulators (Heinlein and
Chang, 2002; Heemer and Tindall, 2007). Furthermondtiple cofactors may regulate
nuclear receptor function at any one time. Thigihmentally complicates interpretation

as the demonstration of co-expression of a co-a¢gulith a particular nuclear receptor
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does not necessarily mean it is modulating thesiggtof that particular receptor at that

time.

There are many ways in which this large group aftgins can and have been
categorized. In this review, co-regulators will dassified and briefly discussed based

on functional properties, followed by discussiorkey (for this thesis) co-regulators.

1.7.1.1 Components of the chromatin remodelling cophex

Gene transcription occurs on a chromatin tempiatevhich DNA is wound around a
core of four basic histone proteins (H2A, H2B, H&ld14), which form nucleosomes.
Regions of DNA between adjacent nucleosomes akediby histone H1 (Wolffe, 2001,
Hayes and Hansen, 2001). DNA-histone interactianst Ithe accessibility of the
nucleosomal DNA to transcription factors, thus forghan obstacle to transcription.
Chromatin remodelling complexes alter and unwrap histone-DNA contacts in an
ATP dependent manner (catalysed by ATP), leadingrdebrganisation of the
nucleosomal structure, thus making the chromatiatust more permissive to
transcription (Trotter and Archer 2008).

There are several AR co-regulators identified asnpmnents of the chromatin
remodelling complex. Androgen receptor interactimgtein 4 (ARIP4) was one of the
first proteins which illustrated chromatin remodel with AR. ARIP4 interacts with the
zinc finger region and stimulates AR dependentsiaativation, shown in co-transfection
studies (Rouleau et al, 2002). After this initiakabvery, an array of chromatin
remodelling complexes which work with AR have enaelgfor example SRG3 (Hong et
al, 2005) and SRCAP (Monroy et al, 2003). Perhdps most established (in the
literature) chromatin remodelling complex is the BBNF family which contains the
ATP-ase Brahma related gene (BRG1), shown to lmeempAR regulator.
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1.7 .1.1.1 BRG1

SW1/SNF compromise a family of large, multi-subuwotmplexes containing 8 or more
proteins present in a cell which contain one of teoe ATP-ases; BRG1lor hBRM as
well as numerous BAFs (BRG1 associated factorg)t{@r and Archer 2008). Human
SW1/SNF complexes usually contain core subunitBRf51 (or hBRM), BAF170,
BAF155 and BAF47, BAF60, BAF57 and BAF53 as wellaasin (Wang et al, 1996).
These complexes regulate transcription factorsebgrganising the chromatin structure
through one of two processes, either by faciligtiucleosome condensation, which
induces repression of transcription or by nucleasodispersion which assists in
activation of transcription. BRG1 has been ideatifto interact with many different

proteins and some of these are summarised in 8ig 1.

Transcriptional Transcriptional
Activation Repression
AR GR
HDAC1/2
HP1
Mbd3
Mi-2p
mSin3A
PRb
PRMTS
REST
SMRT
SYT-SSX

Figurel.8 Summary of proteins which BRG1 co-regulates in either transcriptional activation
or transcriptional repression. Diagram adapted from Trotter and Archer, 2008.

BRGlandhBRMshare a high degree of sequence identity (74%)iranitro, display
similar biochemical activities (Khavari et al 199Randazzo et al 1994), however, in
vivo are believed to have different roles in pmidtion and differentiation (Kadam and
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Emerson, 2003; Reyes et al, 1998). Although thectewsechanisms employed in the
different roles are yet to be elucidated, knock motlels have provided insight into the
importance of these ATP-ase units. BRG1 deficieidendie at the pre-implantation
stage suggesting it is vital for early developm&RG1heterozygous mice are thought
to be more susceptible to tumour development (Glatcal, 2008). Conversely, hBRM
null mice are found to be viable and fertile, altgb they do expresBRG1at higher
levels than controls in particular tissues andldispberrant cell cycle regulation (Reyes
et al, 1998). Th&8RG1gene is composed of multiple domains which incladeATP-
ase domain, a C-terminal bromodomain, AT-hook matd an N-terminal region which
houses three further domains; QLQ, HSA and BRK dosw@havari et al 1993).

The large SW1/SNF multimeric assemblies are remiluid specific gene targets through
association with  DNA-binding transcription factorsp-regulators or by general
transcriptional machinery. Furthermore, varioudedént interactions are thought to be
involved in recruiting and stabilising the BRG1 it the hormone responsive elements
in promoters (Trotter and Archer, 2008). Several I33WF components including
BRG1, BAF250, BAF60 and BAF57 have been shown tdiate interactions of nuclear
receptors including glucocorticoid, oestrogen andragen receptors (Link et al, 2005).
Although the role of SW1/SNF is better establisedestrogen and glucocorticoid
receptors, progress is being made to understantiisf complex is important for
androgen receptors. BRG1 has been shown to bevedwah both co-activation and co-
repression of AR (Trotter and Archer, 2008).

Probasin and prostate specific antigen (PSA) acepmeteins which are predominantly
expressed in the prostate. The gene for each séthas a strong promoter sequence for
the target of AR. Cell culture experiments haveengly shown the AR target promoter
sequences oprobasin and PSA require SW1/SNF for complete activation. In the
absence of SW1/SNIP,SAfailed to activate entirely and only a low levélaztivation

was observed foprobasin illustrating thatprobasincan be at least partially activated
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independent of chromatin remodelling. Both gene gtBmoters were fully activated
when hBRM was re-introduced into the cell culture. The readuction of BRG1
however only weakly activated probasin and did mahage to activateSApromoter
by the androgen receptor. This data suggdsBRMwas the preferred core ATP-ase of
SW1/SNF for AR activity (Marshall et al, 2003).

Studies conducted by Dai et al (2008) foBRIG1to be involved in AR antagonism in
prostate cancer cells. Ablating androgen actiongiantagonists is an important method
of treatment for prostate cancer; however the masha by which the antagonists
work are poorly understood. This study illustratedt prohibitin, which is a tumour
suppressor, is essential in androgen antago&t@1but nothBRMwas demonstrated
to be required for the repressive actiorpadhibitin on AR responsive promoters. The
antagonist bound to AR is thought to induce reoraiit of prohibitin, and BRG1 to
endogenous AR responsive promoters to mediatectiptisnal repression. At the PSA
promoter, this happened by PSA disassociating fa800 (a histone modifier co-
regulator) allowing BRG1 to remodel the chromaiihe p300 co-regulator is closely
associated with CBP (CREB binding protein) and tugegulator is discussed in detail
below. However, it should be noted that CBP inteyazth BRG1 and this interaction
has been demonstrated to be vital at least in téwesdriptional activation of the
oestrogen receptor (Direnzo et al, 2000; Naidulef@09). Studies have shown, in
response to oestrogen, ER recruits BRG1, and &arB&®&G1 to the promoters of
oestrogen responsive genes, in a manner that ociomgltaneously to histone
acetylation, controlled by CBP (Direnzo et al, 2DBRG1 mediated co-activation of
ER signalling is regulated by the state of histacetylation of the cell, controlled by
CBP. Given the importance of both these co-regtdatand the various roles they play
and their well documented roles in ER and GR atitwa it is surprising that this

mechanism has not yet been furthered exploredthétiAR.
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Some studies have found higher levels of BRG1 ifigmant prostate cancer tissue and
this was associated with larger volume of tumoussn@&un et al 2007), and yet the loss
of BRG1(targeted knockout) actually potentiates lung ean¢Glaros et al, 2008). It is
hypothesised that different genes have differeqtirements for two ATP-ases with

some relying otnBRMand others oBRG1for androgen regulation.

1.7.1.2 Histone Modifiers

More localised control over transcriptional eveimtghe chromatin can be achieved by
modifications of histone residues. Histone residtasbe modified in a number of ways
including acetylation, methylation, phosphorylatiarbiquitination, ADP-ribosylation
and glycosylation. Overall, most of these modifimas change the net charge of the
nucleosome, inducing either a loosening or a tightpof the DNA histone interactions
(Heemers and Tindall, 2007). Several co-regulatotgms function in this pathway in
either co-activation of AR, by recruiting histoneetylase, or co-repressing AR activity

by de-acteylation, rendering the chromatin envirentitranscriptionally repressed.

1.7.1.2.1 CREB binding proteins (CBP)

The CREB binding protein (CBP) was initially iddi@d as a co-activator for CREB,
the cAMP response element binding protein (Chirefieal, 1993). These studies used
protein interaction assays and determined that €8Pbind to CREB when CREB is
phosphorylated by protein kinase A. Similar protessays, using an adenoviral
transforming protein E1A, discover@®00,a homologue o€BP as both co-regulators
share a highly conserved sequence (Stein et al); I®¢&kner et al, 1994). Since then,
CBP and p300 have been reported to bind to a nuofldifferent proteins involved in
transcriptional regulation. Their intrinsic histoaeetyltransferase activity works to relax
the chromatin and assist in transcription (Fronsefalal, 1998) and some of the
interactions that CPB/p300 are involved in areinad in Fig 1.9.CBP andp300 have
similar structures. Both genes contain a nucleeeptr interaction domain, the CREB

interaction domain, the cysteine/histidine regiotise interferon response binding
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domain, the histone acetyletransferase domain anoroanodomain, which binds
acetylated lysines. A PHD finger motif has also rbegentified but its function is
unknown, thus the name is fitting (Shiama et a@749/0 and Goodman, 2001).

JMY
dMad
Py LT
HPV E6
CIITA
HPV E2 Tat
BRCA1 ol
45/NF-E2 ¥
p E
c-Jun ‘_c-ts'1
TAL 1 c-myb junB
p73 T C/EBP B
Mdm2 sapi GATA-1
HIF-1 YY1 Neuro D p53
Stat-1 Ets-1 SREBP Microphthalmia
SF-1 RXR ATF-1 E1A
p65 ATE-4 Twist MyoD YY1
Pit-1 Cubitus PPIO RSK  gmag
uglear  WNFs interruptus ATF-2 c-Fos
receptors Stat-2 EBNA2 GIi3 vIRF SV40 Large T
[I |Zn| | KIX [ lBromo| ‘Zn} HAT \Zn] | Q
TBP RNA helicase A p/CIP
TFIIB SRC-1
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Figure 1.9 Domain structure of CBP/p300 gene indicating three zinc fingers (Zn), a
bromodomain (Bromo), a CREB binding domain (KIX), a HAT domain and glutamine-rich
domain (Q). Association with transcriptional activators is shown above the domains with
which they interact and transcriptional repressors are indicated below. Diagram from Vo
and Goodman, 2001.

CBP and p300 have been reported to assist in tiptisn using three main methods,
condensing or relaxing the chromatin, recruitingabdranscription machinery or acting
as adaptor molecules. Despite their similaritiesydéwver, it should be noted that CBP
and p300 are not functionally interchangeable (id &oodman, 2001). This can be
observed from the different phenotypes which o@sua result of specific knockouts.
For example, heterozygous inactivationGBP in mice leads to haematological defects
and a predisposition to cancer which is not dispdalpy mice withp300 deficiencies
(Kung et al, 2000). A similar scenario is obseruethumans in whom insufficiency of
CBP leads to Rubinstein-Taybi Syndrome (RTS), &alie characterized by mental

retardation, craniofacial abnormalities, broad taad thumbs as well as an increased
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incidence of malignancy (Blobel, 2000). An identicautation in one p300 allele
however does not produce the same haemotologicahmcer pre-disposition effects
(Goodman and Smolik, 2000). Homozygous mutationsitimer CBP or p300 however
result in embryonic lethality and furthermor€BP/p300 double hetrozygotes are
invariably lethal which suggests that their funotimay overlap to some extent (Vo and
Goodman, 2001).

The complexity of CBP and p300 protein interactibas led to them being described as
molecular integrators rather than co-regulatorss T exemplified by the vast number
of publications outlining the various different faxs that CBP/p300 have been shown to
interact with and their various modes of actionstbtiically, the adenovirus, Ela has
played a large role in understanding CBP/p300. i81a multifunctional pleiotrophic
protein that mediates biological effects througinscriptional activity of target genes. It
affects proliferation and cellular differentiatido produce an oncogenic phenotype
(Shiama et al, 1997). The N-terminal of Ela cardbm and block CBP/p300 which
causes the cell to enter the S phase of the celk.cywo methods have been proposed
for how CBP/p300 action might be blocked. The fwétthese proposes that Ela can
bind to the CBP/p300 region which interacts withARNolymerase 1l and TFIIB, thus
preventing these essential (for transcription) dextfrom interacting with the co-
activators (Felzien et al, 1999). In addition, EXiAding to the third zinc finger domain
of CBP/p300 has been reported, blocking the histacetyl activity essential for
CBP/p300 mode of action (Chakravarti et al, 199j93i et al, 1999). Other than Ela,
CBP/p300 has been shown to interact with many otivat oncoproteins, including
human T-cell leukemia virus (HTLV-1), V-myb and ham papilomavirus E6
(Goodman and Smolik, 2000). In addition to oncogiret and CREB, CBP/p300 also
works with other transcription factors such as dnfyapla, Elkl and NFKb (Aarnisalo
et al,1998) and many of the members of the nuckzaaptor family.

CBP/p300 has been reported to interact with thdragsn receptor, glucocorticoid

receptor, retinoic acid receptor, thyroid hormoeeeptor and the androgen receptor
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(Aarnisalo et al, 1998). Using cell culture techrgg, it has been shown that the N-
terminus of CBP/p300works with both the N-terminal domain and DNA bmgl
domain of AR. Furthermore, it has been suggestatittie limiting amount of CBP in
the cell might mediate transcriptional interferemgth AP-1. AP-1 is Activator Protein -
1, a transcription factor which is involved in région of genes involved in
differentiation, proliferation and apoptosis.

As briefly mentioned in section 1.7.1.1.1, it ha&eb shown that CBP and BRG1 work
together with oestrogen and glucocorticoid recep(@®irenzo et al, 2000; Naidu et al,
2009). Given the various different pathways eacthe$e co-regulators is involved with,
and the importance of their expression during féfe) it is surprising that their role
with androgens during the fetal period has notegimore attention. To my knowledge,

no such studies have been published in the literatu

17.1.3 Components of the ubiquitination/ proteasompathway

Ubiquitination is a post translational modificatiohcellular proteins in which ubiquitin
(a 76 amino acid polypeptide) is attached to lysimetarget proteins. Ubiquitination
allows proper progression through rounds of trapson and the appropriate assembly
of the necessary proteins. Ubiquitination involtles activation of an E1 enzyme, which
transfers ubiquitin to a conjugated E2 enzyme argdrecruits E3 ligase, which transfers

the ubiquitin to the intended target protein (Heesvaand Tindall, 2007).

AR co-regulators which employ ubiquitination in erdo regulate AR activity include
E6-AP (Khan et al, 2006), Mdm2 (Gaughan et al, 2003RH2 (Logan et al, 2006),
SNURF/RN4 (Poukka et al, 2000) and Chip (Rees e@D6). Each of these co-
regulators employs the ubiquitination pathway, allitvork via a different mechanism.
For example, E6-AP is recruited to the promoterare@f target genes upon androgen
binding to its receptor and interacts with the Nxtimal to enhance transactivation
(Khan et al, 2006). E6-AP may also be involvedaguiating the level of AR protein.

This is demonstrated in E6-AP null mice, which thgpincreased AR levels, and



similarly, cell culture experiments in which E6-A$over expressed causes a decrease

in AR protein expression.

Proteins such as Mdmz2 interact with the AR N-teahitiomain and the DNA binding

domain and this interaction is dependent on E3égactivity. Furthermore the Mdm2-
AR complex actually recruits another AR co-regulatd DAC1 and in response to
androgen, both AR and HDAC1 become ubiqutinatedm®dand HDAC1 work at

target gene promoter sites to attenuate activitlytheérmore, this activity is attenuated
by the histone acetyl transferase activity of aap#R co-regulator, Tip60 (Gaughan et
al, 2005). This is a fine demonstration of theripl@y between various AR-co-regulators
and the vast number of interactions which may léntaplace, to direct the correct

action of androgens through AR.

17.1.4 Components of sumoylation

SUMO, the small ubiqutin modifier protein is simmildo ubiquitination in its
employment of E1 activating enzyme, E2 conjugategymes and an E3 ligase
enzyme, but differs due to the SUMO homologs, SUMQ, and 3. SUMO 1 has been
shown to decrease AR activity (Poukka et al, 200B¢reas SUMO 2 and 3 enhance
transcription (Zheng et al, 2006).

1.7 .1.5 Chaperones and co chaperones

In the absence of the ligand, AR is stabilised witlne cytoplasm by being bound to
molecular chaperones. Although ligand binding disamtes the AR from the majority
of the heat shock proteins (reviewed in sectionl},4ome chaperones remain attached
to the AR. These act as co-regulators for downstregents such as translocation,
transcription and even AR degradation. For exankié@40 has been shown to be
necessary for androgen binding to AR and defectslspf40 leads to problems in the

formation of the AR—Hsp70 complex which causes ARlihg defects (Fan et al, 2005).



In contrast, loss of Hsp70 in a mouse knock out ehathowed enhanced AR gene

transcription which led to defects in spermatogen@®rada et al, 2005).

1.7.1.6 Cytoskeletal proteins

Conventionally, actin is thought of as a cytoplasoriganiser and a major component of
the cell cytoskeleton. More recently, actin has nbeshown to be a player in
transcriptional events also, including playing sole chromatin remodelling (Ting et al,
2002). SUPERVILLIN is an actin binding protein whiénteracts with both the N-
terminal domain and DNA-binding domain of AR andsthssociation is enhanced by
androgens but furthermore cooperates with othercAfRegulators such as ARA55 and
ARA70 (Ting et al, 2004). Three different isoformsf actin cooperate with
SUPERVILLIN to stimulate AR transactivation. Anothexample of an actin binding
protein is GELOSOLIN which has been reported teramtt with AR during nuclear

translocation to enhance ligand dependent AR agtiMishimura et al, 2003).

1.7.1.7 Endocytosis

Proteins which are involved in cell endocytosis piay multiple roles and are reported
to interact with AR to influence AR mediated tramgtion. One example of this is

huntingtin-interacting protein, HIP1 which assoegatvith AR to reduce the rate of AR
protein degradation. HIP1 is recruited to AREs upmlrogen stimulation and it has
been shown that over-expression of HIP1 enhances tRRscription whereas

transcription is repressed when HIP1 is knockedrd@Mills et al, 2005). G-associated
kinase (GAK) is another example of a protein inealvin endocytosis which has been
shown to interact with the N-terminal domain of A&Renhance AF1 activity, in a ligand

dependent manner (Ray et al, 2006).

1.7.1.8 Cell cycle regulators
There seem to be few components of the cell machwich are not involved with

androgen and AR action. Proteins which are involwedell cycle regulation are also
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involved in AR modulation. One such protein is CYRLE, which has been shown to
bind directly to the N-terminal domain of AR to emite AF1 transactivation function
(Heemers and Tindall, 2007). Another example okl cycle regulator involved with
AR transcription is CDC25B, which interacts dirgattith AR to enhance transcription,
and the action of this complex is enhanced by autésn with CBP (Ma et al, 2001).
Other cell cycle regulators inhibit AR activity. Aaxample of this is CYCLIN D1 which
can bind directly to the AF-1 region of AR, indegdent of the ligand, recruit HDACs
and inhibit the N and C-terminal domains of AR. §laictivity has been shown to be
independent of the role that Cyclin D1 plays in cgtle regulation (Reuten et al, 2001;
Petre-Draviam et al, 2003). The retinoblastomaginofRB) is a protein which functions
as a tumour suppressor and controls progressiondhrcell cycles. RB can bind to AR
to enhance transcriptional activity and it does thy co-operating with another AR co-
regulator, ARA70 (Yeh et al, 1998).

1.7.1.9 Regulators of apoptosis

Proteins involved in the execution of apoptosis eo act as AR co-regulators. An
example of this is seen with the pro-apoptotic aasgB, which represses AR dependent
gene expression by disrupting N and C terminalraatgon of AR. This inhibits
androgen induced nuclear localisation (Qi et aD7)Owhich leads to transcriptional
repression. An example of co-activation by apoptddictors is displayed by Par-4, a
pro-apoptotic protein which interacts with the ARIB binding domain and is recruited
to the promoter of AR driven genes. Here it enhartbe association of AR with DNA

and increases AR dependent transcription (Gaq 208a6b).

1.7.1.10 Rwdd1

A newly discovered co-regulator is Rwddl which lre rat has also been called small
androgen receptor interacting protein. Rwddl islbreviation of RWD containing 1;
RWD is a domain named after three major RWD comgirproteins, RING-Finger

containing proteins, WD domain containing proteansl DEAD like helicases. This co-



regulator was originally identified in the thymuslyp3 years ago (Kang et al 2008a) and
its functions are yet to be fully understood. Thexyeevidence suggesting that AR is
related to thymus involution as testosterone ithkilthymocyte development and
castrated animals display thymus enlargement. M@reandrogen deprivation can lead
to T- cell augmentation. In an epithelial cell litehas been shown that Rwddl can
enhance transactivation of AR. In localisation g&gadin the thymus at least, Rwdd1 and
AR may both be cytoplasmic and upon ligand bindiRgyDD1 remains cytoplasmic

whereas the AR complex becomes nuclear. FRET stugliggest there is no direct
interaction between RWDD1 and AR in this organ (¢&ahal 2008b).

1.7.2 Methylation

In mammals, DNA methylation is a vital cellular pess (Fraga, 2009). DNA
methylation is the covalent addition of methyl godo the 5’position of cytosines. This
usually occurs on a cyotisne which is followed bygaanine and termed CpG
dinucleotides (reviewed by Garcia-Carpizo et all Y0 CpG dinucleotides occur in a
low frequency in vertebrates but stretches of DNihvhigh CCG content with high
frequency of CpG dinucleotides relative to the bgdnome have been identified and
these are termed CpG islands (Gardiner-Garden, d198l7). Most CpG dinucleotides
are methylated but those located in CpG islandshdomainly in promoter regions of
genes, are not usually methylated (Garcia-Carpizal,e2011). DNA methylation is
responsible for genomic imprinting, X chromosomactivation in females and for
securing monoallelic gene expression by repressipgession of maternal or paternal
genes. DNA methylation is catalysed by DNA metlayisferase (DNMT) enzymes and
knockout mice lacking these enzymes die at the laostage (Shock et al, 2011,
Woroniecki et al, 2011). Generally, DNA methylatitgads to the repression of gene
expression whereby methylated genes are eithertranscribed or transcribed at a

reduced rate (reviewed by Garcia-Carpizo et al,1201



A full review of the role of gene methylation inetlembryo and in postnatal life is
outwith the scope of this review and can be foulsévwehere (Walsh, 2006, chapter 5).
Methylation and the enzymes involved have becomémgortant focus of epigenetic
research and the literature concerning methyladiosh AR is increasing. Very recently,
histone methyltransferase (HMT) and histone denitetinsferase (HDM) have been
shown to be involved in AR gene regulation. In jatar, an HMT enzyme termed
SET9 interacts with AR and associates with the P®&#moter in a ligand dependent
manner. SET9 adds a methyl group onto a lysinewesiithin the hinge region of PSA
and this modification is necessary for AR activityprostate cancer cells. Thus, SET9
plays an important role in cancer progression anglicates another mode of AR
regulation (Gaughan et al 2010). Another study dangrostate cancer cells has shown
lysine specific demethylase 1 (LSD1 also known &CB10) co-localises with AR in
vitro and in vivo to stimulate AR expression. LSPdAn demethylate to control specific
gene expression (Metzger et al 2005).

1.7.2.1 DNA methyltransferase like -3 (DNMT3L)

Four DNMT enzymes involved in catalysing DNA metitypbn have been characterised
in the literature. DMNT3A and DNMT3B are de novo tmdtransferases which
function to establish DNA methylation patterns garl development and DNMT31
maintains methylation patterns during replicatigkagola et al, 2002). The fourth
DNMT enzymes, is DNMT3L (DNMT3-like) and this membshares similarity in
protein structure to DNMT3A, DNMT3B and DNMT31 amd addition, it has been
shown that DNMT3L is required specifically for testablishment of maternal genomic
imprints and is vital for de novo methylation (Adget al, 2002). However, DNMT3L
lacks the catalytic motif required for methyltragrsfse and is believed to function as a
regulator of methylation at imprinted loci rathdrah a cytosine methylatransferase
enzyme (Aapola et al, 2002; Garcia-Carpizo et @1,12. Although the mechanisms by

which DNMT3L regulates methylation are not completenderstood, it has been



shown that DNMT3L can mediate transcriptional repien through interaction by

associating with histone deactylase activity (Aapetial, 2002; Deplus et al, 2002).

Targeted disruption oDNMT3L expression in mice led to severe hypogonadism and
Sertoli cell only phenotype with azoospermia. Hetggous progeny of thBNMT3L
deficient homozygous females failed to develop pastlays of gestation due to
embryonic defects resulting in biallelic expressmingenes which are normally only
expressed from one the of paternal origin (Bousc#t al, 2001). Further studies have
characterised the testis BINMT3L knock out mice to understating the cause of the
impaired spermatogenesis (Webster et al, 2005) famdd GC in these mice were
arrested and died around the early meiotic stagata(tet al, 2006). Microarray
expression profiling of the testis BNMT3L knockout mice found a down regulation of

gonad specific and or sex-chromosome linked gdrata(et al, 2006).

1.7.2.2 Brother of the regulator of imprinted sitedBORIS)

CTCF is a conserved and ubiquitous 11 zinc figgetein which is involved in various
aspects of gene regulation and forms methylatiorsigee insulators that regulate X
chromosome inactivation and expression of impringedies (Loukinov et al, 2002).
More recently a paralogue for this gene was idieatifBORIS, which has the same
exons encoding the 11 zinc finger domain as the Eg€ne (Klenova et al, 2002).
However BORIS expression has only been found intéstis and is predominantly
expressed during embryonic male germ cell developniewever, it is also expressed
in tumours and consequently has been classifieal @ancer-germline or cancer-testis
gene (Nguyen et al, 2008; D’'Arcy et al, 2008). dscancer cell lines, it has been
shown that disruption of DNA methylation induces BIS expression. In addition the
promoter site of BORIS has DNA hypomethylation &mstone 3 modification patterns
(Woloszynska-Read et al, 2007). Furthermore, th&EBJpromoter is repressed by CpG
methylation in a dose dependent manner which stgygele for DNA methylation in
BORIS transcriptional regulation.
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1.7.3 Prostaglandins

Prostaglandins, the products of the arachidonid pathway, were originally isolated in
1935 from the seminal fluid of the prostate (Goiatbl1933, Von Euler 1936).
Prostaglandins are lipid compounds which are ddrivem essential fatty acids. They
have been shown to be autocrine and paracrine toesliavolved in a wide variety of
physiological effects in various tissues and orgaiosind the body. These physiological
effects include activation of the inflammatory respe (Williams and Peck, 1977),
platelet movement, calcium regulation (Horribiregt1978) and regulation of hormonal
secretions of the hypothalamic-pituitary-testicukxis (Vermes et al, 1979). The
arachidonic acid pathway is summarised in Fig lld@rief, an intermediate is created
from phospholipase—A2, which is either catalysedmdhe cycloxygenase pathway to
produce prostaglandins and thromboxanes or cathjeen the lipooxygenase pathway
to form leukotrienes. The cyclooxygenase (COX) emey are crucial in the formation
of prostaglandins. In order to inhibit the inflamiory process and consequent pain,

COX-inhibitors, such as aspirin and indomethacenieed commonly as medicines.

Membrane phospholipids

Arachidonic Acid

Cyclooxygenase

COX1- COX2-
MNSAID Target Constitutive Inducible

Prostacyclins Thromboxanes

Prostaglandins

Figure 1.10 Summary of the production of prostaglandins from phospholipids and the
involvments of COX1 and COX2.



COX1 is present in most tissues to maintain regiuaction whereas COX2 is mainly
expressed in tissues upon their inflammation (Kaleital 2011). Perhaps surprisingly,
therefore, COX2 is the predominant isoform expréssethe fetal male reproductive
tract (Kirschenbaum et al, 2000). Using immunolustamistry, it has been shown that
COX1 levels are minimal in the male reproductivacty with no expression detected in
fetal life. COX2 has been found in the fetal andlademinal vesicles, and also in the
ejaculatory ducts (vas deferens), with expressimying and correlating with levels of
testosterone (Kirschenbaum et al, 2000). A role poostaglandins in regulating

testosterone production is well documented (Saveddd 1998, Romanelli et al 1995,
Wang et al 2003), and will not be reviewed in figtail here. In brief, it should be noted
that arachdonic acid is involved in the regulatmitestosterone production in adult
Leydig cells (Romanelli et al 1995). Furthermoremg reports suggest COX2 is
involved in the regulation of steroidogenic acuegulatory gene transcription and
hormone biosynthesis (Wang et al, 2003). Moreorgce deficient in COX1 remain

fertile whereas deficiencies in COX2 lead to infiyt(Kirschenbaum et al, 2000).

A series of studies published in the late 1980'ggssted that the arachidonic acid
pathway was involved in the masculinising action testosterone, particularly the
embryonic external genitalia in mice. The inititdies blocked masculinisation using
oestradiol 173 or cyproterone acetate and animals displayed dypavidence of
impaired androgen action, such as reduced anogelistance and hypospadias. This
effect was reversed by the administration of amhic acid and, furthermore, this
reversal was blocked by administering COX inhitstsuch as aspirin and indomethacin
(Gupta and Goldman 1986). The mice in this studsevexposed to treatments between
ell-el4 and Gupta termed this time as ‘a criticaliog for affecting anogenital
distance’. Later studies by the same group invatdd)two key prostaglandins, PGE2
and 6-keto-PGF1. These studies reported male analdefetuses to have similar levels
of these PGs before ‘the period of sexual diffeegimn’, which in this study is defined

as el3-el7. During the period of sexual differ¢imima these prostaglandins were found



to increase in the male genital tract but not i@ tbmale. Furthermore, when female
fetuses were exposed to testosterone, their leveéleese PGs were reported to increase,
and in males exposed to an anti-androgen, the tige¢sd PG levels decreased (Gupta,
1989). This study suggests three concepts whiclngvertant to this thesis; the first of
these is that the period of masculinisation in nisckom el13-e17. This correlates with
what we now call the masculinisation programmingdew (MPW), a time frame found
in rats when correct androgen action is critical tihe development of the male
reproductive tract. In rats this time frame is segjgd to be €15.5-e18.5 (Welsh et al,
2008). The MPW was discussed in detail in sectidn6l The second important concept
is that prostaglandins are important for male skedifgerentiation. Finally, blocking PG
synthesis using indomethacin can affect virilisatim the last study published by this
group in this field, an in vitro organ culture wased to determine the role that PGE2
played in differentiation of the testosterone dejesrt Wolffian duct (WD). This study
found that blocking PG synthesis using an anti-P@#at#hody, even in the presence of
testosterone, blocked differentiation of the WD & dose dependent manner.
Furthermore, the differentiation of a WD in femalas a result of exposure to
testosterone in utero, was inhibited by exposureindomethacin (Gupta and
Bentlejewski, 1992). Thus a very convincing sestoidies, demonstrating a critical time
period for masculinisation, but also the importanoé arachidonic acid and
prostaglandins in producing the correct male (ardale) phenotype. Investigations by

other groups have also suggested PGs are impanttdre male reproductive tract.

1.8 Non genomic effects of androgens

The discussions so far in this review have centeulind the genomic actions of
androgens. However, there is growing evidence atitig that androgens are capable of
triggering cellular processes through non-genomapidly occurring mechanisms
(Kousteni et al, 2001; Nazareth and Weigel, 1998eRiel et al, 1999). These actions
usually occur within seconds or minutes and arenoftependent on plasma membrane

associated signalling pathways that lead to thevawin of cytoplasmic second
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messengers. The two most studied non genomic amdrpgthways involve kinase
associated intracellular signalling and modulatadnintracellular calcium levels. The
molecular mechanisms and, more importantly, phggichl relevance of the non
genomic effects remains largely unknown but regentiore studies are being

undertaken to gain insight into this.

The emerging literature suggests that non-genondecogen action may be important in
the fetal male reproductive tract. A rapid increasetracellular calcium was observed
when primary rat Sertoli cells, human androgen ddpet (LNCaP) and androgen
independent (PC3) human prostate cancer cells @igesed to testosterone, DHT or
R881 (an AR agonist). In another study, testostergas able to induce a rapid increase
in concentration of the transcriptional factor CRiEBat primary Sertoli cell culture via
MAPK pathways (Cheng et al, 2007). However, itngortant to note that both rat
Sertoli cells and LNCaP cells contain a populatibmplasma membrane associated AR
which transiently increase in expression in respoms testosterone stimulation.
Therefore it is yet to be elucidated whether the genomic actions of androgens are in
fact taking place via the classical AR genomic naaidm, through membrane bound
AR or perhaps by another membrane associated kignpathway.

MAP kinases are proteins which transduce signatsog from cell membrane receptors
after binding of growth factors such as epidermalwgh factor (EGF) or insulin like
growth factor 1(IGF-1). Yeh et al (1999) illustrdt®IAP kinases can phosphorylate and
activate the AR, with the respective phosphoryhatgite being in the N terminal
domain. Further studies have shown that not onty MAP kinases activate AR in the
absence of androgens, but in the presence of amaspéR can activate MAP kinases.
A different route of ligand independent AR actieatiis through cross talk with PKA
pathways. Studies have shown that PKA can intevdbtthe N-terminal domain of AR,
and in addition activators of AR such as forskaan induce AR activation and PSA

secretion in the absence of androgens (Nazarethanghl, 1996).
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1.9. The indifferent reproductive tract

The reproductive tract consists of the gonadsirtteznal genital system and the external
genitalia. The development and differentiation loé tgonads is primarily driven by

genetics whereas differentiation of the internatl axternal genitalia is under the
influence of hormones produced by the gonads aadafipropriate receptors. During
gastrulation, the embryo becomes tri-laminar witfe¢ germ layers; the ectoderm, the
mesoderm and the endoderm (Carlson, 2004). Thrawsghies of complex morphogenic
movements, the tri-laminer embryo is converted iatdubular embryo containing a

foregut, midgut and hindgut (Moore and Persuad,3200he hindgut terminates

caudally in an expansion called the cloaca.

The mesoderm is the source of much of the urodesystem, and within this layer,
three structures form; the pronephros, the mesonsphnd the metanephros. The
pronephros is the first to form and is a rudimentaonfunctional structure which gives
rise to the pronephric duct. The pronephros regeesand is succeeded by the
mesonephros; however, the pronephric ducts perkiagside the mesonephros and are
called the mesonephric ducts, also termed the V&oltfucts. The cranial end of the WD
is connected to the gonads via the mesonephridasipwhich later in males form the
efferent ducts. Later, and laterally to the WD ,dgwations of the coelomic epithelium
gives rise to paramesonephric ducts, also called Miillerian duct. The MDs are
positioned on the lateral side of the cranial WD ¢ross to the medial side at the caudal
end. The WD gives rise to the internal reproductiaet of the male whereas the MD
gives rise to the internal reproductive tract ia famale and this is discussed in section
1.9.1.

The hindgut terminates caudally in an expansiotedalhe cloaca which reaches a
cloacal membrane on the ventral surface of the ymlyamada et al, 2003). The
cloacal membrane and the oropharyngeal membrartbeumnly two sites of the embryo

which are bi-layered with the absence of the measndayer. The bi-layered cloacal
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membrane retracts into the perineum due to theialrand medial migration of
mesodermal cells. These migrating mesodermal cgbisead around the cloacal
membrane and pile up to give rise to three swallif®gjjid, 2010; Yamada et al, 2003).
One swelling is the genital tubercle (GT) which egs in the midline between the
cloacal membrane and the umbilicus. The GT, whighlater form the phallus, at this
stage is the same size in both males and femakesdda et al, 2003). Distally, on either
side of the cloacal membrane, two pairs of swetliagpear, termed the urogenital folds
and the urogenital swellings. A wedge of mesenchyels then forms the urorectal
septum which migrates caudally to divide the cloeda a ventral portion called the
urogenital sinus (UGS) and a dorsal part calledatherectal canal (Baskin. 2004) The
differentiation of the UGS is discussed furthersection 1.9.2. The urorectal septum
fuses with the cloacal membrane eventually cauaidgision between the urinary and
genital systems (Yamada et al, 2003; Sajjid, 2010).

1.9.1 Development of the internal genitalia

The initially identical urogenital tract in bothxss consists of two duct systems, the
WD and the MD. In males, the WD gives rise to tlpedielymis, vas deferens and
seminal vesicles, and the MD regresses. In theléshe MD is programmed to form
the fallopian tubes, uterus, cervix and upper toifdhe vagina and the WD regresses
(Jirasek, 1971; Hashimoto, 2003; Rey and Picaréi8;18ajjid, 2010).

In males the MD regresses under the direction oHAMNhich is secreted by the Sertoli
cells, and binds to its receptor AMHR2 (Donahoalefil977). This induces a signalling
cascade that results in the production and searatiomatrix metalloptoteinase 2
(MMP2). MMP2 induces apoptosis in the epitheliallc®f the MD (Roberts et al,
2002). Failure of this to occur in males leads @sgtent MD syndrome (PMDS)
(Thomson et al, 1994; Rey et al, 2011). Once the WP regressed, testosterone from
the LCs stabilise and differentiate the WD into épedidymis, vas deferens, and seminal

vesicles and much like other male specific orgéms,differentiation, is dependent upon
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epithelial mesenchymal interactions (Xavier andaAll 2003; Welsh et al, 2009).
Testosterone can reach the WD in one of two waigsthe blood circulation, which is
an endocrine interaction or via testicular fluid.

In rats, studies have illustrated that AR is expedsfrom e14.5 onwards specifically in
mesenchymal cells of the WD whereas, AR does ndtlsvon in the epithelial cells
until €18.5 (Cooke et al, 1991) when the WD bedgmselongate and convolute to
produce a highly coiled epididymal structure. Ibelieved the effects of androgens on
the epithelium are indirect and likely occur vi& throduction of paracrine factors from
the mesenchyme. Conversely, the paracrine factmduped by the mesenchyme and
which differentiate the epithelium, stimulate prodon of growth factors and other
signals which are essential for the growth of tresemchyme; these include epidermal
growth factor (EGF) (Gupta, 1999; reviewed by Amciheault et al, 2009), growth
hormone (GH) (Nguyen et al, 1996), insulin-like @gtb factor 1 (Igfl) (Baker et al,
1996), transforming growth factor beta 2 (F2f and fibroblast growth factor (Fgf)
(Thomson and Cunha, 1999). Moreovdox genes, which are well established for their
role as critical regulators of cell differentiatigoositional arrangement, and patterning
during the development of various organs, dispkgianal specificity within the WD
(reviewed in Hannema and Hughes, 2007). The preoleeHox genes play in WD
development however is yet to be established.

In females the lack of testosterone causes the Wikgress and the lack of AMH

allows the MD to persist (Jirsova and Vererova, 3 %ajjid, 2010). Excess androgens
in females in utero causes the WD to stabiliseissudsed in section 1.3.3. It should be
noted that the MD derivatives can develop everhéabsence of the ovary contrasting

the male WD which requires androgens produced &ydsitis for differentiation.
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1.9.2 Differentiation of the UGS

The UGS forms in both males and females when tbacel is subdivided by the
urorectal septum. The UGS is divided into thredises, the upper, pelvic and phallic
regions (Meeks and Schaeffer, 2011; Wilson, 1918fe most structures of the
reproductive tract, sexual dimorphism of the UGSdépendent on the presence or
absence of androgen action. In males, the uppéoptre UGS forms the future urinary
bladder, the phallic part gives rise to the spopgyt of the urethra and the urethral
vestibules and the pelvic portion is where the fatesoriginates from (Carlson, chapter
16).

AR is expressed in the UGS mesenchyme and upon BiRding, these cells induce
differentiation of the epithelial cells though lbgaaracrine effects of growth factors
(Meeks and Schaeffer, 2011). This causes the owtlgrof solid buds from the UGS
epithelium into the UGS mesenchyme. This epithefiasenchymal interaction results
in cell differentiation and prostate branching nfmgenesis (Chung and Cunha, 1983).
Studies have shown that activation of AR by DHTthe mesenchymal cells results in
the activation of at least the following pathwayotch, FGF, TGF, Wnt and Shh
(reviewed by Meeks and Schaeffer, 2010). Shh diggatauses the prostatic ducts to
bud off the epithelium of the UGS and the extentbafiding is controlled by the
inhibitory action of BMP-4 (Pu et al, 2004). Funimore, HOXA13 and HOXD13 are
also involved in the positioning of the tissue adifferentiation of prostatic buds
(Podlasek et al, 1997; Warot et al, 1997).

It is interesting to note that the genes which wdrfbrmation of the prostate are also
involved in formation of the genital tubercle iretmale. How the same set of control
genes leads to the formation of two completelyimiiststructures is not yet understood.
It is possible that interacting partners may beresged differentially, or different
thresholds or combination of expression may beddtermining factors. In addition,

other molecules such as CD44 and follistatin, nobwn to play a role in GT
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development, have been identified in prostate agweent (Cancilla et al, 2001;
Gakunga et al, 1997; Wang et al, 1999). Later, enadtion of the mesenchyme, urethra
and WD give rise to the adult male prostate, thection of which is to produce an
alkaline fluid that contributes to seminal plasmaapport sperm and ejaculation.

In females, the cranial and caudal portion of thkvip area of the UGS gives rise to the

urethra and vaginal vestibule respectively.

1.9.3 Differentiation of the male external genitah

After the initial bipotential phase, between weekd?2 of human pregnancy, the
genitalia becomes sex specific. In males, the @hgdtes and a groove appears in the
ventral aspects called the urethral groove. Imtighe groove and urethral folds only
extend part of the way along the shaft of the edding phallus and terminate in a solid
plate of epithelial cells, termed the urethral @lavhich extends into the glans penis
(Carlson, 2004). The urethral plate then canalcassing the urethral groove to extend
distally into the glans (Yamada et al, 2003). Thethral folds grow towards each other
and fuse in the midline, eventually causing thahre¢ groove to form a tubular penile
urethra. Hypospadias occurs when the urethral fiaiti$o fuse, leading to an abnormal
location of the urethral opening. The site at whilsh fusion fails, dictates where the
hypospadias occurs on the penis and this can @gwhere from the perineal region
along the shaft of the penis (Yamada et al, 2003).

Urethral plate
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Figure 1.11 Diagrammatic representation of development of the urethral plate, urtheral

groove, ostium, anus and scrotum. Figure from Yamada et al, 2003
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The urethral groove and the urethral plate areghbto be lined by and derived from
the endoderm (based on histological examinationd)same believe that the urothelium
lining all of the urethra is endodermal in origBe(fert et al, 2008; Yamada et al, 2003).
The urothelium is a unique epithelium found onlythie ureter, bladder and urethra with
only the ureter urothelium being mesodermal in iorigs it is derived from the

embryonic WD. However, because the epithelium efutethral folds is precisely at the
interface of the ectoderm and endoderm, controverssts amongst the experts and
some believe the penile urethra could be ectodeimalrigin (Larson, 2001). The

ectodermal in-growth theory postulates that thendjdar urethra is formed by an in-

growth of epidermis.

Ectodermal Intrusion Theory Endodermal Transformation
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Figure 1.12Diagrammatic representation of the two theories of how the penile urethra forms,

with the ectodermal intrusion theory on the left and the endodermal transformation theory on

the right. Figure from Wang and Baskin, 2008.

Despite the controversy about whether the urothelisl of ectodermal or endodermal
orgin, it is widely agreed that the ectoderm willggrise to the penile skin (Yamada et
al, 2003) and most substances of the penis aralpcterived from the mesodermal
cells which segregate into corporal bodies, conwectissue and dermis. Dense
mesenchymal condensations give rise to corporaugiswithin the shaft of the

developing penis, and these differentiate furtleegitze rise to the connective tissue
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capsules termed the tunica albuginea (Baskin, 208und the tubular urethra, the
mesenchyme differentiates into smooth muscle ofniugosa and submucosa of the
urethra. In humans, this is surrounded by eretislie of the corpus spongiosum, also
termed the corpus urethrae. In some species, imgudats and mice, the GT
mesenchyme will also form an os penis composedoéland cartilage (Rasmussen et
al 1986) and the growth of the os is stimulatedabgrogens and signals from the
epithelium (Murakami 1986). In both humans, rodemtd indeed most species in which
penile growth has been studied, there is dorsarakepatterning, illustrated by the
corpus cavernosa being located dorsally and theeratt plate, groove and urethra being
located ventrally. This is also true for the osipemhich develops between the corpus
cavernosum (dorsal) and the urethra (ventral). Mb&ecular mechanisms determining
this pattering, also seen in the outgrowth of otherb appendages, are poorly
understood, but it is widely hypothesized that mebgmal-epithelial interactions play a
critical role. It is thought that signals from tapithelium can determine both proximal-

distal and dorsal-ventral polarity.

Although the initial ambisexual stage of GT outgtiowdescribed in section 1.9 is
hormone independent, development of the male penieavily reliant on androgen
action. Within the developing GT, testosterone istaholised by &reductase to the
more potent androgen, DHT. AR receptors are founali cells of the GT but are
particularly dense in expression in the mesenchyal$, and it is also in these cells
where bi-reductase type 2 is also localised, specificalbuad the urethra and urethral
seam. Although the exact molecular mechanisms amdnstream genes of AR
activation in the GT at specific stages, still remta be elucidated, an extensive number
of studies have shown that the action of DHT and i8Rundamental for correct

development.

Although the exact downstream triggers of AR aretgeébe defined, certain genes have

been shown to be vital in GT development and mukchhis information has been
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obtained from mice knock-out models. The first loéde to merit consideration is the
fibroblast growth factor family which has 23 familyembers which exert their effects
through four different Fgf surface receptors. aiigi, in the cloaca, both Fgf8 and Fgf10
are expressed, and this later separates to Fgff) mipressed in the distal urethral
epithelium and Fgfl0 in the surrounding mesenchyheraguchi et al, 2000). Fgf10
acts as a paracrine factor that signals throughréagptor 21llb, which is expressed in
the urethral plate and urethral epithelium. Fgfl0l mice produce a malformed GT,
with failed fold fusion and in fact severe hypospad suggesting that Fgfl0 has a
critical role in GT development (Cohn et al, 1986n et al 1998). Another transcription
factor which appears to be critical in GT developmand indeed in limb, tooth, foregut
and prostate development, is sonic hedgehog (SHBé)fert et al, 2010). This
glycoprotein is expressed in the cloaca, the uribglesinus and later also in the urethral
plate epithelium. SHH is vital for proximo-distalogvth and in culture has been shown
to control the growth of the GT through genes sashPatched 1 (Ptchl) (Lin et al,
2009), bone morphogenetic protein4 (Bmp4), Hoxcdah@ Fgf10. Although Shh is not
required for initial outgrowth, it is necessary gustained outgrowth and formation of a
tubercle (Cohn, 2011). Shh mutant embryos formirtiteal genital swellings but these
buds arrest immediately after initiation and faildive rise to a tubercle. This can be
partially rescued by over-expression tatenin. Given the importance of this gene,
additional studies have removed Shh signallingiférént stages and found the extent
of genital tubercle outgrowth is determined by theation of Shh signalling, with
earlier ablation resulting in more severe truncat®hh is also required for development
of the closed urethral tube and for correct positig of the urethral opening with
deletions resulting in hypospadias as describedaabiéurthermore these studies have
established that Shh primarily targets the cenistaldurethral epithelium through Wnt
and fgf8 signalling but also regulates Hoxal3 amkdi3 expression independent of

distal urethral signalling.
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Hox genes are also well established in their mI&T development and although four
are known to be expressed in the GT, Hoxal3, Hoxtlidkd1ll and Hoxd12, it is
thought that Hoxal3 and Hoxd13 play a more impontale (Warot et al, 1997). Both
of these are expressed in the mesenchyme of thar@Tmice null for both of these
genes fail to develop a GT or a cloaca. Mutationsloxal3 can induce a partially or

completely divided uterus, septum vaginalis, angdspadias (Morgan et al, 2003).

The expression and up-regulation of T@Gkeceptor Il and TGFL selectively in the
urethral epithelial plate suggests that P&Stgnalling is another important factor and
regulator of urethral tube development. In the abseof TG receptor lIll, palatal
fusion is inhibited. The exclusive expression ie tirethral epithelium is also true for
Frizzled 1, the receptor for Wnt ligands, suggegtirere are several signalling pathways

required in urethral tube formation (Li et al, 2006

A p53 homolog, p63 is also an important transasiptfactor in the epidermis and
urothelium and null mice and mutations in humaredI¢o a micropenis phenotype
(Yamada et al, 2003). Although the key genes irsln penile development have been
discussed, it should be considered that there are/rather genes, the exact molecular
roles of which remain to be elucidated, but for ethdefects result in hypospadias. Such
genes include Mamld1, Dicentric, Mid1, Rxfp2 and3AtMatzuk and Lamb, 2008).

1.9.4 Differentiation of the female external genitiéa

Development of the female external genitalia ise8ally the default, promoted by the
absence of androgens and possibly the presencestifogens. The distal end of the
combined paramesonephric ducts contact the postedat of the urogenital sinus to
form a pair of endodermal swellings called the gagnal bulbs (Sajjid, 2010). These
structures are originally solid and later, when linmaen forms, develop into the lower
two thirds of the vagina. The lumen of the vagiemains separated from the remaining

urogenital sinus by a thin membrane, the hymen redsethe urogenital sinus caudal to



the vaginal opening becomes the vestibule. Thusvélggna is made in part from the
paramesonephric ducts and the sinovaginal bullhettogenital sinus. In the absence
of testosterone, the urogenital folds and swellidgsot fuse and form the labia minora
and labia majora respectively. The genital tubeméyelops into the clitoris and
canalization of the vaginal plate results in thevdo part of the vagina. The phallic
portion of the urogenital sinus forms a vestibulewhich the urethral meatus, the
vaginal orifice and the ostium of the opening & tlestibular glands can be found. The
anogenital distance does not increase, the rintiseofirethral groove do not fuse and the
labioscrotal swellings give rise to the labia majorhe dorsal commisure forms at their

junction and the genital folds remain separatestmine the labia minora.
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Figure 1.13 Diagrammatical representation summarising the development of the male and female
external genitalia. Figure from Yamada et al, 2003

1.10 Conclusions

Masculinisation of the male fetus requires theidgest produce androgens and for these
hormones to elicit a response through its recegmor an array of important associates.
Furthermore, extensive studies summarised in &vgw have proven that the timing of
androgen action is fundamental. Correct androg&arais required during the MPW in

order for correct programming of the male repronkctract. Deficits in androgen



action, caused by genetics or the environment canse TDS disorders and

malformations induced at this time cannot be coeckdy postanatal androgens. Thus
androgen action during the MPW is key in correctentievelopment and identification

of the mechanisms of androgen action during tinie tirame is required to further our

understanding of the origins of TDS.

It is during the MPW that the Wolffian duct is sla®d, and the genital tubercle,
prostate and anogenital distance are all programamet yet what makes androgen
action during this time period different to any @thime period is a complete mystery.
Androgen action begins once the Leydig cells predestosterone, and remains active
throughout the fetal period and for some time patsily, with a surge at puberty and
activity thereafter. However, the essential prograng which takes place during the
MPW cannot be induced during any other time periagl,far as is known. More
importantly, any deficit in correct androgen actaiuring this time cannot be corrected

later.

The possibility exists that it is not the eventswcing within the window which may be
unique, but rather what is ‘opening and closingwulrdow’, or regulating the window.
The events occurring before the MPW have had vehy investigation and yet it would
make sense that some sort of ‘pre-set up’ wouldrdxuired for the androgen
programming to take place. This simply could justthe availability of androgen as the
production of testosterone almost coincides with start of the MPW. If this is true,
could providing androgens to the fetus, prior te KAPW initiate the MPW any earlier?
There is the possibility that this may be restddby AR expression. This is the focus of
chapter 3.

As discussed in this literature review, the rolecofregulators in the activation or
repression of androgen action is emerging to keaki There are many co-regulators

known to be essential in AR action, such as BRGA @BP, and yet their role in the



male reproductive tract, in the disorder of hypakgs or indeed in the MPW are
completely un-characterised. The aim of chapter & wwo provide some initial
information to address this deficit.

The earliest studies, to my knowledge, which idgrdi ‘critical time period’ are those
which found that arachidonic acid and the role ofspaglandins is involved in the
masculinisation process, as reviewed in sectiorB1These studies had the MPW pin-
pointed in the mouse and also found the phenotgpeswould expect when androgen
action is deficient just within the MPW, such aspbgpadias, cryptorchidism and
reduced AGD. Furthermore these studies suggestad pitostaglandins are critical
during the MPW. However, convincing as these studiee, they have never been
repeated, not done in another animal model, omtaksy further. The final aim of this
thesis was to determine if prostaglandins are wtahe MPW and or even involved
prior to this time frame. These results are prexkim chapter 5, where the effects of
blocking PGs before and during the window were awath in fetal life and at 3
postnatal time points. These time points of exationavere also conducted in chapter 3
as any effects in fetal life either before or dgrthe MPW, may not present until later in
life.

Although many genes and downstream targets of gedraction have been identified,
little has been noted to be unique in the presemcabsence during the MPW, to
elucidate why this time frame differs for androgastion. Repeated studies in rodents
have shown that hypospadias occurs when androdiem & blocked during the MPW
and not thereafter. The final results chapter & thesis sought to identify candidate
genes which may be androgen regulated in the Gihgltime MPW both to gain insight
into genes involved in hypospadias but also totiledownstream targets which may
be unique to the MPW.
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The main aims of this thesis are:

To investigate the regulation of the MPW, speclfic# the availability of androgens
and AR are ‘opening factors’ and if the exposureatalrogens before the MPW can

initiate masculinisation earlier

To characterize expression patterns for co-regidalaring and after the MPW, in the
GT as well as in the developing testis. The co-agus are known to be important in
androgen action but their role and potential imgace in the developing male

reproductive tract is yet to be determined.

To investigate if prostaglandins are critical foasaulinisation before and during the
MPW.

To identify androgen regulated candidate geneshe&a MPW involved in urethral

development and related hypospadias.
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2. General Materials and Methods

2.1 Animal Work

All animal work was completed in accordance witle tdk Home Office Animal
Experimentation (Scientific Procedures) Act 198@&lemproject licence 60-3259. The
animals used were Wister rats originally purchasech Harlan UK and then bred to
generate stock within our own animal facility. A joréty of licensed procedures were
performed by Mark Fisken and William Mungal whoa|srovided day to day animal

husbandry. | performed some licensed proceduresrung personal license 60-11992.

2.1.1 Welfare Conditions

Animals were housed in a room with a fixed 12 hques day light cycle, from 7am-

7pm. The room temperature was kept between 20-ZBfCan average humidity of

55%. Fresh tap water and food (soya free) werdablaiad libitum. The rats were kept
in clear sided, solid bottom cages and typicalipdées would be housed in groups of
six and stud males housed individually. For matiagnale and female were placed
temporarily in a cage with a mesh grid bottom #didwed the copulatory plug to fall to

the tray below.

2.1.2 Timed-mating

Time mating was used to determine the date of quitse and gestational stage of
pregnant rats. One male and one female were plagedher in a grid bottomed cage,
by Mark Fisken or William Mungal at the end of twerking day (approximately 4pm)
in order to allow mating to take place overnighteTollowing morning the tray beneath
the cage was examined for a copulatory plug. Ihthumating was presumed to have
occurred and the date was recorded and designatethlaryonic day e(0.5). The male
would then be removed and the female housed separ&emales rats have an oestrus
cycle of four to five days, so copulation couldealp to five days to occur. To minimise
the risk of non-pregnancy, whenever possible, d8xoeature, proven fertile males and

females were used, usually around 3 months of agatldeast 10 weeks old.



Chapter 2 Materials & methods Page | 85

2.2 In vivo treatments

The chemicals administered to pregnant femalefoatstudies in vivo were flutamide,
testosterone proprionate (TP), dihydotestostoet(bh€T), diethylstilboestrol (DES) or
indomethacin and for each, the respective vehieg administered to other females as a
control. Flutamide was administered by oral gavagiag a 10-12cm long 15-16G blunt
ended steel gavage cannula, (Medicut, Sherwood ddkethdustries Ltd, UK) attached
to a disposable plastic 1ml syringe. DHT, TP ardbmethacin were administered daily
and DES every second day, by subcutaneous injegsomg a 25G, 0.5 x16mm needle
(BD Microlance) attached to a plastic 1 ml syringach pregnant female was weighed
prior to dosing in order to administer correct woki of chemical for bodyweight.
Treatments were administered between 0900 and hfi©@nd animals were checked

thereafter regularly for signs of toxicity or disofort.

2.2.1 Flutamide

Flutamide is a synthetic anti-androgenic agent toahpetitively blocks the action of
testosterone and DHT by binding to the androgereptec (AR). To investigate

androgen specific mechanisms which are critical indurthe masculinisation

programming window (MPW, e15.5-e18.5) flutamide veasninistered to block these
mechanisms, during this time window. For all stedia this thesis, flutamide was
administered, at 100mg/kg per day during the MPWéviBus studies had shown this
dose induces severe hypospadias in all exposeds riidiecLeod et al, 2010). Due to
insolubility in corn oil directly, flutamide was sholved in 2.5% dimethyl sulphoxide
(DMSO; Sigma) diluted in corn oil, then administér@ 1ml/kg bodyweight using oral
gavage. Flutamide was freshly prepared for eaclystuept at room temperature
between doses and disposed of appropriately aerikdeof each study. Control dams
received only DMSO/ corn oil daily from e15.5-e18.5
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2.2.2 Testosterone Propionate (TP)

TP is an androgenic steroid and is used to martpugleculating testosterone levels. To
investigate the effect these androgens may hawmtinthe developing male and female
during the MPW, and to investigate mechanisms atgtv by androgens, TP was
administered to the pregnant dams from e15.5 t05edi820 mg/kg per day. This dose
was chosen based on studies in the literature fWetlsal, 2008). TP is insoluble in
water and therefore was dissolved in corn oil (2@Quagml corn oil) at the beginning of
each study and administered at 1ml/kg bodyweighsidycutaneous injection, using a
disposable plastic 1ml syringe, fitted with a 25@edle. Any remaining TP was
disposed of appropriately at the end of each st&dy.control animals, female dams
were administered only corn oil daily from el5.8&1L TP has the ability to be
aromatized into oestradiol, and so the effects seegxposed pups could have been
mediated by oestrogen effects. In order to ensunyecéfects seen were due to androgen
action, TP treatment was only used for initial pnéhary studies and for a majority of

the project, DHT was used, which cannot be aroredtiz

2.2.3 Dihydrotestosterone (DHT)

DHT, a more potent (~10 fold) androgen than testoste, cannot be aromatised to
oestradiol, therefore any effects seen followirgtment would be through the androgen
receptor. DHT was administered to pregnant daneni of two gestational windows.
Either daily between ell.5-e14.5 (the early wind@w)) or daily during the MPW
(e15.5 to e18.5). DHT was initially administeredLatg/kg but when no effect was seen
in the females (see chapter 3) this dose was isede® 10mg/kg. DHT was dissolved in
corn oil at the beginning of each study and adrtenesl by subcutaneous injection using
a disposable plastic 1ml syringe, fitted with a 28€edle, at 1ml/kg bodyweight. For
control animals, female dams were administered ooy oil daily from either el1.5-
el4.5 or e15.5-e18.5. Any remaining DHT was disgaseappropriately at the end of
each study.
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2.2.4 Diethylstilboestrol (DES)

DES is a synthetic nonsteroidal oestrogen and vgasl fior studies in this thesis, to
compare treatment effects with TP to assist inrdeteng if effects seen were due to TP
conversion to oestradiol and its binding to oestrogeceptors. The side effects of in
utero exposure to DES are well documented (Herbst €971) and previous studies
have shown that an optimum dose of 100pg/kg shioellddministered on alternate days
in order to avoid adverse effects on the dams (MoKil et al, 2001; Williams et al,
2001). DES was administered to the pregnant damsl1érb and el17.5 (which would
ensure DES was available throughout the MPW) aut®. DES was dissolved in
corn oil (100pg per ml corn oil) at the beginninjeach study and administered at
1ml/kg bodyweight by subcutaneous injection, usindisposable plastic 1ml syringe,
fitted with a 25G needle. For control animals, feendams were administered corn oil
on the appropriate days. Any remaining DES wasadisg of appropriately at the end of
each study.

2.2.5 Indomethacin

Previous studies suggested blocking prostaglandiusing the MPW, using
indomethacin, may affect male reproductive tractetlgpment (Gupta and Goldman,
1986; Gupta, 1989; Gupta and Bentlekewski, 199@viBus studies have used various
doses (from 0.5mg/kg — 10mg/kg) in mice and ragst{sn 1.6.1.4.1) and an initial dose
for studies in this thesis was chosen at 2mg/kmimidtered by gavage, in order to see
an effect in pups, with minimal side effects on ttem. However, even at this dose,
dams were having difficulty with parturition, sorgeving birth late but most not giving
birth at all. In addition, the oral route of adnsimation was causing heavy gastric
bleeding in the dams and so the decision was téakemdminister indomethacin by
subcutaneous injection, which was also the routzl usy Gupta (1989). Therefore a
lower dose of 1mg/kg was chosen and administerédet@regnant dams from e15.5 to
e18.5, by subcutaneous injection. The indomethaeis dissolved in corn oil (1mg per
ml corn oil) at the beginning of each study and mistered at 1ml/kg bodyweight by
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subcutaneous injection, using a disposable plasticsyringe, fitted with a 25G needle.
For control animals, female dams were administenalg corn oil daily from e15.5-
e18.5. Any remaining indomethacin was disposedppir@priately at the end of each

study.

2.3 Necropsy procedure and gross dissection

Pregnant dams were killed by inhalation of carbooxide followed by cervical
dislocation under schedule 1 of the Animal (ScfentiProcedures) Act 1986. Once
deceased, the pregnant dam was placed on her bd¢ke@aabdomen opened. The uterus
was removed, each amniotic sac cut open and thdicahlsord severed. Once removed
from the dam, foetuses were placed in ice-cold M.@hosphate buffered saline (PBS,
Sigma). If late gestation (i.e. €19.5 and oldepg tbetuses were decapitated and then
placed in the ice cold PBS.

Once placed in the chilled PBS, the foetuses waresported to the dissection area, on
ice, to avoid degeneration. Pups taken at e21.8 wagred cleaned and bodyweight and

anogenital distance (AGD) were recorded prior tthqaup being decapitated.

2.3.1 Fetal bodyweight and AGD

Bodyweight of e21.5 pups was evaluated using actrel@c analytical balance (Handy
H110, Sartorius). Anogenital distance (AGD) was suead as the distance between the
midpoint of the anus and the base of the genitartle. This was measured on e21.5
pups using electronic digital callipers with a deson of 0.02mm (Faithfull Tools,
Kent). Under normal circumstances, the AGD of nrats should be 1.5-2 times greater
than females from e21.5 onwards. If reduced AGBein in males, it suggests a deficit
in androgen action and masculinisation during tHaM(MacLeod et al, 2010; Welsh et
al, 2008).
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2.3.2 Fine dissection

Fine dissection was carried out in a designatesedison area. Individual foetuses were
placed on their backs and onto a bed of paper mwidmpened with PBS in an
appropriately sized petri dish. The foetuses wdrentplaced under a binocular
dissecting microscope (Leica, MZ6) with a transillnated stage. External lighting was
provided by external cold lights (Leica CLS 150xX)igh are designed to cause minimal
heat damage to the tissue they illuminate. Thetgemnibercle (GT) was dissected from

the base from each foetus using fine tweezers.

If the tissue was being fixed in Bouin’s, the tigsvlightly marked using green tissue
biomarker (Biostain Ready Reagents Ltd, Merseyditi€), to facilitate embedding of

the tissue in a consistent ‘tip down’ orientatidtiter GT removal, the abdomen was
opened with a horizontal incision slightly belovethmbilical cord. The intestines were
pushed up and out of the abdominal cavity to acti®essgyonads and urogenital tract.
Gonads and attached ducts were removed and placagetri dish containing chilled

PBS for microdissection. Gonads were separated thoats using the bevelled edge of
27G needles (Monoject, sterile needles, 0.4mm xmpattached to disposable plastic

1ml syringes.

2.3.3 Postnatal tissue collection

Postnatal animals were culled on either PND8, 350790. These animals were killed
by inhalation of carbon dioxide followed by cenlidislocation under schedule 1 of the
Animal (Scientific Procedures) Act 1986. The peamiglitoris were dissected, the length
measured using electronic digital callipers wittesolution of 0.02mm (Faithfull Tools,
Kent). The tissue was weighed prior to being eithesp frozen or fixed in Bouin’s
fixative. Following phallus removal, the testis,optate and seminal vesicles were
removed from the males and the ovaries and occabipthe uterus, was removed from

females. Each tissue was individually weighed aitiokee fixed in Bouin’s fixative or
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snap frozen. Where abnormalities were seen in #peoductive tract, these were

photographed using a Nikon D70S digital camera.

2.3.4 Tissue fixation

Once GT, gonads and ducts had been microdissebedyere either fixed as outlined
below or snap frozen on dry ice in 1.5ml Nunc tybappropriately labelled and
archived at -80°C. Alternatively, depending onuessequirements, tissue was fixed by
immersion in Bouin’s solution (BIOS), a formaldeleydased fixative containing glacial
acetic acid, formalin, and picric acid, which forross links between proteins and
aldehydes producing a stable structure. The tissas submerged in appropriate
volumes of Bouin’s fixative in an airtight contambefore being transferred to 70%
ethanol. Fetal tissue was left for fixing in Bowdrfixative for 1 hour before transfer to
ethanol, and postnatal tissue was left for 4 hd@ostnatal testes were cut in half after 2
hours and placed back in the Bouin’s fixative foe remaining 2 hours to allow the

fixative to penetrate the entire tissue.

2.4 Fixed tissue processing

Following transfer to 70% ethanol, the tissue wescessed by the histology support
services. Briefly, the tissue was processed thraughkries of graded alcohols using an
18 hour automated cycle on a Leica TP-1050 (Leikalunited, UK) tissue processor,
then embedded in molten paraffin wax by hand. THdseks were left to cool and

stored at room temperature.
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2.5 Investigation of protein expression

2.5.1 Immunohistochemistry

Protein expression was detected within specifid(s)elin tissue sections, fixed in
Bouin’s, using specific antibodies. In brief, thmvolved the following steps (Fig. 2.1)

which are described in greater detail below:

Tissue sections were cut at 5um, and mounted dessli

Tissue was dewaxed and re-hydrated

Depending on the primary antibody being used, taagggen was retrieved
Non specific antigens were blocked

Tissue was incubated with the primary antibody

Tissue was incubated with the secondary antibody

The secondary antibody (and hence primary antibedyg detected using an
amplification system

Antibody visualized using a colour reaction (DAB)

Non stained tissue was counterstained

Frirmary Aonti b o cdsyys

Eiotin

Saeconcdarys
At o sy Eiotin

Figure 2.1 Schematic diagram representing the principles of determining protein expression
within a cell using immunohistochemistry. The primary antibody binds to the antigens of the
protein of interest within the cell. A secondary antibody conjugates to species specific regions of
the primary antibody. The secondary antibody is conjugated to biotin and the entire enzymatic
reaction binds to chromagen causing a colour change and allowing visibility of the protein of
interest in specific cell types.
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In order to allow reproducibility of results andopide data for accurate comparison of
immunostaining between treatment groups, sectioo® fcontrol and treated animals
were processed in parallel on at least two occasections from at least three animals
in each treatment group were run on each occasiopropriate negative controls were
included, whereby the primary antibody was repldmgthlocking serum alone, or when

available, blocking peptide, to ensure that anystg observed was specific.

2.5.1.1 Sectioning

Fixed tissue embedded in paraffin blocks was dthidia ice in order to harden the wax
and allow for easier cutting. 5um thick sectionsreveut using a hand-operated
microtome (RM 2135, Leica) and floated onto 30%ustdal methylated spirit (IMS,
Fischer Scientific), followed by water heated to35C, to allow for any creases to
smooth out. Each individual section was then maliot@o pre-labelled (slide labeller,
Leica IPS) charged glass slides (Superfrost Me@rebH & Co.) and placed in metal

racks. Slides were dried overnight at 50°C.

2.5.1.2 Dewaxing and rehydration

Wax was removed from slides by submerging themyiene for 5 minutes x2. Slides
were then rehydrated by placing them for 20 secamésch of the following alcohols;
absolute alcohol x2, 95% alcohol, 80% alcohol ad%b Alcohol.

2.5.1.3 Antigen retrieval

Bouins is a formaldehyde based fixative and carsedhbe formation of protein cross-
links that may mask antigenic sites within a tissietigen retrieval will break these
cross-links which then allows the detection of #mtigen. This is not always required
for all antigens, but was required for all immurstbchemistry done in this thesis.
Antigen retrieval required placing slides in a Te@ipso pressure cooker (Tefal)
containing 2L of boiling buffer consisting of 0.01bltrate buffer (pH6). Once the lid

was sealed, pressure was set at the highest sattthfull pressure achieved, indicated
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by onset of continuous steam release and the stitss left for 10 minutes. The
pressure was then released and the cooker removadheat. The slides were left for a
further twenty minutes in the buffer, then remowed cooled in water and transferred

to Tris-buffered saline (TBS) for 5 minutes x2.

2.5.1.4 Blocking

Slides were incubated in 3% hydrogen peroxide (BDHnethanol for 30 minutes to
block any endogenous peroxidase activity which @¢obhve caused non specific
background staining. After this, slides were wasimethp water and then in TBS for 5
minutes x2. Excess TBS was wiped from around e&dud section. Slides were
blocked in normal serum (Diagnostic Scotland) @tut:5 in TBS and 5% bovine serum
albumin (BSA, Sigma) to block non specific bindsites. The serum used depended on

the species the secondary antibody was raised in.

2.5.1.5 Primary antibodies

Titre runs were carried out for each primary ardijpto establish the optimal working

concentration. The antibody was diluted to the eguconcentration in the appropriate
normal serum/TBS/BSA, placed on each tissue sectioeach slide and incubated at

4°C in a humidity chamber overnight.

Table 2.1 Primary antibodies used and their optimum working concentrations

Primary Antibody Source Retrieval Species Drilution
Androgen Receptor Abeam, Cambndge Citrate Rabbit 1:500
BORIS Abeam, Cambndge Citrate Rabhit 1:200
BRGL Santa Cruz Citrate Rabhit 1:200
CBF Sigma Life Sciences Citrate Iouse 1:150
CO2 Cift from Henry Jabbor Citrate Goat 1:50
DMNMTIL Abram, Cambndge Citrate Rabbit 1:200
RWDD1 Ahcam, Cambndge Citrate Iouse 1:100
VASA Ahram, Cambridge Citrate Fahhit 1:200
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2.5.1.6 Secondary antibodies

After overnight incubation with the primary antibodlides were washed for 5 minutes
in TBS x2 and incubated with biotinylated secondamyibody. The secondary antibody
was chosen to be specific against the species ichvthe primary antibody was raised
in, and to be raised in the same species as thmahdrlocking serum used. The
biotinalyted secondary antibody was diluted 1:20@@rmal blocking serum and placed

on slides for 30 minutes.

Table 2.2 Secondary antibodies used and their optimum concentration

Secondary Antibody Source Dilution
Coat Anti Rabbit Biotinylated WECTOR 1:500
Goat anti Mouse Biotinylated VECTOR 1:500

Rabbit Anti Mouse Biotinglated Zymed 1:500
Chicken &nt Goat Bioinylated Santa Cruz 1:500
Rabhit anti Goat Biotinylated DAKOD 1:500

Chicken Anti Rahbit Biotinylated Santa Cruz 1:500

2.5.1.7 Signal amplification and chromagen detectio

After incubation with the secondary antibody, stideere washed in TBS for 5 minutes
x2. The secondary antibody signal was amplifiedngsisteptavidin-horseradish
peroxidise (Strep-HRP) (Vector Laboratories, Paigybgh, UK) diluted 1:500 in TBS

(ABC-HRP; DAKO, Ely, UK). Slides were then incubdt with Strep-HRP for 30

minutes at room temperature.

Following Strep-HRP amplification, antibody locali®n was visualised using 3,3'-
diaminobenzidine (liquid DAB DAKO). DAB chromagen was diluted in the specific
buffer, as per the manufacturers’ instructions dfdp per 1ml. Sections were incubated
with DAB until staining developed to the requiredensity (microscopically monitored)
and this varied depending on the antibody and taiggie. The reaction was stopped by

immersing the sections in TBS.
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2.5.1.8 Counterstaining

Slides were counterstained with haematoxylin fanidutes, ensuring the saturation of
all binding sites. Slides were then rinsed in tagiewr and briefly immersed in 1% acid
alcohol to remove any non-specific background stginthen rinsed again in tap water.
Slides were briefly immersed in Scott’'s tap watgpproximately 20 seconds) to allow
an alkaline environment which caused the haematasghining of the nuclei to turn

blue. Scott’s tap water was washed off the slideplacing them in tap water.

2.5.1.9 Dehydration and mounting

Slides were dehydrated through increasing condaémsa of alcohol, briefly in 70%
alcohol, 80%, 90% and finally in absolute alcoh®! $lides were then cleared in xylene
for 5 minutes x2. The slides were covered usinggleoverslips (VWR International)
and pertex, a solvent based glue (Cellpath, Hekh@mhpstead UK). Slides were left to

dry at room temperature before being archived @geal.

2.5.1.10 Imaging

Slides were examined using a Provis microscopeni@ilys Optical., London, UK) and
photographed using an attached digital DCS330 car(teastman Kodak, Rochester,
NY). Captured images were compiled using Adobe &3taip and Adobe Illustrator.

2.5.2 Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry is a method fdect®n of more than one antigen
simultaneously using different coloured flouroplsoré allows better visualisation of
some antigens and also allows co-localisation Gfjans to be visualised. Similar to the
DAB immunohistochemistry, protein expression wased&d on sections of Bouins
fixed tissue using specific antibodies. In briéfstinvolved the following steps:

» Tissue was dewaxed and re-hydrated

* The target antigen was retrieved
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* Non specific antigens were blocked
» Tissue was incubated with the primary antibody

» Tissue was incubated with the secondary antibody

» Secondary antibody detected using fluorescent tgi@ieimplification system

* The above three steps were repeated where moreoti@mprotein was being

detected (a different colour of fluorescence wasdsr each protein)

* Non stained tissue was counterstained with Dapi

» Slides mounted using Permaflour

2.5.2.1 Primary antibodies

Tissue was dewaxed, rehydrated, citrate retrievdteile necessary) and non specific

antigens blocked exactly as described in sectibnTtre runs were carried out for each

primary antibody to establish the optimal workingncentration, and diluted to these

concentrations in the appropriate serum. Slidesewiaecubated with the primary

antibody overnight at 4°C, and as with all immurstbchemistry, at least three slides

for each experimental group were added to conftaimgg and appropriate positive and

negative control slides were added to each run.

Table 2.3 Primary antibodies used for immunofluorescence and their optimum concentrations

Primary Antibody Source Retrieval Species Dilution
Androgen Receptor Ahbcatn, Cambridge Citrate Fahhit 1:800
BORIS Ahbcarm, Cambridge Citrate Fahhit 1:800
BRGI Santa Cruz Citrate Rabbit 1:800
CBP Sigma Life Sciences Citrate Iouse 1:800
DMMT3L Abcam, Cambridge Citrate Rahbit 1:300
RWDD1 Ahbcarm, Cambridge Citrate Iouse 1:400
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2.5.2.2 Secondary antibodies

The secondary antibody (table 2.4) used was peasgithbelled and diluted 1:200 in the
appropriate serum and incubated on slides for ang before being detected by the
Tyramide system outlined below.

Table 2.4 Secondary antibodies used for fluorescence immastadinemistry

Secondary Antibody Source Dilution
Chicleen Ant Goat Peromdase Santa Cruz 1:200
Chicken anti Rabbit Perozidase Santa Cruz 1:200
Chicken anti mouse Peroxidase Santa Cruz 1:200

2.5.2.3 Detection system

The fluorescent detection system used was the Tgeai®@ignal Amplification (TSA)
system (PerkinElmer, MA, USA). Tyramide (red, gremnblue) was diluted 1:50 and
incubated on slides for ten minutes before theyeweashed in PBS. Slides were

covered where possible in tin foil thereafter toidvight exposure and bleaching.

2.5.2.4 Counterstaining and mounting

Dapi (Molecular Probes, Invitrogen, Paisley, UK)swesed as a nuclear counterstain for
immunoflourscent runs. Dapi was diluted 1:1000 BSPand placed on slides for ten
minutes. Slides were then mounted using PermaFkmueous mounting medium
(Thermoscientific) and left in the dark at 4°C avght to set prior to being imaged.

2.5.2.5 Confocal microscopy
Immunofluorescence slides were imaged using a 4884710 Confocal Microscope
(Carl Zeiss Ltd, Hertfordshire, UK) and Zen softeéCarl Zeiss Ltd)

2.5.2.6 Double immunofluorescence
If more than one antigen was being detected ins#wtions, after the initial tyramide
detection, slides would be washed in PBS for 5 tesix2 and blocked in normal serum
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for 30 minutes. The primary antibody for the secantigen being detected was added
to the tissue and left overnight at 4°C in a hutgidhamber. As outlined above, slides
would then be washed in TBS for 5 minutes x2, therapriate secondary, peroxidase
labelled antibody would be added to the slides3@minutes. The second antigen of
interest would be detected using a different cadurtyramide. Slides were
counterstained, mounted and imaged as outlinedeas®@ction 2.5.2.4-5)

2.5.3 Western blots

Western blotting is a technique which allows thpasation of proteins according to
their molecular size. This is done using protegcgbmobility on a gel with specifically

sized pores. Western blot was attempted in thasishto identify the androgen receptor
protein, in rat fetal tissue, prior to the MPW.

In brief, the technique involved the following:

Tissue was lysed to release protein

» Protein samples were prepared with appropriateingrsuffers

» Protein samples were loaded on to a gel and seplanatng electrophoresis
* The separated proteins were transferred from therge a membrane

* Primary and secondary antibodies were incubateld tvé membrane

* Primary antibody for protein of interest was vissedl
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Figure 2.2 Schematic diagram summarising the processes involved in protein detection by Western
blotting

2.5.3.1 Protein extraction

The tissue was broken open using lysis buffer,watlg the cells to release their
proteins. The whole cell protein was harvested fribozen tissue using RIPA lysis
buffer and in order to minimise degradation, tisawes kept frozen on dry ice until the
protease inhibitor was added to the lysis buffet #oen lysis buffer added to the tissue.
In order to break the non-covalent bonds within pheteins and give the protein a
negative charge to facilitate their separationh@ acrylamide gels, SDS was added to
the sample. Samples were then homogenised in 78A Ruffer using a cordless
handheld homogeniser (Sigma Z36,997-1) to disrupttissue and release the protein.
The homogenate was incubated on ice for 1 hour pricentrifugation at 2500rpm for
10 min. The protein enriched supernatant was delem a fresh 1.5ml eppendorf and
stored at -80°C until required.



2.5.3.1 Preparing samples

Ideally, 15ug of protein in a total volume of 2Qubuld be used in each sample but this
was restricted by the sample availability, concign and finite volume of the wells in
the gels. The appropriate volume of sample was cadde5ul of NuPage, 4x LDS
Sample buffer (Invitrogen) and 2ul NuPage 10x r@dy@gent (Invitrogen) and made
up to 20ul in de-ionised water, to allow for compleeduction of proteins. The protein
was denatured by heating these samples to 70°CFominutes followed by brief

centrifugation prior to being loaded onto the gel.

2.5.3.2 Gel electrophoresis

Proteins were carefully loaded into the gel (12%ylamide ImmNuPage Novex bis-tris

gels (Invitrogen)). These gels have a lower pH tsi@mdard SDS Page gels and allow
for denaturing gel electrophoresis. NuPage SDS MOr (Invitrogen) was used as

the running buffer with Nupage Antioxidant (Invigen) added to a cathode buffer
chamber. This inhibits the reduced proteins froroxelising. A size marker, SeeBlue

Plus2 (Invitrogen) was run alongside the gel, whichtained ten proteins. The proteins

were separated by running the gels at 200 voltagproximately 40 minutes.

2.5.3.3 Western transfer of proteins

Once the proteins were separated by gel electrepl®r specific proteins were
investigated. Proteins were transferred onto an dbilim-FL PVDF membrane
(Millipore, Herts, UK) for fluorescent detectioning a Hoefer TE22 transfer chamber.
The protein gel plates were prised apart and thevge carefully removed and placed in
a petri dish with running buffer. A ‘sandwich; wasde with the gel membrane set in
between layers of blotting paper, sponges and bloeimd in a blotting cassette. The gel
membrane, layers of blotting paper and sponges egudibrated in NuPage transfer
buffer (Invitrogen). The cassette was placed in tia@sfer chamber and transferred
overnight at 20volts.



2.5.3.4 Primary antibody

Following transfer of the protein onto the membratiee membrane was blocked in
dried skimmed milk powder (20%w/v) in TBS +0.05% dem-20 (Sigma) and then
incubated overnight at 4°C with primary antibodyeTsame primary antibodies were
used as for immunohistochemistry but were dilute@x 1more than for
immunohistochemistry. An anti-B-tubulin antibody igi8a) was used as a
standardization control. Membranes were washedB8+0.05% Tween and incubated
at room temperature with an appropriate secondatipaly diluted TBS+0.05% Tween

for one hour. The membrane was then washed in T@&f &efore being visualised.

2.5.3.5 Imaging

The membranes were visualised and analysed usmgOttyssey Infrared Imaging
System (Li-cor Biosciences). Blots were scanned amved using the odyssey
Software (Li-cor Biosciences).

2.6 Investigations of Gene Expression

To investigate gene expression in specific tissgesdard PCR and QRT-PCR were
used. For both these techniques, RNA must be ¢&ttdiiom the tissue (which had been
frozen at -80°C after dissection) and cDNA syntbedifrom the RNA, to be used for
both PCR techniques.

2.6.1 RNA extraction

RNA was extracted from frozen tissue using the Rijlaaini extraction kit (Qiagen,
Crawley, UK) according to the manufacturer’s instions. Briefly, the frozen tissue
was homogenised in 2ml tubes with lysis buffer ¢stitgy of RLT buffer containing-
mercaptoethanol, using a hand homogeniser (KonwketPPestle) on ice. After
homogenization, 350ul 70% ethanol was added to saadfple and transferred into
RNeasy mini columns and centrifuged for 15 secatdk0,000rpm. The flow through

was re-loaded into the column to maximise yieldbefbeing centrifuged again for 15



seconds at 10,000rpm. The flow through was thecadited and 350l of RW1 buffer
was added and samples centrifuged for 15 second®,800rpm. On column DNase
digestion was performed by incubating with DNasgu(lDNase 1 stock and 70ul RDD
buffer) for 15 minutes at room temperature. Follogvihis incubation, 350ul of RW1
buffer was added and the column was centrifugedl¥oseconds at 10,000 rpm. The
column was then transferred to a new collectiore tabd 500ul RPE buffer was added
and the column centrifuged for 15 seconds at 1000 The flow through was
discarded and 500ul 80% ethanol was added andifogett for 2 minutes at 10,000
rpm. The column was then transferred to a freskectdn tube and centrifuged at full
speed (14,000 rpm) for 2 minutes in order to dy thembrane. The RNA was then
eluted by adding 14ul RNase-free water directlyoomhe membrane and then
centrifuging for 1 minute at 10,000 rpm to coll¢kce RNA. RNA concentrations were

measured using the Nanodrop spectrophotometertaretisat -80°C before use.

2.6.2 RNA quantification

The purity and concentration of RNA samples wadyaea using the Nanodrop-1000
spectrophotometer (Nanodrop Technologies, Delawdi8A). The nanodrop only
requires 1.5ul sample which is pipetted directlyoothe measurement pedestal. The
amount of 260nM UV light absorbed by the sampleneasured and the Beer Lambert
law is used to relate this to the concentratiorthef light absorbing molecule, ie the
RNA.

The nanodrop also measures the absorption of &gAB0OnM, the wavelength absorbed
by impurities such as protein, salt and solvenigesthe ratio of 260nM:280nM, the
purity of the RNA sample can be ascertained, iggak 260nM:280nM ratio should be
2, although values in the range of 1.9-2.1 areeatde.

2.6.3 Preparation of cDNA for PCR- reverse transcption
The Invitrogen ROX Vilo kit was used to make cDNh isolated tissue RNA. The

following master mix was made:



Stock 1x (20 pl)
Sz Vilo Reaction M 4
10z Superscript enzyme M 0.25
RNA 100ng/ 1
FMaze free water 14,75

The reagents were added together in 0.2ml stédritevtalled PCR tube and cycled in a
thermo-cycler on the following programme:

25 °C for 10 minutes

42 °C for 60 minutes

85 °C for 5 minutes.

cDNA was then stored at -20°C until required foe.us

2.6.4 PCR
PCR is a technique which employs thermal cyclinggparate a DNA strand and allow
short, specifically designed, complementing DNA wgce primers, to bind to a
particular sequence of interest. A heat stable Qféymerase enzymatically constructs
a new DNA strand. Repeated heating to a denatuangperature and cooling to an
annealing temperature, allows for this process axermillions of copies of the DNA
sequence for particular genes and subsequent psobéiinterest. In order to confirm
that detectable, multiple copies of the correctusege have been formed, the PCR
product can be run on an agarose gel where applyphgge allows the DNA bands to
be separated and visualised using UV light.
A master mixture was made using the following:

1% (i

5% 530 Tag Flexi buffer
2ambd Mgcl2

10mkd dMTPS

Spkd Forward Primer
aukd Reverse Primer
F0 Tag Polymerase
dHZ0

cOmA

[ -

— ] .
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Each tube was briefly vortexted before being plaredhe thermal cycler under the

following programme:

95°C 5 minutes

95°C 15 second

65°C 30 secondy Repeat for 35 cycles
72°C 1 minute

72°C 10 minutes

4°C 10 minutes

Each sample was then loaded onto a 0.7% agarosdngbtief, this was made by

dissolving 1.4g of agarose in 200ml 1x TAE buffexdgplacing in a microwave for

approximately 2 minutes before adding 20ul SYBRedaNA gel stain. The solution

was poured into a gel tank, in which a comb wasrtesl with appropriate well numbers.
Once solidified, at room temperature, the gel wasrerged in a solution of 1x TAE, in

a tank connected to a power supply. 10ul of eaclR B@mple was loaded into
individual wells and a voltage was applied of 70 &pproximately 30 minutes, to
allow for the negatively charged nucleic acids tove through the agrose gel. The
separated DNA bands were viewed under UV lightgiSeneflash Syngene bioimaging
UV light box (Syngene, Cambridge, UK) and phototuegh

Table 2.5: Sequences of genes investigated by standard PCR

Gene Forward Primer 5'-3' Reverse Primer 3'-5'

AR AAG CAG GTA GCT CTG GGA CA CGTTTCTGCTGG CAC ATA GA

2.6.5 Quantitative RT-PCR (QRT-PCR)

Quantitative RT-PCR is based on the principlestahdard PCR described in section
2.6.4, however as well as amplifying the target DNRT-PCR also simultaneously
guantifies the target DNA. As with standard PCRwird and reverse primers were
designed for the target DNA sequence. In additionRT-PCR, a probe from the

Universal ProbeLibrary (Roche) was assigned to eaattion which bound to a specific



location in between the forward and reverse primatghe 5 end of the probe was a
reporter dye, 6-carboxyfluorescein (FAM) and at 8ieend was a quencher dye, 6-
carboxy-tetramethyl-rhodamine (TAMRA). The quencheuld suppress the reporter
dye while the probe is intact, but when the tagguence is present, the probe will
anneal to the cDNA between the forward and reverseers. Taq polymerases then
cleave the probe so that the reporter dye (FAM)adonger quenched and can emit a
fluorescence signal. This occurs at every cyclea@msequently the fluorescent activity
increases as PCR product is formed and this signaleasured quantitatively by the
sequence detection system.

2.6.5.1 Primer Design

Primers were designed for each gene of interesgusie free Universal ProbeLibrary
assay design centre at http://www.roche-appliedrea.com/sis/rtpcr/upl/exhome/html.
For each gene of interest this library allowed giesof the primer sequences and
provided the number of the probe compatible with tmiversal ProbeLibrary (Roche).
The primers were then purchased from MWG Bioteamdon, UK, which were then
diluted to 20uM with nuclease free water. Table Quhmarises the primer sequences
and Universal Probe Library probes used for thdistuin this thesis.



Table 2.6 Sequences and probe numbers of primers designed for QRT-PCR

Gene Forward Primer 5'-3' Reverse Primer 3—5' UPL Probe Number:
AR CCTGGGCTTTTCCTTCTTTC CAG CGG ATT CAA AAT GTG 13
AAG AAAACCTCTCTT CTG
Asporin ACA AGG GCA CAC AGC CAA AAG CAG TA 56
GAA GAA AAA GAAAGATGC
BORIS GGTCT GAG ATC CGG CTC AGC ATT T 82
GCA TCC GCATGA ACATAC
BRG1 ACG GTG TCC CAG CTA GAT T( TTC 20
CBP/P300 GGC AAA GAG GAC CAG ACG| AATCGG TGG GAATTSTIG TC 22
GCT CTT CAA GGA TGG GAA TTC TAC GGA AGG TGG GTA
COX1 ACT CAA 42
TCC AGAACT TCTTTT GAATCA
COX2 CTA CAC CAG GGC CCT TCC AGG 5
DNMT3L GAG GGT GTG GAG CAACATTQ GCT CTT CCT TAG GGGECA GG 41
FKBP5 CTC AAACCC CAATGAAGGAG GCAGTCAAACACCCTCCA 66
GCA GAG AGG CCT ACA CAG CAC TGG GCG ATT TTATAG
ROBO1 ATG CAG 10
RwWDD1 ACA ACG CAACGAGTT GGA G| GCT GGG TGG GTT TTCGA TA 109
SLIT2 GCCATT CAGGACTTCACCTE CGAAGG ACA ACG GGBAG 108
SNURF AAC AGC ACG TCC CAG AGA GT AGAATG CCG TGG GTACAGT 85
SRY TCAGCCTCATCG AAG GGTTA GCAACT TCA CGC TGC ANG 82
TCA CCA ACT TGC TCA GAA
Transgelin AGT GTG GCC CTG ATG TGG TCA 5
TTC ACA TAT TGT GCC AAG TC(
VAV3 CCATGG AGAAGT CGAACCTGH T 21

2.6.5.2 Q-RT-PCR reaction
Sample to be analysed using the Tagman system nuarén triplicate in a 96 well

MicroAmp optical reaction plate (Applied Biosystemd-or each sample, a tube

containing the following was prepared, totallingut5
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Reaction 1X (15 pl)
Tagman mastermix 7.5
18s (Applied Biosystem) 0.225
Forward primer (20uM) 0.15
Reverse Primer (20uM) 0.15
Universal Probe (Roche) 0.15
cDNA 1
dH20 5.325

Each Tagman reaction mixture was vortexed and theied into three wells, with
13.5ul in each. When each sample was loaded, thee grlate was sealed with a
MicroAmp optical adhesive cover (Applied Biosystgnand then loaded onto the

ABI7900 sequence detection system.

2.6.5.3 Analysis of results - comparative Ct method

The Tagman RT-PCR system provided the results asnaplification plot, which
showed the amount of reporter dye/fluorescencerges during amplification, which
is proportional to the amount of PCR product forméde FAM Ct value is the cycle
number at which the fluorescence rises above tteslibld level, representing when the
amount of amplified DNA becomes significantly abothee background level. The
threshold was determined at a point during the e&ptal increase of the PCR product.
The FAM Ct value was dependent on the original amaf target mRNA in the
reaction mixture, such that a difference in Ct eahy one compared to a reference
sample equated to a two-fold difference in RNA lre tinitial reaction mixture. 18s
ribosomal RNA was used as an internal control,djost for mRNA variation between

samples.
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Figure 2.3 A typical QRT-PCR amplification plot. 1- plateau phase, 2 linear phase, 3 exponential
phase, 4 background.

By analysing the differences in FAM Ct value congghto a reference control (usually
adult rat testis), relative changes in RNA exp@ssif the target gene were calculated
using the comparative Ct method. This requiredctideulation of theACt value, which
was the difference between the FAM Ct and the liBgallie for each of the three 15ul
reaction wells for each sample. From these tripisathe meancCt for that sample was
calculated. Using the mea&cCt, theAACt was then calculated, which was the difference
between the meanCt of each sample compared to the me#it of the reference
sample. In most cases, the reference sample wiétsraidiestis total RNA, collected and
processed in house.

The amount of amplified target was calculated asAZt, which was based on the
mathematical equation for the exponential ampliftcaof the PCR reaction Xn=X0 x
(1+Ex)n, where Xn is the number of target molecuaethe threshold at cycle n, X0 is

the initial number of target molecules, (1+Ex) igetefficiency of the target



amplification and n is the number cycles. If thécencies of the target and internal
control reactions are equal, the AACt value provided a measure of relative
guantification, showing the fold increase or desesiman mMRNA expression in samples in
relation to the reference sample, which alwaysah2ad ACt value of one.

2.7 Optical Projection Tomography (OPT)

OPT is a 3D optical microscopy technique developgdhe MRC Human Genetics
Unit. In brief, it is a machine in which up to 1tmf tissue is mounted and rotated.
Whilst being rotated, light from a lamp is convdrtato an even illumination by a
diffuser. The light then passes through the tispecimen and is focused by the optics
of the microscope onto a CCD imaging chip. Thetligltys do not follow straight paths
through the specimen but the intensity recordedaah position on the camera chip
approximates a projection through the focused paithe specimen. 400 images are
taken per tissue specimen and reconstructed usitbhgck project algorithm’ which
builds a 3D image of the internal structure oftissue.

eile: apparatus for rotating
the specimen
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Figure 2.4 Schematic diagram showing the principles of OPT. CIC represents camera
imaging chip



2.7.1 Tissue preparation for OPT

As none of the tissues used were freshly dissebigidhad been embedded in paraffin
wax (2.1), tissue samples were dewaxed using tlewiog:

Solution refreshed during time
Solution| Time in solution course

Xylene Overnight 3x

\’

Absolute
alchol 2hours 2X

\

74% OP|
IMS 2hours 2X

\’

90%
ethanol 2hours 2X

V

80%
ethanol 2hours 2X

\’

70%
ethanol 2hours 2X

v

PBS

2.7.2 Embedding & mounting tissue for OPT scanning

Tissue to be scanned requires to be mounted ing®®se. This was made by adding
1.5mg of agarose to 150ml of de-ionised water aedtihg in a microwave for
approximately 2 minutes to homogenise the solutidmre temperature was monitored
until the agarose solution was 60°C. The soluti@s \filtered through Whatman filter
paper and the temperature further monitored umgilsolution was at 32°C, when it was
poured into a petri dish placed on a cold platé°&. The tissue was transferred from
PBS, using tweezers, into the agrose and usin@erevas suspended in the centre of
the dish until the agarose had completely set atdbe specimen. The agarose around



the specimen was trimmed using a microtome bladk rmaunted, using superglue,
upside down on to a specifically designed magnabeint and allowed to set for 5-10
minutes. The mounted specimen was placed in aisoldf methanol which was
changed at least three times over the course a2 @ne day prior to the sample being
used in the OPT machine, the mounted tissue wasfénaied to BABB solution, which
is 2 parts Benzyl Benzoate and 1 part benzyl alcoftus solution clears the tissue

specimen, making it transparent prior to scannifitge specimen was left in BABB

overnight before being scanned.

Figure 2.5 Process of embedding and mounting tissue for scanning. A: tissue in agarose being
cut with blade. B: Tissue after being cut. C: correct positioning of tissue. D: Tissue mounted onto
magnetic mount ready for BABB solution and then OPT imaging.

2.7.3 Scanning
The Bioptonics microscopy OPT Scanner 3001 was trsedke 400 images of each
sample, under both white light and UV light, undeandard settings outlined in the user

guide. The images were put together using the NiReotiware, using standard settings.

2.8 Statistical analyses

All statistical analyses in this thesis were carrait using GraphPad Prism (version 5,
GraphPad software Inc., SanDiego, CA). When appatgrvalues are expressed as
means +SEM, and differences between means wergsadalfor two groups, using an
unpaired two tailed t-test. Three or more groupsvamalysed by either using a one way
analysis of variance (ANOVA) followed by the Bonfani post-hoc test (for 3 or more

groups) or a two way analysis of variance ( 2-wayOVA). Fisher's exact test was



used to calculate the values in the contingenche tedported in chapter 3. If necessary
(unequal variances, skewed distributions) valueswagarithmically transformed prior
to statistical analysis. Asterisks were used tacete level of significance based on the
following criteria: *P<0.05, *P<0.01 and **P< OQl.

2.9 Commonly used solutions

Bouin’s Solution: purchased from Triangle Biomedical ScesLtd, Lancashire, UK.
Citrate Buffer: 42.02g citric acid monohydrate was added to Hitilled water. Made
up to 2IL and pH 6 using NaOH and used at 0.01Mihyting 1:10 in distilled water.
Eosin: 1% (w/v) eosin (15g) was diluted in 1200ml of dlist water. 1% (w/v) eosin
(59) was diluted in 500 ml methylated spirit. Bablutions were mixed together and
filtered. 1ml formaldehyde was added to preventdyad growth.

Harris’s haematoxylin 2.5g of haematoxylin was added to 25ml absolutehall and
50g aluminium potassium sulphate was added to 5@stilled water. Both solutions
were combined and boiled and 1.25g mercuric oxit#ed slowly. The solution was
cooled on ice before being filtered. 4ml (per 10@hhaematoxylin) of glacial acetic
acid was then added.

PBS: 1 tablet of PBS concentrate (Medicago, Sweded) iof distilled water.

Scott’'s Tap Water. 10g potassium chloride and 100g magnesium sudphatre
dissolved in 5L of tap water.

TBS: 60.6 Tris (Sigma) was added to 87.6 NaCl (Sigtna300 ml Hydrocholric acid
(BDH) and adjusted to PH 7.4 using concentrated HCL
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3.1 Introduction

Masculinisation of males is set up by androgen exp® during the masculinisation
programming window (MPW). Deficiency in androgerpegure in this window results
in reduced size of all reproductive organs, incedassk of reproductive disorders and
reduced anogenital distance (AGD) (Foster and Blag005; MacLeod et al, 2010,
Welsh et al, 2008). As outlined in section 1.1t6 unknown what determines the onset
and closing of the MPW, and for example whetheregehn exposure itself and/or the
availability of androgen receptors is importanthis regard. Moreover, as the level of
androgen exposure within the MPW is all importaat fletermining normal male
reproductive development, a further question pasechat happens if there is additional
(exogenous) androgen exposure and, for examplé, ampens if this exposure occurs
before the MPW as opposed to during it? The prinmdojgctives of the studies in the
present chapter were to address these questiorsefdle, studies were undertaken to
establish if androgen receptor mRNA and protein exeressed prior to the MPW or
whether their ontogeny coincided with opening oé tMPW. Following this, more
detailed studies were undertaken to evaluate ifcolessation could be advanced or
enhanced by treating pregnant rats with either 10omg/kg/day dihydrotestosterone
(DHT) prior to (early window, EW; e11.5-e14.5) airthg the MPW (e15.5-e18.5), and
then evaluating male (and female) offspring in Iféfa (e18.5, e21.5), early puberty
(day 25) or adulthood (~day 75).

Although there are some relevant studies in tleeditre (reviewed in Wolf et al, 2002;
Welsh et al, 2008), these have not examined andradministratiorprior to the MPW

and have used testosterone formulations for tre#tmEor example, studies by
Kawashima et al (1978) exposed rats to methyltestmse, late in gestation, from
el7.5-e20.5 and found that female offspring weresaulised in adulthood,

demonstrating the some testosterone exposure e@nsbane virilising effects even late
in gestation. Furthermore, some studies exposadioaestosterone on individual days

of gestation to determine how the effect on fenadligpring correlated with exact day of
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exposure. Even the earliest day of treatment fierdtudy was €16.5 (Rhees et al, 1997).
This study reported that exposure to testosteronsther e16.6, €17.5 or €18.5 caused a
significant increase in female offspring AGD aneéatiments on any day between €16.5-
e20.5 caused delays in vaginal opening. Other etutlave found that female fetal
exposure to testosterone can also cause (in adddioncreased AGD) reduced number
of areolas and nipples, cleft phallus and presefq@ostate tissue (Wolf et al, 2002).
This study used testosterone propionate from e@2%5 in rats, and in male offspring
no effects of the testosterone exposure were fatinel than a reduction in glans penis
weight. Indeed in the studies which really defired MPW by Welsh et al (2008),
testosterone was used as the choice of androgessey and this exposure began at
el5.5. Female offspring were reported to have dgeel prostates and seminal vesicles
when exposed between e15.5-e19.5 but no masctiamsaas reported when females
were exposed between e19.5-e21.5 other than amasetin phallus length. No effects
were reported in the male offspring after expogoréestosterone (Welsh et al, 2008).
Thus there are no studies published that outlieeeffect of androgen exposure in the
rat, in the fetal period, earlier than the MPW.

Testosterone can be readily converted by the asseaenzyme to oestradiol, and
aromatase is strongly expressed in the placeniagipregnancy. Moreover, if rats are
exposed to oestradiol or other potent oestrogeniagipregnancy they can also induce
dystocia, fetal loss and growth restriction, muike ltestosterone treatment does. One
major problem that emerged from the studies desdrthat used testosterone treatment
during pregnancy was complications with giving Mjressentially delayed birthing
(dystocia). From descriptions in the various stedihis manifest as increased loss of
pregnancies due to death in utero or cannibalisatieduced litter size and growth
restriction of the pups that were born (Fritz et #084; McCoy and Shirley, 1992;
Rosenberg and Sherman, 1974). For example, inttlkées by Welsh et al (2008, 2010)

using Wistar rats, these effects were so sevetetlibaauthors had to caesarian derive
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pups from testosterone propionate (TP)-exposed dardscross-foster them to other

dams in order that offspring could be studied patsify.

As fetal growth restriction and reduced litter siaee changes that are potentially
confounding in any study investigating aspectsetélfdevelopment, it was considered
important to avoid these if it was possible. Theref in the present studies

dihydrotestosterone (DHT), rather than testostepmopionate, was used for treatment,
in the expectation that because it cannot be aisethto oestradiol it would not cause

the same adverse pregnancy effects as testostaedomaistration. Additionally, DHT is

a more potent androgen than testosterone (~10;fb&bause it binds to the androgen
receptor with higher affinity and more tightly (i.e dissociates less readily form the

receptor) than does testosterone (Grino et al, ;198th and Zakar, 1982). DHT was

also used to ensure that any effect induced coeldldrified as an androgen response
rather than an oestrogen (from conversion of téstose to oestradiol) response.

3.2 Materials and Methods

3.2.1 Animals and treatments

Briefly, pregnant rats were treated with DHT, orrcoil during the MPW (e15.5-e18.5)
or during the period immediately preceding the MiPRd¥1.5-e14.5), hereafter referred
to as ‘early window’ (EW) (section 2.2). Treatmemngre administered daily by
subcutaneous injection and in each time windowtially 1mg/kg DHT was
administered to pregnant dams but when no effestsgan in the females, this dose was

increased to 10mg/kg.

Control and DHT-treated dams were either killedobefterm (e18.5, €21.5) or allowed
to give birth, and resulting offspring then killeeh either postnatal day (PND) 25 (=
early puberty) or 75 (= adults). For fetal stud@ggnant dams were killed by inhalation
of CO, followed by cervical dislocation, fetuses were osed, and placed in ice-cold
PBS. E21.5 fetuses were weighed and AGD measuried dgital callipers and the
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fetuses then decapitated (see section 2.3). Thigab&ubercle, gonads and ducts were
removed by microdissection from both €18.5 and®eftuses and imaged using a Leica
MZ6 camera attached to a dissecting microscopedfitvith cold lights. In studies
designed to determine if AR was present in tisques to the MPW, control fetuses
were recovered from pregnant dams at e11.5, e2235 and e14.5. The genital/lower
abdominal area was dissected from each pup aneéredtiored at -80°C for RNA
extraction and PCR investigation or fixed in Bosirfixative for 1 h before being
transferred to 70% ethanol before being processéml paraffin wax blocks using

standard procedures and an automatic tissue parycess

Postnatal animals were killed by inhalation of Z@Gllowed by cervical dislocation.
Bodyweight and AGD were measured before disseatibthe phallus, gonads and
ventral prostate (if present), which were weigh&te length of the phallus was
measured by digital callipers. Tissue was fixedBouin's fixative for 4 hours before

being transferred to 70% ethanol and embeddedraffpawax as above.

3.2.2 RNA extraction and RT- PCR for androgen recefor (AR)

Briefly RNA was isolated from the genital area {peum + genital tubercle) of control
male and female pups at e11.5, e12.5, €13.5 an8,eddd converted into cDNA (see
section 2.6). The primers used for detection AR exons 1 and 3 (forward
AAGCAGGTAGCTCTGGGACA; reverse CGTTTCTGCTGGCACATAGA)evealed
bands of 765 and 613 bp.

3.2.3 Immunohistochemistry for the androgen recepto(AR)

Briefly, immunohistochemical staining (section 2fy the AR was performed on
sections of tissue from the lower abdomen/genggian of control animals at el11.5,
el2.5, el3.5, e14.5 and e15.5. Table 3.1 outlietsls of the AR antibody used.
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Table 3.1 Details of AR antibody used in Chapter 3

Primary Antibody Source Retrieval Species Dilution
Androgen Receptor Abcam, Cambridge Citrate Rabhit 1:500
3.3 Results

3.3.1 Effects of DHT exposure on the dams, gestatia length and litter size
Treatment with either dose of DHT in either timendow had no detectable effect on
health of dams, gestational length or on fetus rem#l8.5, e21.5) or litter size at birth.
There was no significant difference in the weighttioe dams on the last day of
treatment with DHT in comparison to vehicle (Fig)3.Using a one way ANOVA
followed by a bonferroni test, no significant di#aces were noted for number of pups

per litter in each treatment groups and no dame ¥eemd to suffer from dystocia.
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Figure 3.1 Effect of treatment with vehicle (V control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; e11.5-e14.5) or during the masculinisation programming
window (MPW; e15.5-e18.5) on maternal bodyweight on the last day of treatment (A) and number
of pups per litter (B). N=8 for each treatment group.
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3.3.2 Androgen receptor (AR) expression

Figure 3.2 Evidence for expression of the androgen receptor before the masculinisation
programming window (MPW), based on RT-PCR (arrow) on tissue extracts from the lower
abdominal/genital area (A) and immunoexpression (B) in a tissue section from the mesonephric
area of an el13.5 fetus (B). In A, each well corresponds to tissue from a different fetus and a
product size of 765 bp. In B, a section from the mesonephric area at the onset of the MPW (e15.5)
is shown for comparison.

RT-PCR of tissue extracts from the lower genitaaashowed detectableR mRNA
expression from ell.5 — e14.5 (Fig.3.2A), whicthesperiod immediately preceding the
MPW. As reproductive tissues are not well develogethost of these ages, assessment
of whether AR protein was expressed immunohistoétediy is problematical, but
tissue from the region of the developing mesonepblearly expressed the AR protein
at el3.5 (Fig. 3.2B), suggesting that at leastames tissues the AR protein may be
expressed prior to the MPW. A pragmatic conclugsiom these studies was that further
similar investigations were unlikely to be any malefinitive, and that the tentative
conclusion was that AR expression was unlikelyadHe determining factor for opening

of the MPW. Moreover, if AR was expressed priotite MPW in relevant reproductive
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tissues or progenitor tissues, then exposure tgemaus androgen (DHT) at this time
would establish if these AR were functionally cagplin ways that would allow

‘premature masculinisation’. Therefore, the logicaxt step was to investigate the
effects of DHT exposure during these periods omguthe MPW itself.

3.3.3 Effect of DHT exposure in utero on AGD in mas and females

AGD measurement from e21.5 onwards provides anratzuead-out of androgen
exposure within the MPW (Welsh et al, 2008; MacLexidal, 2010). The effect of
maternal treatment with 1 or 10mg/kg DHT before auding the MPW, on AGD in
male and female offspring is shown in Fig. 3.3. épected, AGD was significantly
longer in control males at all ages than in femalesnales, DHT exposure at either
dose in either time window (i.e. before or durihg MPW), had no significant effect on
AGD. In females, AGD was significantly increasedmpared with controls, at e21.5
after exposure to either 1 or 10mg DHT during thBW| but this difference was not
maintained postnatally (Fig. 3.3). In contrast, @syre of females to DHT at either dose
during the EW (i.e. prior to the MPW) did not alt®&D at any age (Fig. 3.3). These
results showed that androgen exposure prior tdviRe8/ was without effect on AGD in
fetuses of either sex.
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Figure 3.3 Effect of treatment with vehicle (VEH; control) or dihydrotestosterone (DHT) at 1
or 10mg/kg/day before (EW: early window; ell.5-e14.5) or during the masculinisation
programming window (MPW; e15.5-e18.5) on anogenital distance (AGD) in male and female
offspring in fetal life (top), early puberty (middle) and in adulthood (bottom). Values are the
mean * SEM for 4-24 animals per group from 3-6 different litters. *P<0.05, **P<0.01,
**+P<0,001, in comparison with respective male control value. P<0.001, in comparison with
respective female control value. NS = not significantly different from male control value.
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3.3.4 Effect of DHT exposure in utero on developmeif the Wolffian duct

Coiling of the Wolffian duct normally first appeass €19.5 in the male rat with full
coiling developed by e21.5 (Welsh et al, 2007).li@giis never observed at €18.5 in
normal males, as confirmed in controls in the prestudies (Fig. 3.4). Exposure to
either 1 or 10mg DHT treatments prior to (EW) oridg the MPW did not induce
premature Wolffian duct coiling at €18.5 in maleer did it exagerrate normal coiling
evident at e21.5 (Fig. 3.4). In normal female thesWolffian duct has largely regressed
by e18.5 (Welsh et al, 2009), but exposure to rad.dose of DHT during either the
EW or the MPW resulted in stabilization of the Wialh duct in 58% and 81% of
females, respectively, at e21.5 (Fig. 3.4 and T&dR). In contrast, no retention of
Wolffian ducts was observed in females exposedtireetime window to the 1mg dose
of DHT.
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Chapter 3 Effect of DHT before & during the MPW
ontrol DHT 10mg EW DHT 10mgMPW
Males
E18.5
E21.5

Females

E21.5

Control DHT 10mg MPW

Figure 3.4 Effect of treatment with vehicle (Control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; ell.5-e14.5) or during the masculinisation programming
window (MPW; e15.5-e18.5) on Wolffian duct development (arrows) in males (top two rows) and
females (bottom row). Note that at €18.5 the Wolffian duct is a simple straight tube in males,
whereas by e21.5 it has developed conspicuous coiling; DHT exposure in EW or MPW does not
induce precocious coiling at €18.5 or affect it detectably at e21.5 (similar results for 1 mg DHT
dose, not shown). In females, exposure to 10mg DHT, but not to 1mg (not shown), in the MPW and
to a lesser extent in the EW (Table 3.2) induces stabilisation of the Wolffian duct so that it is evident
at e21.5 whereas in controls it has regressed. T=testis, O=ovary, *=mdllerian duct. The scale bar
represents 200pum.
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3.3.5 Effect of DHT exposure in utero on developmeiof the ventral prostate (VP)
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Figure 3.5 Effect of treatment with vehicle (VEH; Control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; ell.5-e14.5) or during the masculinisation programming
window (MPW; e15.5-e18.5) on ventral prostate (VP) weight in early puberty (top) and in adulthood
(bottom). Values are the mean + SEM for 4-24 animals at each age from 3-6 different litters.
***n<0.001, in comparison with respective male control value. Note that in females, exposure to 1mg
DHT in either EW or MPW did not result in VP formation and not all females exposed to 10mg DHT
had a VP (see Table 3.2).
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In utero exposure of males to either dose of DHTeitlher time window did not
significantly alter VP weight at either PND25 or adulthood (Fig. 3.5). In females,
exposure to the 10mg DHT dose during the MPW induzé/P in all females when
evaluated at PND25 or in adulthood, although tlemdg were always notably smaller
than those found in normal males of the same agbl€T13.2; Fig. 3.5). A proportion of
females exposed to 10mg DHT prior to the MPW (EVgp dad some prostatic tissue
but this was more variable than in females expaseohg the MPW (e.g. only one lobe
of a VP present). Females exposed to the 1mg doB&ld in either time window did
not show evidence of VP induction (Table 3.2).
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Table 3.2. Effects of in utero DHT exposure on reproductive development in females

ell.5-e14.5 (EW) e15.5-e18.5 (MPW)
Age Vehicle DHT DHT DHT DHT
(control)' | 1mg/kg | 10mg/kg | 1mg/kg | 10mg/kg
Wolffian Duct | e21.5 | 0/20 0/20 14/10*4  0/13 13/3***
present/absent
Ventral prostate| PND25 | 0/18 0/15 3/3** 0/4 5/0***
Present/absent
Ventral prostate| Adult | 0/20 0/10 10/4** | 0/4 4/4**
Present/absent
Nipples PND25 | 18/0 20/0 0/6*** 4/0 0/5***
Present/absent
Nipples Adult | 20/0 10/0 0/14*** | 4]0 0/8***
Present/absent
Vaginal opening| Adult | 20/0 10/0 0/14*** | 4/0 0/8***
Present/absent
Uterine PND25| 0/18 0/15 4/2** 0/4 0/5
abnormalities
Uterine Adult | 0/20 0/20 4/10* 0/4 4/4**
abnormalities

'Females exposed to vehicle treatment in eitheEWeor MPW
*P<0.05, *P<0.01, **P<0.001, in comparison witmdidence in respective control group
(Fisher's exact test)
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3.3.6 Effect of DHT exposure in utero on developmeiof the phallus
In utero exposure of males to either dose of DHTeitler time window did not
significantly alter penis length at either Pnd25madulthood (Fig. 3.6).
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Figure 3.6 Effect of treatment with vehicle (VEH; Control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; el1.5-e14.5) or during the masculinisation
programming window (MPW,; e15.5-e18.5) on phallus length in early puberty (top) and in
adulthood (bottom) in males and females. Note the different scales for male and female results.
Values are the mean + SEM for 4-24 animals at each age from 3-6 different litters. Results were
analysed using a one way ANOVA. *P<0.05, in comparison with respective female control
value.
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However, surveyed as a whole, it appeared that npeas length was slightly but

consistently smaller in DHT-exposed males comparngd controls (P=0.016 at PND25

and P=0.062 in adults by analysis of variance uholg data for either dose and either
time window of exposure). Surprisingly, in femaldsgre was little obvious impact of

fetal DHT exposure on phallus length, except fanaall significant increase in the 10
mg DHT EW group in adulthood (Fig. 3.6). Howevdristcomparison is probably not
accurate because the phallus is structurally imdistn control females, thus making it
difficult to dissect and accurately measure itsgthn In contrast, in most females at
either PND25 or in adulthood that had been expasediero to 10mg DHT prior to the

MPW, the phallus had a clear tubular structure esuis in males, although much
smaller in diameter; this change was not obsermethast females exposed to 10mg
DHT during the MPW.

3.3.7 Effect of DHT exposure in utero on developmeiof the testis and ovaries

In utero exposure of males to either dose of DHTeitlher time window did not
significantly alter gross morphology of the testimt shown) or its weight at either
e21.5, PND25 or in adulthood (Fig. 3.7). Ovarianghein females exposed to DHT in
utero tended to be smaller than in controls, bist dinly reached statistical significance
for animals exposed to the 10mg DHT dose during=¥e(Fig. 3.8).
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Figure 3.7 Effect of treatment with vehicle (VEH; Control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; ell.5-e14.5) or during the masculinisation
programming window (MPW,; el5.5-e18.5) on testis weight in fetal life (top), early puberty
(middle) and in adulthood (bottom). Results were analysed using a one way ANOVA Values
are the mean = SEM for 5-24 animals at each age from 4-6 different litters.
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3.3.8 Effect of DHT exposure in utero on developmemf other reproductvie tissues

in females

Females exposed to 10 mg DHT in either time windimeked nipples at Pnd25 and in
adulthood, whereas exposure to 1mg DHT had notdffeble 3.2). Similarly, a vaginal
opening was absent in all females exposed to 10k§ D either time window but was
present in all females exposed to 1 mg DHT (Tak®. Jluid distension of the uterus
(hydrometrocolpus) was evident in a proportion ¢fTBexposed females that lacked a
vaginal opening (Table 3.2), and in some affectatividuals this accumulation was
extensive, resulting in gross abdominal distengkig. 3.8); one animal had its uterus

intertwined adhesively with the gut.



Page | 130

Chapter 3 Effect of DHT before & during the MPW
A . PND2E

g

z

)

2

>

o

S

Ovary weight (mg)

VEH 1mg 10mg 1mg 10mg

 EW )\ MPW )

\_ Female %

Maternal treatment period with vehicleDd T

Figure 3.8 Effect of treatment with vehicle (VEH; Control) or dihydrotestosterone (DHT) at 1 or
10mg/kg/day before (EW: early window; ell.5-e14.5) or during the masculinisation programming
window (MPW; e15.5-e18.5) on ovarian weight in early puberty (A, top) and in adulthood (A, bottom).
Values are the mean + SEM for 4-12 animals at each age from 3-5 different litters (N=2 litters for 1mg
DHT MPW group). Results were analysed using a one way ANOVA *P<0.05, in comparison with
respective control value. Panel B shows an example of gross distension of the uterus (asterisks),
termed hydrometrocolpos, in a female rat exposed to 10mg DHT in the MPW (for incidence data see
Table 1); arrow=bladder.
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3.4 Discussion

The primary aim of the present studies was to &stal§ experimental exposure of the
male rat fetus to a potent, non-aromatisable amard®HT), either during or prior to
the MPW, was able to advance or enhance any aspkeamnale reproductive
development. The results show unequivocally thaffTD#tposure of fetal males to a
dose (10mg/kg/day) of DHT that is able to ‘masdskhfemales when they are exposed
either prior to or during the MPW, has no deteaabffect on male reproductive
development. In particular, the results show th&iTDexposure prior to the normal
MPW cannot advance (timing of Wolffian duct diffatiation) or enhance (testis, penis
and VP size, AGD) male reproductive developmenttHeumore, exposure of males to
‘extra’ androgen during the MPW, in the form of DHWas similarly without any
‘enhancing’ effect. The results also indicate tbamsitivity of the female reproductive

tract to androgens may start earlier than the MPW.

The use of DHT for the present studies could besidemed as non-physiological
because the physiological androgen that circuliatdstal males is testosterone, whilst
DHT is generally produced locally within androgemget tissues via thenSreductase
enzyme (Imperato-McGinley & Zhu, 2002). Howevergyous studies that have used
testosterone formulations for treatment of ratpliegnancy have all reported adverse
pregnancy side-effects such as dystocia, fetaldossth restriction (Wolf et al, 2002;
Welsh et al, 2008), which may result in confoundeftects. In earlier studies by our
own group using testosterone, they had to resaraésarian delivery of pups and their
cross-fostering to nursing mums to enable surnfgbups for study of their postnatal
development (Welsh et al, 2008, 2010). As oestrageatment of pregnant rats can
result in similar pregnancy problems (Zimmermaraletl991), a logical conclusion is
that the adverse pregnancy effects of maternabdtssbne treatment result from its
aromatisation. The present results support thierpnétation by showing that
administration of the non-aromatisable androgenTDiMas without any adverse effect

on pregnancy or timing of delivery. As oestrogean exert important effects on male



Chapter 3 Effect of DHT before & during the MPW Page | 132

reproductive development in rodents (Delbes e2@D6; Goyal et al, 2007; Prins et al,
2007), the present studies also avoided any patecdinfounding from such effects.
Therefore, the studies can be considered as prayalreasonably definitive assessment
of the role and importance of androgens before dodng the MPW in male
reproductive development. The only caveat is thabime aspects of male reproductive
programming during the MPW result from testosteraretabolism to oestradiol, then
such effects will have been missed. However, adieeafindings involving the
administration of testosterone during (and afteg MPW to rats did not report any
‘enhancing’ effects in male offspring (Wolf et @002; Welsh et al, 2008, 2010), such

effects seem unlikely.

A major goal of the present studies was to establfs programming of male
reproductive development could be advanced by expao® DHT prior to the MPW.
The initial AR studies indicated that AR mRNA ispegssed prior to the MPW and, at
least in some tissues (meosnephros) the AR protainbe present prior to the MPW, as
reported previously by others (Bentvelsen et al95)9 Irrespective of this, DHT
exposure prior to the MPW did not exert any detdetaffect in males, and of most
interest it did not advance coiling of the Wolffimuct, a change that occurs after
completion of the MPW but which has been showneg@imgrammed within the MPW
(Welsh et al, 2007). As reproductive organ siz®HiT-exposed males was comparable
to controls at all ages investigated, it is alsnateded that reproductive development in
males cannot be enhanced by DHT exposure prior tluong the MPW. This fits with
previous conclusions from studies involving exogendestosterone exposure during
periods that included the MPW (but not earlier) (fA& al, 2002; Welsh et al, 2008,
2010); it also agrees with studies in rhesus mosikeyolving fetal androgen exposure
(Herman et al, 2000). This generates two furtherchusions. First, that exposure to
endogenous androgens during the normal MPW iscserfti to maximally program
reproductive organ size. Second, that it is notaelability of androgens that ‘opens’

the MPW, an important conclusion as it suggests dtlaer factors involved in AR
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activation/signaling (e.g. co-regulators) may b@amant in delimiting androgen action
within the MPW. These are the subject of investayain chapter 4.

The most unexpected results from the present stiglg those in DHT-exposed female
offspring. Although the ‘masculinisation’ changémtt we report in females (stabilized
Wolffian duct, VP induction, uterine abnormalitiegdrometrocolpos, lack of nipples,
absent vaginal opening) have all been reportediquely in female rats exposed to
exogenous androgens during fetal life (reviewedraported in Wolf et al, 2002; Welsh
et al, 2008), the present studies are the firdhawe assessed the effect of androgen
exposure only prior to the MPW. Whilst such expeswas without detectable effect in
males, exposure of female offspring to 10mg/kg Dpfior to the MPW was only
marginally different than exposure during the MPWmasculinising female offspring;
in some respects, such as effects on the phallds, €&posure prior to the MPW may
even have been more effective than during the MPPWgse findings could simply mean
that there has been ‘spill-over’ of DHT exposurenirthe early window of treatment
(e11.5-e14.5) into the start of the MPW (el5.5-8)118a possibility that we cannot
exclude as the DHT preparation used is relativehglacting and was administered in
oil so as to prolong absorption and exposure. @mother hand, exposure of females to
10mg/kg DHT prior to the MPW was without signifi¢aeffect on AGD at e21.5,
whereas some effect due to ‘spill-over’ would h&een expected, as exposure to even
1mg/kg DHT during the MPW increased AGD at e21.bisTraises the possibility that
androgen sensitivity of females may not be resicto the MPW, as concluded
previously (Welsh et al, 2008), but may be initthé®mewhat earlier than this. If so, this
suggests that androgen sensitivity of femalesnsesdhat different to that of males. This
would not be without precedent, as sensitivity ablifian duct degeneration to lack of
androgens is different (occurs earlier) in femahas in males, at least in rats and mice
(Welsh et al, 2009). For other female-specific disos, such as lack of nipples, lack of
a vaginal opening and induction of hydrometrocolgbsre is not a literature on age-

specific windows for induction, so it is feasibleat the window of susceptibility is



Chapter 3 Effect of DHT before & during the MPW Page | 134

wider than is the MPW in males. One unexpected, amekplained, finding from the
present studies was that the increase at e21émalé AGD induced by DHT-exposure
during the MPW was no longer evident at PND25 amdadulthood. The present
findings and those of others indicate that once A@B been programmed by androgens
in the MPW it is more or less a lifelong changeh@tthan the use of DHT, there is no
other difference between the present and otheiiestutiat would readily explain this
odd finding.

In conclusion, the studies reported in this chamtemonstrate that it is not the
availability of androgens which initiates the MPWAhd exposure of the male fetus to
exogenous ‘additional’ androgens prior to or durthg MPW does not advance or
enhance masculinisation of the fetus, includingmate reproductive organ size.
Furthermore, the female reproductive tract waseqisigle to virilisation by exogenous
androgen exposure prior to, as well as during, MW, which to the best of my

knowledge had not been reported before.
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4.1 Introduction

The previous chapter demonstrated that the avhilalmf androgens or AR were

unlikely to be the factors regulating the MPW. Texre various other possible
pathways via which specific aspects of androgemmachight be regulated within the

MPW. Some of these possibilities include AR co-tatprs, reviewed in section 1.7.1
and known to be vital in androgen action, and gaeéhylation which could silence or
un-silence genes involved in the regulation of MW. There is a surprising lack of
data characterizing AR co-regulators, methylatiorzyenes and general androgen
biochemical associates in the fetal male reprodedtiact and, considering the aims of
this thesis, this warranted investigation.

AR co-regulators play an important role in androgetion and this is reviewed in detail
in the literature review of this thesis. Over 3Q®lear receptor co-regulators have been
identified. A large number of these have been ahtar&ed in relation to oestrogen or
glucocorticoid receptors but less co-regulatorsehiaeen identified to be AR specific or
indeed regulated by AR and the overall picturekistchy. It is well established that
many co-regulators are fundamentally necessary mbrgonic development and
inactivating mutations of these can be embryonibaleor cause disorders. However,
characterization of key androgen co-regulators he imale reproductive tract, and
furthermore their possible role in the MPW, has been investigated. This was

therefore an objective of this chapter.

To initially identify co-regulators which work witl AR, GeneGo was employed.
GeneGo is bioinformatics software which producesegexpression pathways. Kristine
Belling a bio-informatics PhD student was very kiewd carried out the studies using
GeneGo to determine AR pathways. The co-reguladisese pathways were compared
against a microarray study designed in our groud andertaken by a Finnish
commercial enterprise using Affymetrix microarray$ie microarray was designed to

identify potential androgen regulated genes, swilichn in the GT during the MPW, by
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comparing the genes expressed at el7.5 in rataotomale GT (normal androgen
action), control female GT (normal lack of androgaction in females), flutamide
exposed male GT (blocked androgen action) and dsieestme exposed female GT
(excess androgen action that should mimic maleshe& which overlapped between
GeneGo and the microarray outcome were investigatdtie literature and those of
interest were further investigated by Tagman-PClie §enes identified by comparing
the GeneGo pathways and the outcomes of the mregoatudy werdrgl, Cbp, Fkbp5,
Snurf, Transgelinand Vav3. Of these Brgl and Cbp had interesting patterns of
expression during the MPW (see appendix 3 3).

Another co-regulator was studied in this chapteictviwas not found via the Genego
pathway or the microarray. This wRsvdd1 a novel co-regulator which had been found
to be androgen regulated in the adult thymus batnador which there is currently no
published data within the male reproductive tr&&tr(g et al 2008a, Kang et al 2008b).

Aside from androgen co-regulators, it was also irtg to consider other mechanisms
of regulation and one key mechanism known to bal wit embryonic development is
methylation (section 1.7.2). Methylation can casigencing of normally active genes, or
activate (demethylation) normally silent genes litimately leads to stable changes in
gene expression (reviewed by Garcia-Carpizo é(dl1). The AR gene encompasses an
approximately 15-kb CpG island at the transcripstert site and exon 1 (Jarrard et al,
1998) and most studies that have investigated ARytaion have focused on prostate
cancer (Kinoshita et al, 2000; Sasaki et al, 2Q@&ahashi et al, 2002). However, more
recently, some studies have been published regattim role of methylation in male
fetal development. One study found that rat fexgosure to vinclozin (anti-androgen)
or to methyxychlor (an oestrogen) affected methgtatpatterns in the offspring
resulting in decreased spermatogenic capacity acr@ased chances of infertility and
the altered DNA methylation in the germ line wassgedd on for up to the four

generations studied thereafter (Anway et al, 2086)vever, these studies are somewhat
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suspect as they have not so far proved to be m&Epeai(lnawaka et al, 2009).
Furthermore, some studies have investigated DNMT&Lregulator of methylation
(section 1.7.2.1) and mouse knockout models haweerse hypogonadism and
azoospermia (Bourc’his et al, 2001). Another protbeelieved to be involved in
methylation is BORIS (section 1.7.2.2) The exprassif BORIS protein has only been
found in the testis and it has been shown thatupissn of DNA methylation can
increase expression of BORIS and thus some sdemisisider BORIS a marker for
methylation in the testis. Taking into account theati-androgens might affect
methylation patterns in the fetus and that both OI8M a methylation regulator and
BORIS a methylation marker are important in theiseand also because another PhD
project found both of these proteins to have changexpression in the male
reproductive tract (M.S Jobbling submitted 2009NNDI3L and BORIS were of key

interest in the regulation of the MPW.

Table 4.1 shows the list of possible androgen laotbal associates which were
targeted and investigated initially using TagmarRPQOf these, Fkbp5, Snurf,

transgelinandVav3did not show any obvious pattern of change in esg)om across the
MPW, so were not selected for further study. (Tisialso summarised in appendix 3). In
contrast,Brgl, Cbp, Rwddl, Dnmt2indBoris displayed interesting mRNA expression
changes in relation to the MPW (at least in the @m)l were therefore investigated
further. The aim of the studies in this chapter wasvestigate genes which might be
differentially expressed before, during, or aftbe tMPW, and to at least provide
preliminary evidence as to their possible implioatin specifying the MPW or in

modulating androgen action specifically within tN#PW. The protein of the 3 co-
regulators and 2 methylation regulators chosenirfeestigation, were also studied in
testis. AR expression in the testis is well chaared at different time points, for
example, in the SC AR is switched on between PND4id more strongly thereafter.
Consequently the testis provides a dynamic systewhich to dissect the potential role

and importance of the androgen biochemical assxciat
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4.2 Materials and Methods:
Two types of studies were done in this chapter,fitis¢ of these analyzed expression
patterns across the MPW. The genes which had stiegeexpression patterns were then

investigated in relation to androgen or oestrogenipulation.
4.2.1 Animals and Treatments

Briefly, pregnant rats were treated with flutami@BP or DES or appropriate vehicle
during the MPW, (section 2.2). The genital tubergenads and ducts were dissected
from the resulting rat fetuses at €16.5, e17.5,%@Be21.5, from both male and female
pups. The penis and testis were dissected from BNIDA adult males. The tissue was
fixed in Bouin’s fixative and processed for immuimgtbchemical analysis or frozen at -
80°C for RNA analysis

4.2.2 RNA analysis:

The mRNA level of co-regulators of interest wasestigated using Tagman (section
2.6). Briefly, RNA was isolated from frozen tissaad converted into cDNA and
guantitative RT-PCR performed. Time course expenisiénvestigated the expression
before, during, and after the MPW. The effect eatments on co-regulator expression
was investigated in the fetal life. The genes itigased and primers used are listed in
Table 4.1.
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Table 4.1 TagMan primers and Universal probe library probes used in chapter 4 and why they

were investigated

Interesting pattern
UPL Prohe during MPW found
Gene Forward Primer 5'—3' Reverse Primer 3'—5' Number: Reasons for investigation by Tagman-PCR
GAA GAA AAA GAA AGATGC
BORIS GGT CT GAG ATC COG CTC AGC ATTT 82 Methylation enzyme of interest Tes
ACGGTGTCC CAG CTA GAT | GCATCC GCA TGA ACATAC Found in AR pathway GeneGo &
BRG! TC TTC 20 Wicroarray Tes
AAT CGG TOG GAA TTG ATG Found in AR pathway GeneGo &
CERPI00 | GGG AAA GAG GAC CAGACG C i1 Wicroarray Tes
GAG GOT GTG GAG CAA CAT | GCT CTT CCT TAG GGG TCA
DNMT3L TC oG 41 Methylation enzyme of mterest Tes
CTC AAL CCC CAATGA AGD | GUA GTC AAA CACCCTTCC Found in AR pathway GeneGo &
FEBPS AG 4 b6 Wicroarray Mo
ACA ACGCAA CGA GTT GOA | GCT GGG TGG GTT TIC TGA Nowel & literature suggests AR
RWDDI G Th 109 regulation in thymus Tes
LATAGC ACGTCC CAG AGA | AGA ATG COGTOG GTA ACA Found in AR pathway GeneGo &
SNURF GT GT 85 Wicroarray Na
TCACCA ACT TGC TCA CAA Found in 4R pathway GeneGo &
Transgelin AGT BTG GCC CTG ATGC TGG TCA 5 Wicroatray Nao
CCATGG AGA AGT CGA ACC | TTC ACA TAT TGT GCC AAG Found in AR pathway GeneGo &
VAV TG TCCT 21 Wicroatray Ho

4.2.3 Fluorescence immunohistochemical analysis

Fluorescence immunohistochemistry (section 2.5.25 wised to determine the co-
localisation of AR with specific co-regulator prote in the male reproductive tract,
from control and treated animals. Briefly, stainnwgs performed on sections of fetal
and postnatal tissues. The various tissues exanmimé#us chapter are summarized in
Table 4.2. A minimum of 3 animals from 3 littersn@envestigated at each age and in

each treatment group. The antibodies used ard list€able 2.3.

Table 4.2 Details of tissues examined in chapter 4

Treatments groups
investigated (all treatments

Tissue Collection Ages in MPW)

Genital Tubercle el6.5, el7.5,e19.5, e21]l5 Corfiotamide

Penis PND25, PND90 Control, Flutamide
e21.5, PND4, PND10, Control, Flutamide, DES,

Testis PND25 DHT, Indomethacin, DBP

Control, Flutamide, DES,
Wolffian Duct el7.5, el19.5, e21.5 DHT, Indomethacin
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4.3 Results

4.3.1 BRG1 expression in the male reproductive trac

BRG1 is a co-regulator involved in chromatin re-relidg and known to work with
oestrogen receptor, glucocorticoid receptor andageh receptor (reviewed in section
1.7.1.1.1). BRG1 expression has not been charaetein the male reproductive tract.
To determine iBrgl was expressed in the developing genital trach@tmRNA level,

Tagman-PCR was conducted.
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Figure 4.1 Quantitative analysis of Brgl mRNA levels in the lower abdomen/genital area
(A), male GT (B), testis (C) and Wolffian duct (D) of control male rats. Using a one way
ANOVA * P<0.01 in comparison with respective e14.5 value. Values are means +SEM
for 6 animals/group from a minimum of 3 litters. Pink shading depicts sampling ages
within the MPW.

Brgl mRNA expression decreased in the genital regiah @m during the MPW, as
highlighted in Fig. 4.1 (A, B). In the male genitaibercle, there was a significant

decrease in expressionBifgl at e17.5 in comparison to e14.5, prior to the MRViien
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Brgl mRNA was investigated in the testis and WD no ifigant differences in
expression were found at any age, although, in biesgues expression appeared to
increase after the MPW. BRG1 protein expression wasgestigated (using

immunohistochemistry) in the genital tubercle (#ig) and testis (Fig. 4.3, 4.4 and 4.5).

Figure 4.2 Representative photomicrographs of BRG1 expression (red) and AR expression (green) in
control male GT at e17.5 (A), e21.5 (B) and PND25(C) T= the tip of the GT, O=0s penis; the uretheral
area is indicated by an arrow and the corpus cavernosum by asterisks. Each scale bar (bottom left)
represents 200um. Panel D represents a negative control with no BRG1 antibody present. Note the
more pronounced co-expression (yellow) of these two proteins at PND25 in comparison to earlier time
points.
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MRNA expression was lower in the GT during the MBWd increased thereafter. This
did not appear to be reflected at the protein legethe e21.5 GT appeared to show the
most intense BRG1 expression but this was not dieahtAt PND25 in the penis, both
AR and BRG1 mRNA expression had decreased, bubmra&st to the fetal samples,

strong co-localisation was seen, represented byétlew’ coloured cells (Fig. 4.2).
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Figure 4.3 Representative photomicrographs of BRG1 expression (red) and AR expression (green) in
testes from control rats at e21.5(A), PND4 (B), PND10 (C) and PND25(D). Co-localisation (yellow) is
mainly apparent in Sertoli cells (indicated by the arrows), beginning at day 4 in some Sertoli cells and
becoming ‘stage-dependent’ by PND10-25. Asterisks show BRG1 immunopositive germ cells. Scale
bars represent 200um.E and F depict increased magnification of C and D respectively.
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The expression of BRG1 in the testis has not besported previously. Using
immunohistochemistry, nuclear BRG1 was found topbesent in the testis at e21.5,
PND4, PND10 and PND25 (Fig 4.3). At e21.5, BRG1 wagressed in the SC within
the seminiferous tubules, perhaps weakly in sonmm gells and also in some, but not
all, cells within the interstitium. At PND4, BRGDbgitive cells in the interstitium were
infrequent but SC continued to express BRG1, asdide germ cells. Interestingly, as
AR expression switched on at PND4 within some Sglocalisation with BRG1 first
became evident. This co-localization became farenmwonounced at PND10, but also
became highly variable between seminiferous tubafesthis trend became even more
marked at PND25. It is possible that this variatiefiects ‘stage-dependency’, but this
remains to be investigated. At PND10 and PND25 esgion of BRG1 in GCs,
especially in spermatocytes, also became much otoreus, although as GCs are AR

negative, no co-localisation was seen.
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Figure 4.4 Representative photomicrographs of BRG1 expression (red) and AR expression
(green) in e21.5 testes from animals exposed to DBP (A), DES (B), flutamide (C) and vehicle
(D) during the MPW. Note the virtual absence of co-localisation (yellow) and lack of any
obvious treatment effects (A, B and C) on patterns of expression in comparison to control (D).
Scale bar represents 200um.

4.3.1.1 Effects of fetal exposures during the MPWoBRG1 expression
Immunohistochemistry was used to determine if attexndrogen/oestrogen action in the
testis by exposure to DBP, DES, or flutamide during MPW, would affect BRG1
expression. In the e21.5 testis, where nuclear BBXptession was found mainly in the
SC as well as in occasional interstitial cells amtrols, a similar pattern of staining was
found in testes from fetuses which had been expts&BP, DES, or flutamide, with

no obvious treatment effects (Fig 4.4).
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Figure 4.5 Representative photomicrographs of BRG1 expression (red) and AR expression
(green) in PND25 testes from animals exposed during the MPW to DBP (A), DES (B), flutamide
(C) or vehicle(D). Note the prominent expression of BRG1 in germ cells (asterisks) and the co-
localisation of AR and BRG1 (yellow) in some but not all Sertoli cells (arrows). The scale bar
represent 200um.

In the PND25 testis, there was prominent nucleaGBRxpression in SC and some
interstitial cells and a similar pattern of stamwvas found in testes from animals which
had been exposed in the MPW to DBP, DES, flutanvdevehicle (Fig.4.5). As
expected, AR was prominently expressed in SC, yimriar myoid cells and some
interstitial cells. Co-localisation of AR and BR®ias evident in some, but not all, SC
and in occasional interstitial cells. There wasohweious treatment-related change in the

pattern or intensity of expression of either ARB®®G1, alone or together.
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4.3.2 CBP expression in the male reproductive tract

CBP is a co-regulator involved in histone modificatand is a well established co-
regulator that modulates transcription in manyetéht pathways (reviewed in section
1.7.1.2.1). CBP is well known to work in collabooat with BRG1 but the expression of
CBP in the developing male reproductive tract hatsbeen reported in the literature. To
determine ifCbp was expressed in the developing genital trach@atmRNA level and

whether this varied before, during and after the/WjFagman-PCR was conducted.

204 A 034 B

Reltive mRMA expression of

Rebtive mRMNA expression of
CBPagainst adult testis
CBPagainst adult testis

e11.5 e125 e13.5 e14.5 e15.5 e16.5 e17.5 e19.5 e1.5 eld.5 el6.5 ell.s e21.5

3 C 0109 D

Felative mRNA expression of
CBP against adult tests
Relative mRMA expression of
CBP against adult testis

Figure 4.6 Quantitative analysis of Cop mRNA level in the lower abdominal/genital region
(A), GT (B), testis (C) and Wolffian duct (D) of control male rats. Using a one way ANOVA
* P<0.01 in comparison to el14.5. Values are means +SEM for 6 animals/group from a
minimum of 3 litters. Pink shading depicts sampling ages within the MPW.
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Cbp mRNA decreased in expression during the MPW inltwer abdomen of rats
when compared with ages before and after the MPMighlighted in Fig.4.6 (A). In
the male genital tubercle, there was also a sicanti decrease in expressionGifp at
el7.5 in comparison to e14.5 GT, prior to the MRWih higher expression again after
the MPW at e21.5, although the latter increase m@sstatistically significant (Fig.
4.6B). In contrastCbp mRNA expression in the testis and WD did not eihémy
significant differences in expression in or outstdéhe MPW. CBP protein expression
was investigated using immunohistochemistry ingémeital tubercle (Fig. 4.7) and testis
(Fig.4.8, 4.9 and 4.10) to see if these mRNA figgicould be confirmed at the protein

level and also to investigate the relationship BPGxpression to that of AR.
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Figure 4.7 Representative photomicrographs of CBP expression (red) and AR expression (green) in
control male GT at el17.5 (A), female GT at €19.5 (B), male GT at e21.5 (C) and PND25 penis (D).
T= the tip of the GT, O=0S penis, the urethral area is indicated with an arrow and corpus
cavernosum with asterisks. Co-localisation of CBP and AR shows as yellow. Negative control for AR
(E) and CBP (F) in e21.5 male GT. Scale bar represents 200um.
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Similar to the results found for BRG1, nuclear C8#pression was found in the GT.

Although at e17.5 it was not possible to obtainaamdverses section, only a vertical one
and therefore it was unclear exactly which cellsPCBas expressed in at this age.
However, it can be seen that at e17.5, CBP exmresgas near the tip of the GT and
much of this was not co-localised with AR expressim the female GT at €19.5, CBP
was found only in the urothelial cells and bloodsals and staining was specific to
these areas; it seems likely that a similar expyagzattern would be found in the e17.5
male GT if a transverse section had been obtaimethe male GT at e21.5, CBP was
not expressed in the urothelial cells and at PND23he penis, AR was still widely

expressed whereas CBP was much more restirctedpiession, but wherever it was

expressed, it mainly co-localised strongly with ARthe urethral epithelium and in the

Figure 4.8 Representative photomicrographs of CBP expression (red) and AR expression
(green) in control rat testes at e21.5 (A), PND4 (B), PND10 (C) and PND25 (D).Note that CBP is
only co-expressed with AR in SC (arrows) from around day 10, and that this showed some
evidence for ‘stage-dependence’. Note, in contrast that CBP co-localized with AR in the
interstitial cells extensively at e21.5 with a progressive reduction thereafter up to PND10. Note
also that CBP was expressed in some, but not all, germ cells (*) at all ages. Scale bar represents
200pm
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The expression of CBP in the testis has never beeported. Using
immunohistochemistry, nuclear CBP was found to besgnt in the testis at e21.5,
PND4, PND10 and PND25. At e21.5, CBP was expressdtie SC and some germ
cells within the seminiferous tubules and alsorgghp within cells of the interstitum. At
PND4, CBP expression in interstitial cells was mieds pronounced than at e21.5, but
SCs continued to express CBP strongly. CBP onlgxqoessed with AR in SC from
around day 10, and this co-expression demonstsate@ ‘stage-dependence’. However,
in contrast CBP co-localized with AR in the intdrat cells extensively at e21.5 with a
progressive reduction thereafter up to PND10. CER walso found to be expressed in

some germ cells at each age investigated (Fig.4.8).
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4.3.2.1 Effects of fetal exposures during the MPWmCBP expression

Figure 4.9 Representative photomicrographs of CBP expression (red) and AR expression
(green) in e21.5 testes from fetuses exposed to DBP (A), DES (B), flutamide (C) or vehicle (D)
during the MPW. Note the similar pattern of expression in the different treatment groups and
that co-localisation of CBP and AR (yellow) is restricted to some interstitial cells. Scale bar
represents 200pm.

Immunohistochemistry was used to determine if gssilisrupted androgen action in
the testis by exposure to either DBP, DES, flutamad vehicle, during the MPW
affected subsequent CBP expression. In the e24ts,tauclear CBP was found in SC
and some germ cells as well as in the interstifimwontrol tissue and co-localisation of

CBP with AR was only evident in interstitial cell&. similar pattern of staining was
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found in testes from animals which had been expts&BP, DES, flutamide or vehicle
(Fig.4.9).
ry .

Figure 4.10 Representative photomicrographs of CBP expression (red) and AR expression
(green) in PND25 testes from animals exposed to DBP (A), DES (B), flutamide (C) or vehicle
(D) during the MPW. Note that AR and CBP co-localise in SC (yellow) but this varies
between seminiferous tubules (‘stage dependent’) and does not appear to be treatment
modulated. Scale bars represent 200um.

At PND25 in control testes, nuclear CBP expressias found in SC, most GCs and in
occasional interstitial cells. Clear co-localisatimuld be seen with AR and CBP in the
SC but this varied between seminiferous tubulesclvisiuggested this co-localisation
was stage dependent. A similar pattern of co-espaswas found in animals exposed
to DBP, DES, or flutamide, and thus these did nmpear to affect AR or CBP
expression or co-localisation. (Fig.4.10).
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4.3.2.2 Co-expression of BRG1 and CBP

It has been reported that BRG1 and CBP work inaboltation in many cell types in
their roles to co-regulate transcription. In ortieidetermine if both co-regulators were
expressed in the same cell types in the male repto@ tract, double
immunohistochemistry was used. The genital tubeMI® and testis were examined
and it was found that BRG1 and CBP were expressgether in every cell type in each
of these tissues irrespective of age. One was raxeously expressed without the other
(Fig 4.11).
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Fiure 4.11 Representative photomicrographs of BRG1 expression (red) and CBP expression
(green) in male control e17.5 GT (A), e21.5 GT (B), e21.5 WD (C) e21.5 testis (D) PND 10 testis
(E) and PND25 testis (F). Note that for the most part, BRG1 and CBP are co-expressed (yellow),
irrespective of age or tissue investigated. Scale bar represents 200um.
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4.3.3 RWDD1 expression in the male reproductive tict

There is some evidence which suggests that RWDRhlco-regulate the AR and this
may be important in the thymus. RWDDL1 is a very lyesiscovered co-regulator and
its expression patterns in the developing repraodeidract are completely unknown.
Rwdd1 expression was first investigated in the GT uslagiman RT-PCR and then
using immunohistochemistry, to determine i) ifétgression changed in relation to the
MPW, ii) if its expression was altered by flutamided iii) if this co-regulator co-
localised with AR in the cells of the testis or GT.
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Figure 4.12 Quantitative analysis of Rwddl mRNA level in control male rat GT at el4.5,
el7.5 and e21.5. No significance was found using a one way ANOVA. Values are means
+SEM for 6 animals/group from a minimum of 3 litters. Pink shading depicts sampling age
that lies within the MPW.

In the male control GT, expression BRivdd1lwas non-significantly higher at an age
during the MPW in comparison to ages before or dffs time point (Fig 4.12).
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Figure 4.13 Representative photomicrographs of RWDD1 expression (red) and AR expression
(green) in control male GT at €17.5 (A) female GT at €19.5 (B) male GT at e21.5 (C) and PND25
penis (D). Note the widespread co-localization of AR and Rwdd1 (yellow) in the developing GT and
the more restricted co-localization at PND25. Arrows indicate the urethral area and o=0s penis.

Scale bar shows 200um.
Immunohistochemistry was used to investigate if RWYIDwas present at the protein
level in the GT and if it might be expressed in shene cells as AR. RWDD1 was found
to co-localise with AR in most cell types that eegsed AR in the developing GT
whereas co-expression was more restricted in tHerehtiated PND25 penis. In the
female GT at €19.5 there was still substantialxquression of RWDD1 and AR, but this
was more restricted than in the male GT at 17.5 e2atl5 (Fig 4.13). As the co-
localisation of RWDD1 and AR in the male GT andipemas rather striking, it was of
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interest to determine the effect of blocking an@mgction using flutamide dRwdd1

expression.

4.3.3.1 Effect of flutamide exposure in the MPW oRwddlexpression
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Figure 4.14 Effect of flutamide exposure in the MPW on Rwddl mRNA level in €17.5 male GT.
Using a unpaired, two tailed t-test *P<0.05 in comparison with respective control. Values are
means +SEM for 9 animals/group from a minimum of 2 litters.

To determine if perhag@@wddlmight be androgen regulated in the GT as it igestgd
to be in the thymuRwdd1mRNA expression was determined in GT from vehéid

flutamide exposed fetuses during the MPW. A sigaiiit decrease iRwddlexpression

was found in el7.5 GT from flutamide exposed maespared with controls (Fig
4.14).

Figure 4.15 Representative photomicrographs of RWDD1 expression (red) and AR expression (green)
in the male GT at e21.5 after exposure in the MPW to vehicle (A) or flutamide (B and C). Note that
whilst flutamide exposure does not affect AR expression, it profoundly inhibits RWDD1 expression so
that there is minimal co-localisation (yellow). Arrows show the urethral area whilst asterisks indicate
the corpora cavernosa and 0=0s penis. Scale bar represent 200um.
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Immunohistochemistry was used to determine if tgeiicant difference seen iRwdd1l
MRNA expression in GT from control and flutamidepeged fetuses (Fig 4.14) was
reflected at the protein level. As it was not pblesito obtain representative and
comparable el7.5 GT sections to do this, e21.5&8Tians were used. RWDD1 protein
expression was profoundly reduced in e21.5 GT obthifrom fetuses that had been
exposed to flutamide during the MPW. This was fotordfour different fetuses from 2
different litters, although the degree of proteuppression was somewhat variably
affected (Fig 4.15).

RWDD1 expression in the testis

A : ' ' )

Figure 4.16 Representative photomicrographs of RWDD1 expression (red) and AR expression
(green) in control rat testes at e21.5 (B) PND10 (C) and PND25 (D). Negative control can be
seen in panel A with no Rwddl antibody. Co-localization is indicated by arrows and was
pronounced in Sertoli cells at Pnd10-25 (absent at €21.5) and in some interstitial cells at all

ages. Scale bar represents 200um.
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The expression of RWDD1 in the testis has nevembesported and given the
interesting results reported in Fig 4.15, RWDD1 respion was investigated in the
testis. Nuclear RWDD1 was found to be present m tigstis at e21.5, PND10 and
PND25 (Fig. 4.16). At e21.5, RWDD1 was expressegentubular myoid cells and
cells within the interstitium and in all of thesells it co-localised with AR. At PND10,
co-localization of RWDD1 with AR was found in SCdano-localisation was also still
evident in peritubular myoid and some interstitells, and this pattern was maintained
and became even clearer by PND25 (Fig. 4.16). ADENand PND25, Rwddl
expression was also apparent in most germ cettsowadh it is unclear whether or not
this is specific. Unfortunately further studies RWDD1 protein expression were not
possible because subsequent batches of the antiotdyned from the supplier no
longer worked. This also meant that more definisuadies on the GT, and of flutamide

effects, were not feasible at the protein level.

4.3.5 BORIS expression in the male reproductive tic

In the context of investigating regulation of the®W, one possibility which merited
investigation was methylation enzymes. Preliminatydies were carried out on a
methylation regulator, DNMT3L and a methylation ket BORIS. Both methylation
associates were investigated initially using TaciRa@R followed by
immunohistochemistry.
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Figure 4.17 Quantitative analysis of Boris mRNA level in the male GT at different fetal ages
(A) and after vehicle or flutamide exposure in the MPW (B).Using a one way ANOVA *
P<0.05 in comparison with e14.5 GT. Values are means +SEM for 3-6 animals/group from a
minimum of 2 litters. Pink shading indicates sampling ages that lie within the MPW.
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Boris mRNA expression in the male control GT was fouadé highest prior to the
MPW at el4.5, was marginally lower during the MPY¥ea7.5 and then decreased
significantly by e21.5 (Fig. 4.17 A). Tagman-PCRswszsed to determine if blocking
androgen action in fetuses by exposure to flutamideld affectBoris expression. The
GT of these fetuses had a lower expressiddanis in comparison to control male GT at

each age studied but the differences were notfgignt (Fig 4.17 B)

Figure 4.18 Representative photomicrographs of BORIS expression (red) and AR
expression (green) in control male GT at €21.5 (A) and in a GT from a flutamide exposed
fetus (B). Note that although considerable co-localization occurs (yellow), parting some
areas AR and BORIS expression appear not to coincide. Scale bar represent 200um.
0=0s penis; the uretheral area is indicated by an arrow and the corpus cavernosum by an
asterisks.

Immunohistochemistry was used to determine if tie@{significant) decrease BORIS
MRNA expression in GT from flutamide-exposed fetusas incidental or whether it
was also seen at the protein level. At e21.5, enrttale GT, BORIS protein expression
did appear to be less extensively expressed aii¢ tqgeared to be larger areas in
which AR was expressed without coincident RORISregpion, as found in the GT

control. However, this is at best a tentative cosicin.
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Figure 4.19 Representative photomicrographs of BORIS expression (red) and AR expression
(green) in control male testis at e21.5 (B) PND4 (C) and PND25(D). BORIS expression is absent
or minimal at e21.5 but is expressed in the SC at PND4 but not in the interstitial cells. At PND25,
expression of BORIS can be seen in SC, some germ cells, PTM cells and cells of the
interstitium. Co-localisation of AR and BORIS (yellow; arrows) was evident in peritubular cells,
some Sertoli cells and some interstitial cells. Scale bars represent 200um. The negative control
for BORIS antibody is shown in panel A

Using immunohistochemistry, BORIS was detected?at®in control male testis, in the
SC, GC, interstitial cells and PTM cells and somédaralisation with AR could be seen
in he PTM and interstitial cells (Fig. 4.19). NumleBORIS expression was detected in
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PND4 testis in the SC and in some GC and some ctlise interstitium. By PND25,
BORIS was clearly expressed in the interstitiurapalo-localised with AR in the SCs as

well as in the PTM cells.

4.3.6 DNMT3L expression in the male reproductive tact

DNMT3L is a more recently discovered methylatioreyane and some preliminary
studies have reported it may be involved in AR rylatiion and was therefore a strong
candidate for present investigatidbnmt3l message expression was investigated using
Tagman-RT-PCR and the preliminary protein invesiiges done using

immunohistochemistry.
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Fiure 4.20 Quantitative analysis of Dnmt3] mMRNA levels in male GT. No significant differences
were found using a one way ANOVA. Values are means +SEM for 4-6 animals/group from a
minimum of 2 litters. Pink shading shows sampling age within the MPW.
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Figure 4.21 Quantitative analysis of Dnmt3] mRNA levels in GT from vehicle (control) and
flutamide exposed fetuses. Using a one way ANOVA *P<0.005, ***P<0.0001 in comparison with
respective control. GT. Values are means +SEM for 5 animals/group from a minimum of 2 litters.
Pink shading shows sampling age within the MPW.
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Similar to Boris expression (Fig 4.17)Dnmt3| expression in the normal male GT
decreased through fetal development with expredstamg highest at e14.5 and lower at
el7.5 and e21.5, although these differences wersigmaficant, probably because of the
low N number. To determine if blocking androgenatin the MPW affecte@nmt3|
expression, GT from animals exposed to flutamidanduthe MPW were compared
with age matched vehicle-exposed animals. DuriegMiPW, at €16.5 and e17.5, there
was a statistically significant decrease Dmmt3l mMRNA expression in GT from
flutamide exposed males in comparison to respectvirol GT. This decrease was not
evident after the MPW at e21.5 (Fig. 4.21). Intetation of this flutamide effect is
difficult, not least because the direction of effée opposite from what might be
deduced from the age related changeDmmt3| expression (Fig. 4.20). In the latter
situation,Dnmt3l expression is lower in the MPW than beforehandf #uas lowering is
androgen-regulated, then blockade of this by flud@mshould increase DNMT3L
expression in the GT during the MPW, but the opeosias found. On balance, this
perhaps makes it more likely that the non-signiftdaut higher expression &NMT3L

at el4.5 is not accurate, and in this regard iageworthy that values fdDNMT3L

MRNA expression at this age were extremely variable

Figure 4.22 Representative photomicrographs of DNMT3L expression (red) and AR
expression (green) in male GT at e21.5 exposed during the MPW to vehicle (A) or flutamide
(B). Scale bars represent 200um. O=0s penis; the uretheral area is indicated by an arrow and
the corpus cavernosum by asterisks.



Chapter 4 Androgen Receptor & methylation co-regulators Page | 165

Using immunohistochemistry, DNMT3L protein expresswas investigated in the male
GT at e21.5. At e21.5, in the control male GT, DNdTwas found to be expressed in
most cells types and co-localised with AR, in addit DNMT3L was also found in the
cells in which AR are not expressed, mainly thepasrcavernousum and blood vessels.
Tagman-PCR results suggested that DNMT3L expressiecreases in flutamide
exposed GT in comparison to control GT but onle®8.5 and el17.5. Unfortunately it
was not possible to determine the DNMT3L proteipression at these ages, however in
the e21.5 GT of fetuses exposed to flutamide, DNMpftein expression was found in
the cells around the urethra and in the blood Vess®l expression was not markedly
different (Fig.4.22).
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Figure 4.23 Representative photomicrographs of DNMT3L expression (red) and AR
expression (green) in control testis at e21.5 (A, B) PND4 (C) and PND25 (D). The arrows
indicate co-localisation of AR and DNMT3L. A shows a negative control illustrating absence
of DNMT3L antibody. Note that DNMT3L is expressed in peritubular myoid and some
interstitial cells at e21.5 where it co-localizes with AR. A similar picture was evident at
PND4 and PND25, except that DNMT3L was also expressed in some germ cells. Scale bar
represents 200pm.

DNMTS3L protein expression was investigated in tbgtis. DNTM3L co-localised with
AR in peritubular myoid cells and some interstittalls in €21.5 control testes. Some
non-specific staining could be seen in the semioife tubules at this age and also at
PND4. However in PND4 testes DNMT3L expression anitpbular myoid cells and

interstitial cells was less prominent than at e2although there was still co-localisation
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with AR. At PND25, DNMT3L co-localised with AR irhe SCs, peritubular myoid and

some interstitial cells and stage specific DNMT3{pression was also evident in some
GCs.

The protein expression patterns of BORIS and DNMTi8Bthe testis called for further
investigation. It was of importance to determinedibrupting androgen action by
flutamide, DBP or DES in the testes affected DNMT&tpression, however both of
these antibodies ran out around the same time. Upandering, it was not possible to
get the DNMT3L antibody originally used (rabbit pclbnal) and a chicken polyclonal
was ordered as this was the only one availables @htibody had been used to detect
protein by western blotting and not imuunohistoctstrty and despite attempts on the
bench and on the bond machine, the chicken polgtiIDNMT3L antibody would not
work on the rat testis using immunohistochemistjthough the BORIS antibody
ordered was of the same specificity as the preyidusso did not work well. Whilst
writing this thesis, the rabbit monoclonal antibofly DNMT3L from Abcam has
become available again and this will be used farriexperiments.
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The tables below summarize the cell types in tegstevithin which the 3 androgen co-
regulators and 2 methylation regulators were foutighlighted cells outline when and
where these regulators were found to co-localisk AR.

Table 4.3 Summary of 3 co-regulator and 2 methylation regulator protein expression in cells types
of the testis, found by immunohistochemistry. Co-localisation with AR highlighted in green

BRG1 CBP

e2l PND4 [PND25 e2l PND4 [PND25
SC Yes Yes Yes 8C Yes Yes Yes
GC Yes Tes Tes GC Yes Tes Yes
Interstitial Cells |Yes Tes Yes Interstitial Cells |Yes Yes Yes
PTM Mo Mo Mo PTM Yes Mo Yes
Rwidd1 BORIS

ell PND10 (PND25 ell PND4 [PND25
SC Mo Yes Yes 8C Yes Yes Yes
GC Na Tes Tes GC Tes Tes Tes
Interstitial Cells |Yes Yes YTes Interstitial Cells |Yes Yes Yes
PTM Yes Yes Yes PTM Yes Mo Yes
DNMT3L

e2l PND4 [PND25
SC Mo Mo Yes
GC No Tes Yes
Interstitial Cells |Yes Mo Yes
PTM Yes Yes Yes
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4.4 Discussion

The studies in this chapter aimed to investigatenge of factors that might potentially
modulate androgen action during the MPW or be naiddl by androgens during the
MPW. The starting point to narrow down the vast bemof androgen biochemical
associates reported was to use bioinformatics soéwGenego. This identified gene
expression pathways involved with AR. These patlsnagre compared to the results of
the microarray study done by our group, (see sedid). Six androgen co-regulators
were found to overlap between pathways identifiedg Genego and genes identified in
the microarray namejyBrgl, Cbp, Fkbp5, SnurifransgelinandVav3 The expression
of each of these co-regulators was investigatedgu¥agman-RT-PCR in the genital
area of fetuses from el11.5-e21.5. The mRNA exmagsatterns o€bp andBrgl were
interesting and both were found to be decrease@xpression during the MPW.
Furthermore, it is well established that these twaegulators can work in conjunction
(Direnzo et al, 2000; Naidu et al, 2009). It waspsising that neither BRG1 nor CBP
had been characterized in the male GT or in thestlesfore and consequently both were
investigated using immunohistochemistry.

Both BRG1 and CBP were found to be expressed ingdmatal tubercle. Due to
difficulties in gaining the correct orientation GfT at e17.5 and younger ages, it was not
possible to detect with certainty if protein leveils BRG1 and CBP were decreased
during the MPW, in comparison to before and aftesr MPW as suggested by the
Tagman RT-PCR results. However, in the e21.5 GWwas clear that BRG1 and CBP
were expressed but did not co-localise with AR.hBaftthese co-regulators were found
to be expressed in the blood vessels, corpus castemm and urothelial cells. In the
testis, both BRG1 and CBP were expressed in iftiafstells throughout development
from e21.5 to PND25, it is interesting that BRG1swaund to be expressed in a
population of cells of the interstitium which dotrexpress AR and no co-localisation
was found between AR and BRGL in the interstitelscat any age. In contrast, CBP

was found to be in cells of the interstitium whidb express AR and co-localisation
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between CBP and AR was found in the interstitialscef the testis throughout
development at e21.5, PND4 and PND25. The invassiga of the co-expression of
BRG1 and CBP demonstrates that CBP and BRG1 alecatised in some cells of the
interstitium, thus there is a population of cefisthe testis which express CBP and AR
and not BRG1 and there is separate populationtefstitial cells which express CBP
and BRG1 but not AR. Further studies could use iwimstichemistry to determine
what these populations are, for example fetal Lgymhlls or progenitor adult Leydig
cells. Both BRG1 and CBP were found to be expregséide SC and co-localised with
AR when AR was switched on at by PND10. Althougé tio-localisation of CBP with
AR was much clearer than BRG1 with AR. Both CBP &RIG1 were found to be
expressed in the GCs at all ages investigatecadtieen reported that both BRG1 and
CBP knockout models are embryonic lethal, howewnes studies have conducted
targeted knockouts to determine role of each osagh@ a particular tissue type, for
example, BRG1 was knocked out of the lung andgbtentiated lung cancer (Glaros et
al, 2008). A targeted knockout of either CBP or BIRiG the testis might provide some
very interesting answers as to roles these protemsplay in the SC and GCs. Another
useful study would be to determine the exact stafjgpermatogenesis which correlates
with CBP and BRG1 expression. Exposure to DES, DBffutamide during the MPW
did not affect the expression of BRG1 or CBP et.22dr at PND25 but further
experiments on flutamide exposed GT and also cteriaation with the female
reproductive tract are called for to determine R@®L or CBP might be androgen

regulated.

In the GT and testis, RWDD1 was found to co-loealisith AR. Furthermore a
significant decrease iIRwddlexpression was found at the mRNA and protein lavel
GT from animals which had been exposed to flutameiging the MPW and
consequently had disrupted androgen action. Martiidu studies need to be conducted
to determine if RWDDL1 is androgen regulated thrauglthe development of the GT,

for example looking at younger ages. Also the eftéother anti-androgenic chemicals
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as well as oestrogens on the expression of RWDDUldbe investigated. In addition,
RWDD1 should be characterized in the ducts, intédstis and also within the female
reproductive tract to determine if RWDD1 is specifd the male GT and reproductive
tract. It would also be interesting to investigR/DD1 expression in the tissue of AR
knock out mice. No knockout of RWDD1 has yet begported. In the testis, RWDD1
was found to co-localise with AR in some interatitells as well as the PTM cells at all
ages investigated. Of interest also was that RWb@dld not be seen in the e21.5 SC
but was found in the postnatal period at PND4 aNB®®5, co-localizing with AR, once
it has switched on. Although some staining was $ee¢he GC it was non-specific. To
the best of my knowledge these are the first répge of RWDDL1 in the GT and in the
testis and these findings show that RWDDL1 is exga@sin the tissue investigated at
least, in all cell types that express AR. Furthaenthe effect of flutamide exposure on
RWDD1 expression in the GT calls for urgent furtagperiments. As mentioned above,
these should start with full characterization ia thale and female reproductive tract and

then compare with various androgen disrupting tneats.

It is widely accepted that methylation is vitalembryonic development (Shoeck et al,
2011; Woroniecki et al, 2011) and some methyl fienase enzymes are known to be
involved in AR gene regulation (Gaughan et al, 200@tzger et al, 2005) (Section
1.7.2). For example some studies have shown thgrimethylation of AR can occur in
prostate cancer (Jarrad et al, 1998; Kinoshitd,e2090) and a more recent study has
shown that in hypospadias patients, the penilestanehas decreased expression of AR
and increased expression of DNMT3A (a key methgtaenzyme) in comparison to
control patients, suggesting that hypermethylat@inthe AR maybe involved in
hypospadias (Vottero et al, 2011). Although altarethylation of specific genes could
provide an explanation for aspects of the MPW (gilgncing after the MPW of genes
that are androgen-regulated within the MPW), tiist fequires identification of genes
that are androgen-regulated in the MPW (see chapternn the absence of such

information, the approach taken was to investigdtether expression of genes involved



Chapter 4 Androgen Receptor & methylation co-regulators Page | 172

in methylation regulation might either change dgrihe MPW or be androgen-regulated
during this period. BORIS and DNMT3L (indicators ofethylation activity) were
chosen for study initially, with the aim to posgilstudy further the expression of other

DNMT enzymes at a later stage.

CTCEF is well established in the literature as areiht finger protein involved in gene
regulation and forms methylation sensitive insutwhich regulate X-chromosome
inactivation and expression of imprinted genes HWiwov et al, 2002). CTCF is
expressed in the nucleus of most somatic cells. [BOghares a similar structure to
CTCF but has been defined in the literature asstepecific because it has been found
in the cytoplasm of spermatocytes (Loukinov e8D2). BORIS expression is thought
to be negatively regulated by DNA methylation, @81 CTCF (Renaud et al, 2007).
Considering BORIS expression is thought to be megigtregulated by methylation in
the testis, and in addition BORIS expression hagmeeen reported in the GT, this was
investigated in this chapter. These studies folnadl BORIS is expressed in the GT at
both the mRNA and protein level. Tagman-PCR resutggested thd&oris expression
decreases in the developing GT and a significaotedse was seen after the MPW at
e21.5 in comparison to before the MPW at el4.5.odahately, due to tissue
orientation issue, it was not possible to deternifirieis change in expression Bbris
was true at the protein level, however immunohis¢ocistry did show that the BORIS
protein is expressed in the GT at e21.5 in thehel@l cells, the os penis, the corpus
caversoum and the blood vessel, this expressionsimaitar in the GT of male fetuses
that had been exposed to flutamide during the MRWthe testis, BORIS was found to
be expressed in the interstitial cell, the SCs,Gi@s and the PTM, although expression
was not found in the latter at PND4. Furthermopgression of BORIS in the GC (at
the three ages investigated) was non-specific antediterature does state that BORIS
expression in the GC is cytoplasmic and not nuclB&RIS is classified at a cancer
testis antigen (CTA) because its expression is domnhuman neoplasma and not in

normal tissue other than the testis (Villella et 2005). The studies in this chapter
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however have found BORIS to be expressed in the@ilalso in other cell types other
than the GC in the testis, namely SC and cellbéninterstitium. These studies however
are preliminary and require strengthening by furtteperiments, which would firstly
include determining BORIS expression before andndguthe MPW as well as after the
MPW. Also it would be useful to use immunohistocistng and markers of various
cells types to characterize which population oflscéh the interstitium BORIS is
expressed in. Recently, the outcomes of a BORISKawd mouse model were reported
(Suzuki et al, 2010). These studies reported tlHRE knock out mice were fertile, but
had small testis in comparison to controls and ks defects in spermatogenesis. This
study investigated the changes in expression dhicegenes in the testis of BORIS
knockout models but there was no characterizatioBORIS expression in the cell
types of control testis other than GCs, and thismportant to understand why a

deficiency in BORIS expression might affect speoganesis.

DNMT3L is a member of the DNMT family of enzymesvatved in methylation.
DNMTS3L has no methyl transferase catalytic site isuhought to regulate methylation
through histone deactylase activity. DNMT3L knockut omice have severe
hypogonadism and are azoospermic, however thiy stigdnot report if any effect was
seen in the penis, for example, hypospadias. Tdes in this chapter foundnmt3|
MRNA was expressed in the GT before, during andr afte MPW and although no
significant difference in expression was found, tbsults suggest a possible decrease in
Dnmt3lexpression as the GT develops. A significant desgenDnmt3lexpression was
seen in the GT of fetuses exposed to flutamidel@tseand e17.6 (both time points fall
in the MPW). At the protein level, DNMT3L was fournd be expressed in the GT at
e21.5 in control males and the GT of males exptsdtitamide during the MPW and
although staining of DNMT3L looked less pronounaedhe GT of flutamide exposed
fetuses, this was not quantified. In the testis MIISL was expressed in some cells in
the interstitium and the PTM cells at e21.5 andooalised with AR in these cells.
DNMT3L was not found to be expressed in SC untiDR2H and at this age, DNMT3L
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and AR co-localised. Interestingly DNMT3L was ofidyind to be expressed in the GCs
in the postnatal period at PND4 and PND25, the esgion of DNMT3L appears to be
stage specific. The characterization of DNMT3L é@hation to AR in the testis has not
been previously reported and given the phenotyglbeoDNMT3L knockout model, this
information is important to understand the mechasiby which DNMT3L works in the
testis. The DNMT3L results reported in this chames very preliminary and require
further investigation; firstly within the develogjncontrol male reproductive tract and
female reproductive tract, but also further studiescalled for on the effect of flutamide
on DNMT3L protein expression in the GT before andmg the MPW.

This requirement for GT tissue before and during MPW is not just restricted to the

further experiments called for in DNMT3L proteinpggssion investigation, but also for

the other 4 androgen biochemical associates imgagstl in this chapter. The lack of

protein expression data in the GT before and duhegVIPW is the major weakness of
the studies reported in this chapter and this istoelld be resolved to investigate the 3
androgen co-regulators and 2 methylation regulatorrrelation to the regulation of

the MPW.

In these studies, the testis provided a methochvestigate the expression of the 5
regulators in relation to well documented AR expi@s. Each of the 5 regulators was
found to co-localize with AR in the SC by the tiiB expression was fully switched on
at PND25 and the importance of this co-localizatiequires further investigation. One
of the major set-backs with the studies in thispthia was that when 3 working
antibodies were replaced, namely Rwddl, BORIS aNdMD3L, frustratingly, it was
not possible to determine if disrupting androgetioacwould affect expression of these
regulators in the testis at various ages, whichmigortant information particularly as
RWDD1 expression appears to be an androgen reduiatéghe GT and DNMT3L

knockout mice are azoospermic.
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In conclusion, the mRNA expression of 9 genes wagstigated before, during and

after the MPW and, each 5 of these displayed istexg patterns of expression during
the MPW in the GT. It could not be verified at tBiage, if these patterns of expression,
during the MPW, were reflected at the protein levdle approach taken therefore was
to investigate expression of these proteins iati@h to AR expression, with emphasis
on studies in situations of dynamic changes in ARBression and or androgen action,
namely in the fetal to postnatal testis transitaom in the GT and testis from animals
exposed to the AR antagonist, flutamide, in the MPMhilst these studies have not
clearly resolved the involvement of the AR biochemhiassociates in the MPW, they
have raised a number of interesting findings arestijons. For example, the differential

co-expression of BRG1 and CBP with AR in interatitcells versus SC in the

developing testis suggests that different co-atdirgamay be used by these cell types
and or that androgen action is fundamentally deffer Further studies in this area are
likely to provide useful new insights into the r@gand regulation of androgen action

during development in the male reproductive system.



5.1 Introduction

Prostaglandins (PGs) are involved in many diffesyrstems of the developing embryo.
There is conflicting data about the effects of klng PGs using indomethacin, a COX
enzyme inhibitor, in utero and this is reviewedsiections 1.3.1.4.1 and 1.4.3. The
conflict mainly arises from differences in speciesed, doses administered, route of
administration and treatment time in gestation. &baless, there is substantial evidence
that prostaglandins are important in the productibtestosterone (Kubota et al, 2011;
Sawada et al, 1998; Wang et al, 2003) and someestsdiggest that obstructing PG
pathways using indomethacin can affect masculilmisabf the male mouse embryo
(Gupta and Goldman, 1986; Gupta, 1989; Gupta amtléewski, 1992). This suggests
that correct androgen action may be related teeco?G action. However these studies,
which were conducted in the late 1980’s, have n&een repeated or built on despite
the important finding that PGs may be vital in arg#m action.

The main aim of the studies in this chapter wasl@termine if PGs are essential for
androgen action in the MPW and for consequent megeoductive tract programming
which occurs during this time, in the rat. This wagestigated by using indomethacin to
block PG synthesis during the MPW and to examireadtitcomes in fetuses, neonates,
pubertal animals and adult animals.

One of the aims of these thesis studies is to gaight into factors which may be
involved in the ‘opening’ of the MPW. To determirie PGs are involved in this
regulation and also to understand if PGs are dsseutor to the MPW for later
masculinisation, indomethacin was administered dmes animals prior to the MPW
from e11.5- e14.5 (the early window, EW) and end{®onoted in fetal, pubertal and
adult animals.



5.2 Materials and Methods

5.2.1 Animals and treatments

Briefly, pregnant rats were treated with indomethaw appropriate vehicle during the
MPW (e15.5-e18.5) or during the EW (ell.5-el14.Brtien 2.2). Initially 8 animals
were treated with 2mg/kg indomethacin by oral gavagring the MPW. However,
these dams became extremely ill with a 75% moytatite, see Table 5.1. Therefore a
further 6 animals were treated with 1mg/kg of in@bnacin, administered using
subcutaneous injection, during the MPW. Althougéréhwere still some complications,
sufficient data was collected to address the saihg. A further 4 litters were exposed
in the EW to indomethacin with less complicatioA&D and bodyweight was measured
in male and female pups at e21.5 prior to the @hagds and ducts being dissected, in
animals treated in the MPW or in the EW. Postnat@asurements were taken at PND8
(MPW exposed animals only), PND25 and PND75 (sec®.3). Collected tissue was

fixed in Bouins and processed for possible immustoichemical analysis.

GT were also dissected and collected from conwtises at el14.5, €16.5, el7.5 and
e21.5 and frozen at -80°C for RNA analysis (sec8d) to determine if the COX1 and
COX2 enzymes necessary to make PGs are preseheisT and if this expression

varies with age.
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Table 5.1 Details of litters, treatment windows, doses and complications of indomethacin

exposure in animal experiments in chapter 5

Route of Gestational
Dam No Treatment window / dosg  administration period Fate
1 MPW / 2mg/kg Gavage 215 Culled at e21.5
2 MPW / 2ma/ke Gavag! 20 Found dea
3 MPW / 2mg/kg Gavage 20 Found dead
4 MPW / 2mg/ke Gavag! 19 culled at e19.
5 MPW / 2mg/ke Gavag! 19 Found dea
6 MPW / 2mg/kg Gavage 20 Found dead
7 MPW / 2mg/ke Gavag! 21 Found dea
8 MPW / 2mg/kg Gavage 21 Found dead
9 MPW / 1mg/ke Subcutaneous Injecti 21 culled at e21. only 4 pu
10 MPW / 1mg/ke Subcutaneous Injecti 21 PND8, 25 & 7!
11 MPW / 1mg/ke Subcutaneous Injecti 24 Culled due to no birt
12 MPW / 1mg/ke Subcutaneous Injecti 22 PND8, 25 & 7!
13 MPW / 1mg/kg Subcutaneous Injection 21 PND8, 25 & 75
14 MPW / 1mg/ke Subcutaneous Injecti 25 culled due to no biri
15 EW / 1mg/ke Subcutaneous Injecti 21 Culled at e21.
16 EW / 1mg/k¢ Subcutaneous Injecti 21 Culled at e21.
17 EW / 1mg/k¢ Subcutaneous Injecti 21 PND25 & 7¢
18 EW / 1mg/kg Subcutaneous Injection 21 PND25 & 75

5.2.2 RNA analysis:

The mRNA level ofCOX enzymes in control male GT was investigated usiagnian
(section 2.6). Briefly, RNA was isolated from frozéssue and converted into cDNA
and quantitative RT-PCR performed. Expression wadiesd before during and after the
MPW. The genes investigated and primers usedstesllin Table 5.2.



Table 5.2 Tagman primers and Universal probe library probes used in chapter 5

UPL Probe
Gene Forward Primer 5'—3' Reverse Primer 35’ Number:
GCT CTT CAA GGA TGG GAA |TTC TAC GGA AGG TGG GTA
COX1 ACT CAA 42
TCC AGAACTTCT TTT GAA
COX2 CTA CAC CAG GGC CCT TCC |[TCA AGG 5

5.2.3 Immunohistochemical (IHC) investigations

Briefly, IHC staining (section 2.5.1) was performed processed and sectioned fetal
GT, gonads and ducts to determine the presente @®X2 protein.

Table 5.3 Details of COX2 antibody used in Chapter 5

Primary Antibody Source Retrieval Species Dilution
COX2 Gift from Henry Jabbour | Citrate Goat 1:50




5.3 Results

5.3.1 Expression of COX enzymes

To determine if the COX enzymes are present imhte GT,COXmRNA levels were
investigated in the developing GT using Tagman .(Bid) and the COX2 protein

investigated using immunohistochemistry (Fig 5.2).
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Figure.5.1 Quantitative analysis of COX1 (A) and COX2 (B) mRNA levels in the developing
male GT. Using one way ANOVA*** P<(.0001, in comparison to each younger age. Values are
means +SEM for 7-14 animals/group from a minimum of 3 litters.

Similar to findings in the literature, relative MRNCOX1 was expressed at a much
lower level in the male GT than relati@0X2 mRNA. The relative mRNA of each
enzyme showed a similar pattern, with consistenel$e of expression throughout
development from e14.5 until just before partuntiovhen levels were found to be

significantly increased. The COX2 protein was fartbxamined using IHC.



The fetal GT at e17.5 was difficult to embed incagistent orientation. IHC could not
be conducted on an e17.5 male GT which would ke mfecise plane within the tissue
and comparable to e21.5 GT.
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Figure 5.2 Representative photomicrographs of COX2 staining (brown) in the control male
GT at el7.5 (A) and e21.5 (B). An e21.5 negative control is shown in panel C. T = the tip of
the GT, U = urothelial cells, O = os penis, CC = corpus cavernosum.

COX2 IHC staining was positive at €17.5 and e2t.the male GT. The exact location
could not be identified at e17.5, but suggesteadtgreCOX2 expression around the tip
of the GT. At e21.5 the COX2 protein was nucleat ams expressed in the OS penis,
the urothelial cells and around the blood vesgéts §.2).

5.3.2 Effect of indomethacin administration duringthe MPW

Initially 8 animals were treated with 2mk/kg of omethacin by gavage during the
MPW to block PG synthesis. Due to complicationdhwtite mothers, these fetuses were
not used for these studies. All animals thereaftmre treated with 1mg/kg of

indomethacin administered subcutaneously eithanddihe MPW or during the EW.



5.3.3 Effect of Indomethacin exposure on number qfups per litter
Some literature reports that exposure to indomethaauses an increased rate of
resorption of pups (O’'Grady et al, 1972;). In orteidetermine if this was true in rats

treated with 1mg/kg during the MPW, number of pppslitter was recorded.
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Figure 5.3 Number of pups per litter in vehicle exposed and indomethacin exposed animals

Using an unpaired T-test, no significant differemaes found in the number of pups per
litter between vehicle exposed and indomethacinosgg@ animals. However Fig 5.3
shows a large degree of variability in the numdgoups per litter from animals treated
with indomethacin with some evidence of a decr@agswo litters, so it is possible that

with an increase in animal numbers a decrease &gy een found.



Chapter 5 Prostaglandins in the MPW Page | 183

5.3.4 Effects of indomethacin exposure on males
To identify if exposing animals to indomethacin idgr the MPW was affecting

androgen action, Bodyweight, AGD and testis weighte measured at e21.5, PNDS,
PND25 and PND75 and penis sized was measured a2PHid 75.
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Figure 5.4 Control male body weight compared with animals exposed to 1mg/kg indomethacin
during the MPW. *** P<0.0001. Values are means +SEM for 6-11 animals/group from a minimum

of 2 litters.

A significant reduction in bodyweight was found @R1.5 in males exposed to
indomethacin. However by adulthood, there was aifstgnt increase in bodyweight of
indomethacin exposed males in comparison to relsgecontrols. These opposite
results could be due to the rather small numberbttefs or animals and or a high
variability of bodyweight at any age. However, ttesults for females in Fig.5.10
suggest that in utero indomethacin exposure doesedse bodyweight in the fetal

period. This is discussed in more detail in seciigh
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Figure 5.5 AGD at different ages in control males compared against males exposed to 1mg/kg of
indomethacin during the MPW. Values are means +SEM for 6-11 animals/group from a minimum of
2 litters at each age.

There was no significant difference in the AGD oéles exposed to indomethacin
compared with respective control males. This was in the fetal period at €21.5, in the
neonatal period at PND8, at puberty (PND25) aralult animals.

To determine if indomethacin treatment during th@W affected the testis, animals
were examined for cryptorchidism at PND25 and dwhdtl. Testes were dissected, their
weight measured and their gross cellular compaositwvestigated. No cryptorchidism

was found in any animals exposed to indomethacirebicle.
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Figure 5.6 Testis weights of control animals compared to animals exposed to 1mg/kg
indomethacin during the MPW. Values are means +SEM for 6-11 animals/group from a
minimum of 2 litters.

Testis weights were not significantly different Wween control animals and animals
exposed to indomethacin in either fetal or postidea(Fig 5.6). In order to determine
if there was any gross difference in cellular cosifon, testes were immunostained

using VASA, a marker of germ cells.
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Figure 5.7 Representative photomicrographs showing immunostaining for VASA (brown) in e21.5 testis
from a control (A) and an indomethacin exposed (B) animal.

However, no gross difference in apparent germ rogthbers or distribution was found
when comparing control animals with animals expaseshdomethacin, although germ

cell numbers were not counted using stereology.



The postnatal penis was examined for the presehbgpmspadias, and its length and
weight measured. No hypospadias was found in anythef males exposed to
indomethacin or vehicle.
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Figure 5.8 Penis length in rats exposed to either vehicle or 1 mg/kg indomethacin during the
MPW. Usng a one way ANOVA *** P<(0.0001, in comparison with respective control. Values
are means +SEM for 4-9 animals/group from a minimum of 2 litters

No significant difference was found in the penisigéh of animals exposed to
indomethacin in comparison to control animals atDBNand PND25. However, by
adulthood a significant decrease in penile lengdls geen in animals that were exposed

to indomethacin, although this was based only anitals from 2 litters.



5.3.5 Effects of indomethacin exposure on females
To determine if blocking prostaglandins, using iméohacin affected the development

of females, AGD, bodyweight, and ovary weight wexamined.
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Figure 5.9 Female bodyweight in rats whose mothers were treated with vehicle or
indomethacin during the MPW. ** P<0.0001, in comparison with respective control. Values
are means +SEM for 3-14 animals/group from a minimum of 2 litters.

Similar to results for e21.5 males, there was allsimat significant decrease in
bodyweight of females exposed to indomethacin at%e2No significant difference in

bodyweight was seen at puberty or in adulthood $F%g.
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Figure 5.10 AGD at different ages in control females compared with females exposed to
1mg/kg of indomethacin during the MPW. *** P<(0.0001, in comparison with respective
control. Values are means +SEM for 3-14 animals/group from a minimum of 2 litters.

At e21.5 and PND25 there was no significant diffiee2 in AGD between control
females and those exposed to indomethacin duriegtBW (Fig 5.10). In adulthood,
the AGD of indomethacin exposed females was sicamfily reduced in comparison to
animals exposed to vehicle.
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Figure 5.11 Ovary weight of female rats exposed to either vehicle or 1mg/kg indomethacin
during the MPW. Values are means + SEM for 3-14 animals from a minimum of 2 litters.
Using an un-paired t-test, no significant difference was found in ovary weight at PND25

or at PND75 between control and indomethacin exposed females

Owary weight (ma)

No significant difference was seen in the weightovfiries of females exposed to
indomethacin during the MPW in comparison to respeccontrols. However, when
dissecting the adult ovaries, it became evideriteéhah female exposed to indomethacin
in utero had a slightly different position of owesiin comparison to control females. In
control animals, the ovaries are usually founchatdistal end of the uterine horns, near
the kidneys, at the edge of the abdominal cavityweler in adult females exposed to
indomethacin, the ovaries in each animal studietevpeesent at the end of the distal
end of the uterus but were more ‘centrally locatadhe abdomen, often with the uterus
intertwined with other organs (Fig. 5.12). The wegy(Fig 5.11) and gross apprearance
of the ovaries appeared normal but the locatiomiwithe body was not. In order to
determine if these females were fertile, timed ngsiwere set up using three adult

animals. Of the three animals, one did not pluglband the two which did gave birth



late. The first of these had an extended gestaoiod of 1 day and gave birth at e23.5
and the other had an extended gestation time a8 dnd gave birth at e25.5.
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Figure 5.12 Position of right ovary (circled) in control female adult (A) and indomethacin exposed
female adult (B)

5.3.6 Effect of indomethacin exposure prior to théMPW

To determine if PGs play a role in regulation oé thMIPW or are important in the
opening of the MPW, pregnant dams were administdmagd/kg indomethacin from
ell1.5-e14.5 and pups examined at either e21.5 stng@lly. As androgens are
produced from el4.5 by the fetal testis, it waskety that blocking PGs prior to the
MPW would have any androgen related effect in maksd so only 2 litters of

indomethacin exposed animals were examined ata&geln this set of experiments.
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Figure 5.13 Bodyweight (A), AGD (B) and testis weight (C) of males whose mothers were
treated with vehicle or 1mg/kg indomethacin during the EW. Values are means +SEM for 2-6
animals/group from 2 litters. Using un-paired t-tests, no significant differences were found
between control and indomethacin exposed males.

Only minor changes in AGD, PND25 testis and bodygivewere seen in animals

exposed to indomethacin, however, none of thesagdsawere significantly different



from controls and was based on small animal numibgertheless, the results suggest
that blocking PG synthesis prior to the MPW does$ Inave any major effects on
masculinisation.
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Figure 5.14 Bodyweight (A), AGD (B) and ovary weight (C) in females whose mothers
were treated with vehicle or 1mg/kg indomethacin during the EW. Values are means
+SEM for 2-6 animals/group from 2 litters. Using un-paired t-tests no significant
differences were found between control and indomethacin exposed females.



5.4 Discussion

The aim of the studies in this chapter was to dater if prostaglandins play a role in
androgen programming of the male fetus which ocdurgng the MPW, and if blocking
PGs during this time (e15.5-e18.5) would affectligation as suggested by studies in
mice published in the 1980’s (Gupta and Goldmarg861%upta, 1989; Gupta and
Bentlekewski). A secondary aim was to determineP&s might be involved in
regulation of the MPW, in particular the ‘openingf’ the window. Thus, PG synthesis
was blocked in a small number of animals, in theogeprior to the MPW, namely
ell.5-e14.5.

The primary investigation in these studies settoutetermine if the enzymes required to
make PGs were present in the GQJOX1 and COX2 are isoenzymes and each is
expressed on different chromosomes in the humanadsalin the rat (Ogawa et al,
2001; Taketa; 1998). COX1 and COX2 proteins havi® 6@mology and their structure
can be divided into three domains; an N-terminalFEf®main, a membrane binding
domain and a catalytic site, and the latter costalme cyclooxygenase active site
(Kurumbail et al, 1996). The binding site in COX& NSAIDs is reported to be larger
than the binding site in COX1. COX1 is present irosintissues to produce
prostaglandins which are important in regulatindl denction whereas COX2 in
postnatal life is expressed mainly in responsectdeainflammation (Kurumbail et al,
1996). In fetal life however, COX2 is more highlypeessed than COX1, particularly in
the testis but also in the reproductive tract asale (Kirschenbaum et al, 1999; Schell
et al, 2007). Fitting with the literature the seeslireported in section 5.3.1 fouBdDX1
and COX2to be expressed in the male GT, ad@X2was expressed at higher levels
thanCOX1 (Fig.5.1). Protein immunohistochemistry demonstiathe COX2 protein is
present at both e17.5 and e21.5 in the developialg @T, most abundantly at e21.5,
suggesting that PG synthesis and action could periant in the male GT. This fitted in
also with analysis of mMRNA expression which shovwmedch higher levels o€0OX2
MRNA in the GT at e21.5 than at earlier fetal ages.



Indomethacin is well established as a compound lwhlocks the COX enzymes non-
selectively and this inhibits prostaglandin synthe®annhardt and Kiefer, 2001).
Indomethacin binds deep into the cyclooxygenaseesite of both COX1 and COX2

proteins.

The literature on the fetal effects of indomethaane conflicting, with variation in
effects reported according to species, doses andhgi of administration (section
1.6.1.4.1 and section 1.7.3). In the late 1980'pt&ueported that indomethacin at
various doses affected masculinisation of male nficethermore, it was reported that
this effect was seen when PGs were inhibited duriing critical period for
differentiation’, what we now term the MPW. Indoiinatin was chosen as the choice of
PG synthesis inhibitor for the experiments in tbigpter in order to determine if the

results reported by Gupta could be repeated imahe

A number of studies have been conducted using ietlzawcin in rodents, with large

differences reported in the dose administered vidyersome studies used 1mg/kg
whereas others used up to 20mg/kg. For examplen vilnestigating the effect of

indomethacin on implantation sites, one study adtgred 3mg/kg twice daily to rats
and reported a 77% decrease in implantation dtegser, 1999). In addition, it has been
reported that pregnant rats treated with 5mg/kgnmethacin had similar effects and
treatment with 10mg/kg caused severe gastroinstiteeding and animal death
(Sookvanichsilp and Pulbutr, 2002). However both thése studies administered
indomethacin early in gestation from gestationafsd&-5. In contrast, Randall et al
(1987) exposed mice to either 10mg/kg or 20mg/kdpimethacin by subcutaneous
injection and (on gestational day 10 alone) andhdoa slight effect on fetal body weight
but otherwise development was normal despite tefiects found in the dams. Of
interest, one study tried three different routesimmfomethacin administration (oral,
subcutaneous and intramuscular) to pregnant mare flays 9-15 of gestation, with a

dose of 7.5mg/kg and reported no teratogenic eff@gclter et al, 1973). However when



Kusangi et al administered the same dose (7.5mgfikghice from days 7-15 of
gestation, using oral gavage, fetuses were repadidedhave fused ribs, vertebral
abnormalities and skeletal defects (Kusangi e1@r1). In rabbits, 8mg/kg or 16mg/kg
(per day) of indomethacin was administered from afayating until birth and although
these studies found an increased resorption oflo@ng embryos, no defects were
found in the surviving embryos (O’Grady et al, 1R7Phus, it appears that the effect of
indomethacin on fetuses depends on the speciesthgediose administered, the route of
administration and also the length of exposure. &él@x, even allowing for variation in

these parameters it appears that there is a defjireeonsistency in results obtained.

For the studies reported in this chapter, an inttese of 2mg/kg was administered by
oral gavage. This was chosen as an initial doséhtorats as it was twice as high as the
dose administered by Gupta to the smaller mice,amedrding to the literature this was
the higher of ‘low doses’ that have been used. Gawsas chosen as the method of
administration to mimic the oral exposure routehmmans. However, dams treated
orally with 2mg/kg indomethacin became very ill as@me had difficulty giving birth.
Upon investigation, these dams had severe intraigddeeding an accepted side affect
of non-steroidal anti-inflammatory drugs such adomethacin. It was decided to lower
the dose to 1mg/kg and change the route of admatimh to subcutaneous injection.

This also mimicked the dose and route used in stasties by Gupta in mice.

The bodyweight of both male and female fetuses wealsiced at e21.5 in animals
exposed to indomethacin in comparison to respectigatrols. Conversely, the
bodyweight of indomethacin exposed adult males waseased significantly in
comparison to respective controls. In females hawvewo significant difference was
seen in bodyweight at any age after fetal life.sTéuiggests that the litters exposed to
indomethacin have a smaller body weight prenatally this is corrected during
development postnatally. Furthermore, the decrealedyweight seen at e21.5 was not

associated with any other defect or disorder amgbarticular, the reproductive tract of



the males was normally developed. It is well esshled in the literature that intrauterine
growth restriction can result in compensatory ok@sgh postnatally, especially in
males, and consequently an increase in bodywelggity in adulthood, so it is possible

that this may have occurred also in indomethacpesgd males (Desai et al, 2004).

When animals were exposed to 1mg/kg of indomethdanng the MPW, there was

very little effect on the development of the maproductive tract. AGD was unaffected
at any age, in comparison to control males. Thggests that androgen action was not
disrupted during the MPW. Furthermore, testis weigh each age examined and
apparent germ cell numbers at e21.5 were similewdsn treated and control animals,
demonstrating that indomethacin exposure did ndtige any gross effect on the testis

prenatally or postnatally.

Male penis length at PND8 and PND25 was unaffelbtemshdomethacin exposure in the
MPW, however, by adulthood there was a significkedrease in penis length in animals
exposed to indomethacin. This is an odd findingexss length is determined during the
MPW and to reach the programmed length, requirestnptal testosterone action,
including during puberty (Boas et al, 2006; Van d#resche et al, 2011). The lack of
difference seen at PND8 and PND25 compared to iffexehce in adulthood suggests
there may have been a deficit in testosterone gudter puberty as the AGD results
suggest that androgen action in the MPW was neictdtl (Foster and Harris, 2005;
Welsh et al, 2008; Macleod et al, 2010). Howeueshould be noted that only 4 animals
from 2 litters were examined in this group and peshfuture studies with an increase in
animal number may alter these findings, althoughreéduction in penile length noted

here was not trivial.

Indomethacin exposure during the MPW had small sighificant effects in adult
females although, as these were based on smalbhnimmbers, it is unclear if they are

real or incidental effects. Although no differencas observed in the AGD of control



versus exposed female animals, at e21.5 or at PNiX28 was a significant decrease in
AGD in indomethacin-exposed females in adulthoodcomparison to respective
controls. This finding is unexplained and may siyng@flect low animal numbers. The
one finding that seems to represent a real effad the mal-positioning of ovaries in
indomethacin exposed females in adulthood. Whatrdehes ovarian position, other
than their site of origin and their attachment e tabdominal wall via the cranial
suspensory ligament, is unclear, so it is not jsdio suggest how the ovarian mis-
location would have occurred, nor whether it wooddof any functional consequence.
The studies reported in this chapter were primatiégigned to repeat the studies of
Gupta et al, which suggested that PGs were impoftermasculinisation in mice and
that blocking PGs by indomethacin exposure in mit&jng the critical period of the
MPW caused male reproductive tract abnormalitiesontrast, in the investigations for
this thesis, exposing rats to 1mg/kg indomethaaring the MPW or in the period prior
to the MPW, did not cause any significant impairinehmasculinsation in males. No
hypospadias or cryptorchidism was noted for anthefmale animals and there was no
difference in AGD at any age investigated, sugggsthat androgen action during the
MPW was not affected. Testis weight was also coatgarto controls. The only isolated
effect found was with regard to reduced penis lengt adulthood in indomethacin
exposed animals. However, assuming that this effeeal (see above), it must reflect a
deficiency in late pubertal or adult testosterorposure as no effect on this parameter
were found at earlier ages. This might indicate, dgample, that development or
function of adult Leydig cells was somehow altebgdetal indomethacin exposure, but
the absence of any change in adult testis weigbalksp against this. An alternative
would be a defect in growth potential of the peatsslf or, for example, in its ability to
generate DHT locally for growth/size maintenancewidver, as no defects in penis size
were found at earlier ages, it is difficult to esage how such an age-selective effect
would occur. Overall, the results, especially thelsewing unaltered AGD, points to no

impairment of androgen action in the MPW as a tedfuhdomethacin exposure.



It is important to consider that transplacentalngfar of indomethacin cannot be
accurately determined. Some studies suggest thatmathacin only transfers to the
fetus just before parturition and that exposurerprd this does not cross the placenta
(Aselton et al, 1985; Klein et al, 1981; Traegemakt1973). Given the results of this
chapter, it is difficult to determine if fetuses meactually exposed to the indomethacin,
although bodyweight was affected; however this ddwdve been because of a placental
or maternal effect. It is obvious that the indonaeih affected the dams due to their
illness and difficulty in giving birth, but just momuch of the drug crossed the placenta
to expose the fetus was not determined. On the b#ed, the resorption or variability
in the number of pups from dams treated with indivia&n and the ovary displacement
in adult females from this group suggests thatigefit indomethacin did cross the
placenta. Previous studies have determined thet elféerence in PG expression after
indomethacin exposure using enzyme immunoassaysakéaet al, 2002), and
radioimmunoassays (Shahbazian et al, 2001), bsetbgperiments were in the animal
(rat in both instances) being treated with the mdthacin directly rather than
determining fetal exposure. Attempts have been madenderstand the level of
indomethacin crossing the placenta, and it is thodlgat early in gestation placental
transfer is minimal and this increases closer roupidgion in rats (Klein et al, 1981) and
in humans (Aselton et al, 1985) Although there @mgblications outlining how
indomethacin works and the various effects notedlsent) in fetuses, not a great deal
of advance has been made in quantifying the let/é&@s which are inhibited in the
fetus by indomethacin exposure. One method of deémg is by radioimmnoassyas
(Jaffe et al, 1973; Oki et al, 1974; Thomas efl@l8), however, some PGs have a very
short half life and the accuracy of this methodaars to be determined.

One hypothesis which might explain the differenteasults reported here and those by
Gupta is differences in species. Gupta used micehasrodent model and the
experiments reported here used rats. It may alsomp®rtant that Gupta did not

investigate the effects of indomethacin directhath®r, masculinisation was disrupted



using exposure to oestradiol §7r cyproterone acetate and arachidonic acid was th
administered which, rescued masculinisation. It Was rescuing action that was then
blocked using indomethacin (Gupta and Goldman, L986the second study, Gupta
characterized two different PGs, namely PGE2 an@t6-PGF1 in the fetal genital
tracts of males and females. The study reporteditbida males and females had equal
levels of expression of these PGs at the indiffeséage, however through development,
both PGs increased in expression in the male reptove tract and decreased in
expression in the female reproductive tract. Gumtported that fetal exposure to
testosterone caused an increase in expression B2 RGd 6-keto-PGF1 in the female
reproductive tracts whereas exposure to cyproteageéate (an anti-androgen, but also
has progestational activity) decreased the exmmessif these PGs in the male
reproductive tract. Moreover Gupta reported thaiosxre of fetuses to indomethacin
inhibited PGE2 and 6-keto-PGF1 in the reproductraet (Gupta, 1989). In the final
study by Gupta, Wolffian ducts were put into cudtiand their testosterone dependent
differentiation was blocked using indomethacin (@uand Bentlekewski, 1992). Thus
perhaps another explanation for the differencaberresults reported in this chapter and
the results by Gupta may be due to experimentabpots. Perhaps indomethacin can
only block masculinisation which has been rescuedrbchidonic acid rather than block
androgen mediated masculinisation in the absencarathidonic acid. In addition,
cyproterone acetate can also have progestagerect®fbnd so some of the effects
reported by Gupta could have been due to blockmgestrogen effect, which could

decrease testosterone levels and perhaps evernvAR.le

In conclusion, exposing fetal rats to 1mg/kg ofarmeethacin prior to or during the MPW
did not affect masculinisation of male pups. A €igant decrease in prenatal
bodyweight was observed in these animals althoughdifficult to be certain that this
was due to the indomethacin as opposed to reftpctiariability between litters.
Furthermore, the F1 generation of females exposethdomethacin displayed some

symptoms of difficulty in plugging and of the twohieh did, both were late in
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parturition. The effects of PG inhibitors on preghdemales, in both rodents and
human, are well reported in the literature as wslisome of the effects on growth and
development of the F1 generation. However, theceffen fecundity and possible

difficulties in giving birth in the F1 generatiorrealess well documented and merit
further investigation.
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6.1 Introduction

Hypospadias is a congenital defect of the penichvibbnsists of an abnormal urethral
opening, sometimes associated with abnormal prejpmck ventral penile curvature.
Hypospadias involves abnormal location of the usdtimeatus which, in relatively mild
cases, involves the urethral opening being locatethe glans of the penis, in moderate
cases on the upper half of the penile shaft arsbuere cases at the base of the penis in
the perineal region. One cause of hypospadias envamdrogen action is subnormal

within the masculinisation programming window agee/ed in section 1.1.1.

The androgen dependent molecular mechanisms irdvdlvepenis development and
hypospadias are poorly understood, if at all (sec1i.9.3). The first aim of the studies in
this chapter was to study the anatomy of the dg@uedprat genital tubercle (GT) in male
and female rats through to postnatal day 25, wimeadalt type penis is present except
that growth is incomplete and preputial separatias not occurred. The second aim was
to investigate genes expressed in the GT duringMR&V that might be androgen
regulated, and to establish if they might be inediin hypospadias. The initial step of
understanding the anatomy of the GT was underta&exs be able to assess the cellular
localization of expression of any androgen-regdajenes which would allow a link to

specific structures and events in GT development.

The basic approach used in the studies describedtavhlock androgen action in the
MPW and to investigate changes in gene expressitimei GT by microarray. This study
was undertaken in our group by Dr David MacLeod dahd microarrays were
undertaken using Affymetrix. It was designed toniafy potential androgen regulated
genes in the MPW, by comparing the genes expresised7.5 in rat control (vehicle
exposed) male GT (normal androgen action), corimolale GT (normal ‘absence’ of
androgen action in females), flutamide exposed r@dlgblocked androgen action) and
testosterone exposed female GT (excess androgen)a&everal genes were identified

to be potentially regulated by androgens (Tabl¢. @®he such gene was Asporin, which
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is a member of the small leucine-rich repeat pmgligan (SLRP) family but with a
unique stretch of aspartate residues (Lorenzo 20@1). Expression of ASPORIN has
been found in various human tissues including aaterus, heart and liver and also in
mouse tissues (Lorenzo et al, 2001). Asporin has lshown to bind to TGB-and to
inhibit chondrogenesis, whereas supra-normal esmmef Asporin has been linked to
oesteoathritis (Nakajima et el 2007). Recent stiti@ve shown that Asporin has the
ability to inhibit the activation of BMP receptoffomoeda et al 2008) as well as being
involved in collagen mineralization (Kalamajski &t 2009). The microarray results

indicated thaAsporinwas negatively regulated by androgens.

An alternative to the microarray approach was teegtigate candidate genes, which
other studies have suggested might be androgematedun males. Examples of such
genes includsslit2 and Robol Studies within another collaborative group in &lmit
had suggested th&tit2 andRobolmay be regulated by androgens in the prostatagluri
development and indeed some studies had been Ipedhlsutlining the effect o8lit2
and Robol expression in prostate cancer cells induced is faatil et al, 2003). In
vertebrates, threslit (Slitl, 2, 3)and fourRobo (Robol, 2, 3, 4yenes have been
identified. SLIT is the ligand for the ROBO receptind it has been shown that the
Slit/Robo pathway is involved in tissue growth, ei®pment and remodeling. Three
main roles have been well documented for Slit/Reliuch are i) conserved role in
guiding axons during assembly of the nervous sygtemirews et al, 2007; Dickson et
al 2002 Hinck et al, 2004), ii) regulating chemasafPrasad et al, 2007; Wu et al, 2001),
and iii) suppressing tumourogenesis by promotin@pggsis and inhibiting cell
migration (Fujiwara et al 2006). Such roles woutd relevant to urethral fold closure
during penis differentiation, as this involves dabsal cell migration, and thus it was
hypothesized that androgen regulation Rsbol and or Slit2 in the GT might be
important in, or after, the MPW. In summary, thenaf the studies in this chapter was
to gain an understanding of the anatomy of the ldpuegy GT and to investigate the

potential androgen regulation of the three afordiorad genes during and after the
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MPW. Although the GT was the primary tissue of iast, it was also important to
establish if any identified mechanisms of androgetion within the GT might be
common to other male (or female) reproductive ttessues. Therefore, expression of
the three genes of interest was also investigatethe testes, ovaries, Wolffian and

Millerian ducts.

6.2 Materials and Methods
6.2.1 Animalsand treatments

Briefly, pregnant rats were treated with flutamidd?, DHT or DES or appropriate
vehicle during the MPW (section 2.2). The genitabdrcle was dissected from rat
fetuses at €16.5, el17.5, €19.5 or e21.5, from btle and female pups. The GT was
fixed in Bouins and processed for immunohistochaimamalysis or frozen at -80°C for

RNA analysis.
6.2.2 Anatomical analysis

Due to the nature of the GT tissue and its difigroellular composition throughout
vertical planes, the most popular method of stuglyins tissue is to take serial sections
from the base through to the tip of the GT. Immustathemistry is usually conducted
on every 2-3 sections. This technique had not les&ablished within our group prior to
this PhD and optimizing the correct orientatiortisue during embedding was vital for
identification of tissue regions and thus corredeipretation of results. This proved
challenging and was best achieved by using a doemmarker (section 2.3.2) to mark

the tip of the GT which was then embedded in para¥bx in a vertical manner.

The anatomy of the GT and flutamide effects weraity identified by simply using
H&E staining (section 2.9).
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6.2.3 RNA Analysis

Briefly, RNA was isolated from frozen GT and corteer into cDNA and Tagman
guantitative RT-PCR performed to establish quamtgamRNA levels. The genes
investigated and primers used are listed in Talde Bhe expectation was that if any of
the candidates were important in androgen regul@®dlevelopment, then expression
would switch on during and / or after the MPW ahi$ fpattern would be disrupted by

flutamide in males and induced in the GTs of femabeposed to testosterone.

Table 6.1 List of primers and probes used in Tagman-PCR analysis in chapter 6

UPL Probe
Gene Forward Primer 5'—-3' Reverse Primer 3-5' Number:
AAG AAA ACC TCT CTT | GCA CAC AGC CAA
Asporin CTG ACA AGG AAG CAG TA 56
GCA GAG AGG CCT CAC TGG GCG ATT TTA
ROBO1 ACA CAG ATG TAG CAG 10
GCC ATT CAG GAC TTC| CGA AGG ACA ACG
SLIT2 ACCTG GGA GAG 108

6.2.4 Optical Projection Tomography (OPT)

In order to image the GT as a whole, optical pripactomography (section 2.7) was
carried out on e21.5 control male GT. This softw&eattached on a CD, with

instructions (appendix 3).
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6.3 Results

6.3.1 Anatomy of the GT and the postnatal day 25 pés

In order to understand the anatomy of the rat pemider normal conditions, two
approaches were taken. The first of these wasral section a male control PND25
penis and stain using haematoxylin and eosin (H&Ection 2.9) and image. The
second approach used Optical Projection TomogréPIR) to gain insight into the 3-

dimensional internal structure of the e21.5 GT @-12).

OS penis
Corpus
Cavernousum

Urethra

Figure 6.1 H&E stain of control male rat PND25 penis-higher power image from Fig.6.3 to clearly
distinguish OS penis, corpus cavernosum and urethra.

Corpus Cavernousum
OS penis

Urethra

Figure 6.2 Still OPT image of control e21.5 male rat GT. Urethra, corpus cavernousum and OS penis
are clearly visible
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Tip

Figure 6.3 Representative serial sections from the tip to the base of a PND25 control male penis. For
guidance, section order is by rows, ‘O’ represent the OS penis, the urethra is indicated by an arrow
and the corpus cavernousum is marked by asterisks in some of the sections.
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Serial sectioning and H&E showed the various irdestructures of the fully formed
penis, namely the OS penis, urethra, corpus caseamand how each structure varied
in morphology depending on their specific locatimiween distal and proximal regions
(Fig 6.1 and 6.3). This information was supportgdhi®e OPT 3D reconstruction, a still
image of which (Fig 6.2) also clearly shows how tagious key structures within the
developing penis. The complete imaging movie asd@ated software are attached in a
CD (appendix 3).

6.3.2 Effect of flutamide exposure on gross morphogy of the penis

To visualize the impact that androgen action hadtarctural development of the penis,
pregnant animals were treated with various dosdliamide during the MPW and the
fetuses or offspring then studied. The dose regpon&ig 6.4 illustrates the increasing
severity of hypospadias corresponding with the dasmg dose of flutamide

administered.

Control 2mg/kg 5mg/kg 10mg/kg 100mg/kg
r»f‘[ ﬁ o 5
* O* G

Figure 6.4 Representative penile cross sections at PND25 from animals exposed to various
doses of flutamide during the MPW. O=0S penis, the arrow indicates the the urethra and *=
the bilateral corpora cavernosa. Note that as the dose of flutamide increases, the more
superficial the urethra becomes, such that after exposure to 100mg/kg flutamide the urethra
lies open at the surface of the penis (=hypospadias).

Flutamide exposure in the MPW induces hypospadiaa idose responsive manner
(Welsh et al, 2008, 2010). When exposed in the MB\®mg/kg flutamide, no obvious
defects of the penis were evident at PND25 but sxmoto higher flutamide doses

resulted in progressively worse disruption of ndrpenile anatomy and in particular the
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failure of complete urethral closure (i.e. hypospajlbut also the OS penis and corpora
cavernosa became malformed, appearing as a satpker than a bilateral structure (Fig.
6.4).

6.3.3 Investigation of gene expression in the GT drthe effects of flutamide

6.3.3.1 Expression oAsporin

In order to identify, with as much certainty as gibke, androgen regulated genes in the
GT four treatment groups were chosen and GTs delleon e17.5; the groups were
control male, flutamide exposed male, control femeahd testosterone exposed female.
Three GTs were pooled from three separate littexd the three pools from each
treatment group then run on the microarray. E17aS whosen for study because it is
towards the end of the MPW and should thereforeucapany androgen-regulated
change in gene expression that is specific to theWM The microarray results
(affymetrix) found the following pattern @&sporinexpression in rat GT at e17.5:

Table 6.2 Results of affymetrix microarray results for Asporin expression in rat €17.5 GT. N=9

from 3 different litters.

Asporin expression —fold
GT comparison change
el7.5 Flutamide males vs e17.5 control males +1.74
el7.5 control females vs el17.5 control males +1.78
el7.5 flutamide males vs e17.5 testosterone females +2.10
el7.5 Testosterone females vs e17.5 control females -2.15

Each of the comparisons of the four treatment gsonpestigated strongly indicated that
Asporinmay be negatively regulated by androgens in thed@ihg the MPW, and for
each comparison the comparison was statisticafjgifitant (p<0.05). To validate the
microarray results, and quantify the change in esgion ofAsporin Tagman PCR was

conducted on the following GT tissues at el7.5;iclehexposed male, flutamide
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exposed male, vehicle exposed female and testostezgposed female. All animals
were exposed during the MPW and were from a sepatady to those used for the
microarray analysis to ensure independent veriboat
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Figure 6.5 Quantitative analysis of Asporin mRNA level in el7.5 rat GT. Ushig a one way
ANOVA* P<0.01 in comparison with respective female control. *** P<0.001 in comparison to
respective male control Values are means +SEM for 12 animals/group from a minimum of 4
litters.

Tagman confirmed 3 out of the 4 microarray reslait17.5 GT expression éfsporin

In males exposed to flutamide from el5.5-e16.5 (MPYA&porin expression was

significantly increased in the GT at e17.5 in corgmn to the vehicle exposed males.
E17.5 control female GTs also expressagorinat a higher level than did control male
GTs, although this increase was not statisticaliyiicant. Interestingly, the results
showed that GTs from females which had been exptsegstosterone during the
MPW, had a significantly increased expression gdoas in comparison to vehicle

exposed females at el7.5. This was in completerasinto the results from the
microarray, which showed that GTs from females Wwhicad been exposed to
testosterone during the MPW had decreasgabrinexpression in comparison to control

females.
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Figure 6.6 Quantitative analysis of Asporin mRNA level in the developing male and

female GT according to fetal age. Values are means +SEM for 6-10 animals/group from

a minimum of 4 litters. Using a two way ANOVA a significant difference of Asporin

expression was observed among the four ages (P< 0.01) and between the two sexes

(P<0.05). Bonferroni post-hoc tests showed no sex differences at any of the individual

ages
In order to determine if the difference Asporinexpression between control males and
females changed during and after the MPW, Tagmatyses were conducted on GT
from vehicle exposed (during the MPW) males anddlesiat e16.5, e17.5, €19.5 and
e21.5 (Fig. 6.6)Asporinexpression was consistently higher in the femdaldl@n in the
males throughout development. Although none of theults were individually
significantly different, a significant overall ddfence was found between the two sexes
as well as a significant difference between thesaden increase in tissue size may

explain the increase ilksporinexpression through the developing GT.
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Figure 6.7 Quantitative analysis of Asporin mRNA level in the male GT from fetuses
exposed to either vehicle or flutamide during the MPW. Values are means +SEM for 8-10
animals/group from a minimum of 4 litters. At no age were values for control and
flutamide significantly different.  Using a two way ANOVA a significant difference of
Asporin expression was observed among the four ages (P<0.05) but no significant
difference was found between control and flutamide exposed tissue.

The initial microarray validation experiment (Fi§5) showed thafsporin expression
increased in the el17.5 male GT when androgen awtas)blocked during the MPW
using flutamide, in comparison to vehicle exposedas, when androgen action is
normal. A similar trend of expression was founded6.5 and also after the MPW at
e19.5 and e21.5, and using a two way ANOVA no S$icamt difference inAsporin
expression was found between control and flutanexigosed fetuses but there was a
significant difference among ages, overall, whicasvwprobably due to an increase in

tissue size.

Possible role for oestrogens

As described above, there was considerable vatiahitd even conflict in some of the
results onAsporin mMRNA expression after fetal exposure to flutamaéael especially
exposure to TP. In considering potential explamegtiat was recognized that variable

contribution from oestrogens or from disturbancetlid androgen-oestrogen balance
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could potentially play a role, especially as the STan established oestrogen target
(Kalfa et al, 2008; Yucel et al, 2003). For examphs TP can be aromatized to
oestradiol, this could have exerted effects thatewseing interpreted as ‘androgenic’.
Even the effects of flutamide could conceivablyuitefrom disturbance of the normal

androgen-oestrogen balance, because by blockingh@er but not oestrogen action,
this balance is automatically altered. To addreseesof these possibilities, pregnant
rats were therefore dosed during the MPW with eitB&S (a potent, synthetic

oestrogen) or with DHT, which is a more potent agen than testosterone but which

cannot be aromatized to oestradiol.
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Figure 6.8 Quantitative analysis of Asporin mRNA level in the e17.5 GT after exposure of
fetuses during the MPW to flutamide, DES, TP or DHT. Usnig a one way ANOVA
**P<0.0025 in comparison to control male, flutamide male, control female, DHT and TP
female. Values are means +SEM for 6-8 animals/group from a minimum of 3 litters.

Results shown in Fig 6.8 show thAsporin expression in the male GT increased
dramatically in DES-exposed fetuses. This increassxpression was significant when
compared against the control male GT value, butalss significantly higher (P<0.05)

than and the values for flutamide exposed malehofibh at face value the increase in

expression of asporin in GTs from DES exposed rfeleses suggests that oestrogens
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can regulate asporin expression, it may also bateel to distortion of the
androgen:oestrogen balance, which can be fundaltyemtaportant in males (see
section 1.5). DES treatment also reduces testosegpooduction by the fetal rat testis
(Haavisto et al, 2003), which means that it wilvexely distort the endogenous
androgen:oestrogen balance by both lowering andragion at the same time as
elevating oestrogen action. In contrast, althougtamide reduces androgen action it
will not elevate oestrogen levels, so that thereaissmaller distortion of the
androgen:oestrogen balance than in the case of DAS.is speculation, but would

perhaps reconcile the flutamide and DES resulisates.

As found in the earlier study (Fig. 6.5), TP expesof females increased asporin
expression in the GT, as also did DHT (Fig. 6.8pgesting that the effect is androgen-
mediated as opposed to alteration of the androgstimgen balance, although both
treatments will increase the androgen:oestrogeanbal if this is important in females.
Irrespective of the explanation the fact tiedporin expression changes in the same
direction in females exposed to androgens as iresnal which androgen action is
decreased, points to a fundamental difference @pgoin response between the sexes
as far as the GT is concerned.
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Figure 6.9 Quantitative analysis of Asporin mRNA levels, at various fetal ages in the WD of
males exposed to either vehicle or flutamide during the MPW. Values are means +SEM for 3-5
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animals/group from a minimum of 3 litters. Using a one way ANOVA, no significant difference
was found between GTs of control fetuses in comparison to those of flutamide exposed animals.

In order to determine if the treatment-related gesnin expression @&sporinfound in
the GT was common to other male (or female) reprtdel tract tissues, the expression
of Asporinwas also investigated in the testes, ovaries, Mdoland Millerian ducts. No
pattern emerged which suggested thaporin expression may be negatively regulated
by androgens from any of these tissues. For exanipteexpression ofAsporin was
similar between control fetuses and flutamide eeddgtuses in the testis and WD and
no significant difference were found between tleatiment groups or ages, an example

of which is shown in Fig. 6.9, but other results aot presented.

6.3.3.2 Investigation ofSLIT2 expression in the GT

The slit2/robol pathway was suggested to be andraggulated in the prostate.
Therefore Tagman-PCR was used to determine if reitiie ligand(Slit2) or its receptor
(Robo1l)are expressed in the rat GT. As the tissue foAgm@orinanalysis had already
been collected and appropriate cDNA available,as wecided to use the same approach

to investigate the expression$ift2 andRobol
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Figure 6.10 Quantitative analysis of Slit2 mRNA level in e17.5 rat GT after exposure to vehicle,
flutamide, or TP during the MPW.Using a one way ANOVA * P<0.01 in comparison with
respective male control. Values are means +SEM for 12 animals/group from a minimum of 4
litters.
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Expression ofSlit2 increased in €17.5 male GT from fetuses that lesh lexposed to
flutamide during the MPW, in comparison to the egsion ofSlit2in GT from vehicle-
exposed el7.5 males. Furthermore, el7.5 controhléei@T also expressed slit2 at a
higher mean level than did the male control tisalthough this difference was not
statistically significant (Fig. 6.10). Med&Blit2 expression was also decreased in the GT
of female fetuses exposed to testosterone duriegtRW, in comparison to control
females, although again this difference was ndissizally significant. Nevertheless,
viewed overall, the results suggested ti&it2 might be negatively regulated by
androgens. To investigagit2 expression further in the MPW and later, TagmamRPC
was conducted on the GT through development froi5e421.5, in both control male

and female fetuses.
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Figure 6.11 Quantitative analysis of Slit2 mRNA expression at various fetal ages in the
developing male and female GT. Using a one way ANOVA no significant difference was
found between male and female GT expression of Slit2. Values are means +SEM for 6-10
animals/group from a minimum of 4 litters.

Although this analysis showed some possible diffees betweelslit2 expression in
male and female GTs, these differences were instamiin direction and none was

statistically significant (Fig. 6.11). It was thésee concluded that a simple male-female
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comparison does not support the notion that andogegatively regulat8lit2. To test
this conclusion more directly, an age course stwdg undertaken comparinglit2
expression in GT from control males and males esghde flutamide during the MPW
(Fig. 6.12).
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Figure 6.12 Time course quantitative analysis of Slit2 mRNA level in the male GT form vehicle
exposed controls and males exposed to flutamide during the MPW. Values are means +SEM for
8-10 animals/group from a minimum of 4 litters. Using a one way ANOVA no significant
differences were found between control male GTs and those exposed to flutamide

Similar to what was found in the original studygF6.10) an increase in the expression
of Slit2 was found in the el17.5 GT of male fetuses exposeflutamide, but this
increase was not statistically significant (FiglZ. Additionally, no significant
differences were found in the expressiorStf2 between control and flutamide groups
at other ages, namely at €16.5, €19.5 and e21g%(EF2). These results therefore seem
to suggest thaSlit2 is not androgen-regulated in the GT during orrafte MPW.
However, bearing in mind the thoughts about impuartaof the androgen:oestrogen
balance discussed above for asporin expressioeffinet of fetal exposure to flutamide,
DHT, DES or testosterone, during the MPW on GT egpion ofSlit2 at e17.5 was
investigated (Fig. 6.13).
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Figure 6.13 Quantitative analysis of Slit2mRNA levels in the el7.5 GT after exposure of fetuses
during the MPW to flutamide, DES, DHT or TP. Usig a one way ANOVA, no significant difference was
found between the treatment groups. Values are means £SEM for 6-8 animals/group from a minimum
of 3 litters.

This analysis showed a number of differences inm&a2 expression levels between
males and females + exposure to flutamide, DES, of FDHT, but none of the
differences were statistically significant, agaot supporting the notion th&it2 might
be negatively regulated by androgens in either snatefemales, and with insufficient
data to conclude that oestrogens might negativegylateSlit2 expression in the male
GT (Fig.6.13). Overall, perhaps the most reasonebielusion is thalit2 expression
is naturally quite variable and that the one omgimesults pointing to androgen

regulation (Fig. 6.10) was simply a chance effect.

6.3.3.3 Investigation ofRobolexpression in the GT

In parallel to determining the expressiorStit2 and possible androgen regulation in the
GT, expression of the gene for t8kt2 receptorRobol was also investigated using
Tagman-PCR. The same samples and method of inagstigvere used as described for

asporin andlit2.
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Figure 6.14 Quantitative analysis of Robol mRNA level in e17.5 rat GT. Values are means +SEM
for 12 animals/group from a minimum of 4 litters. Using a one way ANOVA there were no
statistically significant differences between any of the groups.

Fig. 6.14 shows the Tagman-PCR results for the esgion ofRobolin el7.5 GT.
There were no significant differencesRobolexpression between male and female GT
and no significant impact of flutamide or TP expeswalthough there were suggestive
trends. For example, in males when androgens wkyekdd in the MPW using
flutamide, an increase in me&wobolexpression was found in the el7.5 male GT in
comparison to e17.5 control male GT. Another trerad an increase in expression of
Robol in the GT of female fetuses exposed to testosterduring the MPW in
comparison to control females and males. In orddollow this up,Robolexpression
was investigated in control male and female GT1&% el7.5 and after the MPW at
el9.5 and e21.5.
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Figure 6.15 Time course quantitative analysis of Robol mRNA level in the developing male and
female GT. Values are means +SEM for 6-10 animals/group from a minimum of 4 litters. Using a
one way ANOVA there were no significant differences between males and female at any age.

Tagman-PCR showed thRbbolwas expressed at similar levels between contré¢ ma

and control female GTs throughout fetal developmant this expression was at its
highest during the MPW at e17.5 (Fig. 6.15). Inesrdo completely rule out the

possibility thatRobolwas androgen regulated, Tagman-PCR was conducte@To

from fetuses across the fetal age range after exede flutamide during the MPW and

compared to the GT of control fetuses. In addittbe, effect of DES and DHT exposure

onRobolexpression were investigated.
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Figure 6.16 Time course quantitative analysis of Robol mRNA level in the male GT from control
males and those exposed to flutamide during the MPW. Values are means +SEM for 8-10
animals/group from a minimum of 4 litters. Usnig a one way ANOVA was no significant effect of
flutamide exposure at any age.

An earlier experiment (Fig.6.15) that found a swfjige upward change iRRobol
expression in el7.5 male GT after exposure torfiida, was not confirmed in the time
series set of experiments (Fig.6.16); in fRobolwas found to be expressed at similar
levels in the GT between control and flutamide esqubfetuses at all ages, although the

expression was highest at e17.5 during the MPW.
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Figure 6.17 Quantitative analysis of Robol mRNA levels in the el7.5 GT after exposure of fetuses
during the MPW to flutamide, DES, DHT or TP. Using a one way ANOVA *P<0.05 in comparison to
control male GT. Values are means +SEM for 6-8 animals/group from a minimum of 3 litters.
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The results forRobolexpression reported in Fig. 6.14, Fig. 6.15 and big6 were
inconsistent and variable. HoweverR@bolis the receptor fo8lit2, it was of interest to
determine if patterns oRobol expression in the GT were similar to that Sift2.
Tagman-PCR was used to investigatebolexpression in €17.5 from fetuses which had
been exposed to vehicle, flutamide, DES, DHT otosterone during the MPW (Fig.
6.17). Consistent with what was found f8lit2 expression patterns (Fig. 6.13), DES
exposure of males lowerdflobolexpression whereas DHT exposure loweRabol
expression in female GTs (Fig. 6.17). It seemskehfi that Robolis androgen or
oestrogen regulated and as postulated with theriasgsults, the possibility arises that
disruption of the androgen:oestrogen balance mégctaRobolexpression, however
overall patterns of expression &obolin the various treatment groups was not

repeatable and it seems likely tiRagbolexpression in the GT is highly variable.
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6.4 Discussion

Originally, there were three main aims to the stadn this chapter; 1) to understand the
anatomy of the developing genital tubercle andrzdat penis, 2) to investigate if three

candidate genes might be androgen regulated dandgafter the MPW in the GT and

3) to use the understanding of the anatomy of teeldping GT to asses cellular

localization of any androgen regulated genes. Thegestigations were designed to

better understand the specific structures and svuerBT development during and after

the MPW and to gain insight into possible androgegulated genes within the MPW

which might be linked to the origins of hypospadias

Two methods were used to study the anatomy of thed8rial sectioning and OPT.
Combined, these provided insight into the keydtmes, namely the urethra, OS penis,
corpus cavernosum, and how these structures deacklapthin the GT over time.
Embedding of the GT at any age before €19.5 prowédx problematic. The GT is very
small during the fetal period and it was a diffidialsk to dissect and embed this tissue in
a consistent orientation to provide reproduciblsults in relation to same plane of
transverse section and orientation. The aim wasntbed the tissue ‘tip’ down in a
vertical manner to allow serial sectioning froméés tip. However, even if the GT was
at a slight angle, the sections were not then stersi with regards to plane of section
through the tissue, and this was potentially exzated by flutamide treatment which
can result in curvature of the GT/penis. Furtheenduring the MPW, the GT is not as
elongated as it is after the MPW, and it was diffito identify the tip and base from the
almost circular structure that is the GT at el7.bajore. Consequently, a new approach
was taken, and this was to mark the ‘tip’ of the @dring micro-dissection using a
green biomarker. This approach provided good redaite19.5 and e21.5 GT; however
it was still difficult to embed the smaller GTs fnoyounger age animals and in a
consistent orientation. This was also encountereemrying to embed tissue for OPT
analysis. It was possible to embed GTs from e2h&ands but prior to this the

orientation was difficult and only provided ambigisoresults. OPT of e21.5 GT
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however provided an elegant method to observertenal morphological changes in
structure of the intact GT from the base to theaim to compare against individual cut
sections to identify the exact plane of sectiompenvestigated.

Animals were exposed to various doses of flutandideng the MPW to determine the
effects of blocking androgen action on the develggsT. Increasing doses of flutamide
clearly correlated with increasing severity of hgpadias such that closure of the
urethra was completely inhibited in the GT of ma&posed to 100mg/kg flutamide but

to a lesser (more anterior) and more variable @x@delower doses.

Three genes were chosen for investigation of tegpression in the GT during the
MPW. Asporin was chosen from the genes identified through theraarray study
which strongly suggested asporin to be negativedylated, in the GT, at e17.5 at least.
Slit2 andRobol(ligand and receptor respectively) were chosethese two genes were
also suggested to be negatively regulated by aedsom the prostate in work done by
another Unit group. The published roles of eacthefthree chosen genes, and pathways
they are involved in could be relevant to the depelent of the GT. Therefore their
expression was studied primarily in GT at el7.5muthe MPW, and then extended to
time points after the MPW. Gene expression wasietiuth GT of fetuses from four
different ‘androgen’ settings; 1) in the GTs of m&tuses exposed to vehicle, in which
androgen action is considered normal, 2) in theoGimhale fetuses that were exposed to
flutamide, in which androgen action is blockedrB}he GT of female fetuses that been
exposed to vehicle and normal androgen actionnsidered absent/ minimal and 4) in
the GT of female fetuses that had been exposegstosterone during the MPW and in
which androgen action is ‘enhanced’. It was notsgme to validate the microarray
results for the GTs from female fetuses exposeddimsterone during the MPW and this
raised the possibility that testosterone exposar¢hé female fetuses, may be being
aromatized to oestradiol and the changes in asgxnession might be an oestrogen

response rather than an androgen response. Threerefeas decided to expose animals
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to DES or DHT during the MPW to further elucidafetie observed changes in

expression might be due to androgen or oestroggrateon.

The microarray results faksporinexpression in e17.5 GT were validated using Tagman
RT-PCR. The validation experiments used a diffesatitof GTs to the samples sent for
the microarray and also increased the ‘n’ numbersamparison to the microarray.
Three of the four results from the microarray weedidated and these experiments
showed the GT of control female fetuses expresspdran at a higher level than control
male fetuses, thus in the absence of ‘normal amurogction’ asporin expression
increases. Furthermore, the GT of male fetuses hhdt been exposed to flutamide
during the MPW, had a higher level &$porinexpression in comparison to control male
GT. This result also suggested that in the absesfcandrogen actionAsporin
expression increase in the GT. RT-PCR was useetermdine if both of these results,
which suggested th&tsporinexpression is negatively regulated by androgeas, aiso
found at other ages in the developing GT. Indeegificant trend was found whereby
female control GTs express@dporinat a higher level than male control GTs, at €16.5,
el7.5, e19.5 and e21.5. In addition, a significfierence was also was also found in
GTs of male fetuses that had been exposed to fidearduring the MPW which
expressedsporinat higher level than control male GT at €16.5,21§19.5 and e21.5.
Thus it could be hypothesized thAsporin expression was negatively regulated by
androgens, although the degree of androgen regulatias perhaps modest and
somewhat inconsistent. In further studies, the @Imf male fetuses that had been
exposed to DES expressédporin at a significantly higher level than in any other
treatment group investigated and this result msgigfgest that oestrogens can positively
regulate asporin expression. This might explain e results from the validation
experiments, whereby TP might be aromatized toragisi and then exert an effect.
However, if this theory were true, it would not &ip why the GT from female fetuses
exposed to DHT also had an increased expressidsmrinin comparison to male and

female control GTs but also to male GTs which hadnbexposed to flutamide, unless
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there is an inherent difference between male amdali®e GTs. Another possible
explanation is that, in each of the treatment gsotipe androgen-oestrogen balance was
disturbed and in each treatment group when thengal is disturbed, asporin expression
increases in comparison to control male and fer@dls. Although these results looked
potentially interesting, the studies were hinddrgdhe lack of a good working antibody
for ASPORIN in the rat, which would have establlfeasporin protein is expressed in
the GT, if similar effects were seen in the varitreatment groups and what cells and

structures within the GT expressed asporin.

The first Tagman-PCR experiment that investigedét? mRNA expression suggested
that it might be negatively regulated by androgassthe GT of male fetuses exposed to
flutamide, in which androgen action is blocked, mgsedSlit2 at a significantly higher
level than did control male GT. Furthermore, whgpased to androgens, in the form of
TP, female GT had a decreased expressi@lit¥in comparison to female controls (i.e.
changing in a ‘male’ direction). In addition, cavitfemale GTs expressed asporin at a
higher level than did control male GTs. Thus, #xXpression pattern was investigated at
different ages in the developing GT. HoweVS8lit2 expression was not found to be
significantly different in the GTs of control maéd female fetuses at €16.5, el7.5,
e19.5 and e21.5. Furthermore, the differencBlit2 expression in the male and female
control GTs, found at €17.5 in the previous experitnwas not repeatable. LastB}jt2
expression at e16.5, el7.5, €19.5 and e21.5 iThef male fetuses exposed to either
flutamide or vehicle, found th&lit2 was expressed at similar levels in the controlemal
GT throughout development from el16.5-e21.5, arftbaljh small increases Asporin
expression were found after flutamide exposuresehgere only evident at e17.5 and
€19.5 and were not statistically significant. Fartinvestigation ofSlit2 expression in
male and female fetuses exposed to DES or DHT didgrovide any more conclusive
insight. Thus, viewing results from the variousa@pe experiments overall, it appeared
that Slit2 expression was highly variable (at €17.5) in esgign and was not obviously
androgen-regulated.
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A similar scenario t&lit2 was found for results faRobol the receptor fo6lit2. The
initial experiment investigatindRobol expression suggested that disturbance of the
androgen-oestrogen balance in GTs from fetuseg;hwid been exposed to flutamide
or TP, increase®obolexpression in comparison to control male GT. Havedurther
studies in this age group and also at €16.5, 1®d%e21.5 found that these results were
not repeatable and the latter experiments suggdstddl mRNA was expressed at
similar levels in male and female GTs and littl#edence was found iBlit2 expression

of the GT of fetuses exposed to flutamide in congoarto control males, at each age
investigated. The final experiment investigatiRpbol mRNA expression found a
significant decrease in the GT of male fetuses sggdo DES and in female fetuses
exposed to DHT in comparison to control male. Timding could potentially have been
interpreted as reflecting disturbance of the normaaldrogen:oestrogen balance.
However, the fact that these results contradictedl findings of the initialRobol
experiment, in which flutamide exposure in the maieTP exposure in the female
increasedRobolexpression in comparison to control males, suggettat results were
simply variable and inconsistent. Thus similart®ligand,Robolmight have variable
expression in the GT and these experiments sugjgeshRNA of eithesSlit2 or Robol
are not androgen or oestrogen regulated. Simil&sfmwrin further studies o8lit2 and
Robolwere hindered by the lack of a working antibody ighhwould work on rat GT)
for immunohistochemical protein analysis.

To conclude, the difficulty of investigating a ts which has different cellular
compositions at different planes could be addressesbme extent, by orientating the
embedded tissue and serial sectioning. This, coedbwth OPT, which visualized the
tissue in its entirety, provide good methods fardgtng the anatomy of the GT.
However, to then utilize the former approach wawduire good working antibodies to
localize the proteins of interest to specific dgpes and to investigate the impact of
androgen or oestrogen modulation. This was notilplesfor any of the three proteins

studied in this chapter, so the approach used wesisiated to investigation of gene
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expression. Three genes were studied to deterrhitieey are regulated by androgen
action in the GT. Although some initial resultsicated thatAsporin Slit2 andRobol
might be regulated by androgens, the Tagman-PCRtseproved variable and not
always repeatable. Studies in this chapter haveeprthat although Tagman PCR may
give indications of mMRNA expression patterns, tallyjeunderstand the events within a
tissue such as GT, in which molecular mechanismscampletely established, good
working antibodies are an absolute requirementthEamore, it was very disappointing
that even when microarray results all pointed ie direction, it was still be impossible

to confirm consistently.



7. Final discussion

The general aims of this thesis were to investigdtat regulates the MPW, to identify
pathways regulated by androgens during the MPWatainvolved in the development
of the male reproductive tract, and through theskitther knowledge of the origins of
TDS. To date, the studies published on the MPW Hasesed on the importance of this
time frame, demonstrating that disrupted androgetiorg be it through phthalates,
oestrogens or anti-androgenic compounds, can iniD&disorders (Clark et al, 1990;
Foster and Harris, 2005; MacLeod et al, 2009; Memet al, 2001; Welsh et al, 2008).
Such studies have highlighted that the programmihigh androgens direct during the
MPW is unique to fetal development and does nouo@t any other time in life.
Deficits in androgen action during this time canibet compensated for later in life
(Welsh et al, 2010; van den Driesche et al, 20Hb)wever no studies have addressed
the question of what makes the MPW unique, whauletgs it and indeed what

pathways are activated by androgens within it.

In order to investigate these gaps in our knowledge obvious starting point was to
investigate if androgens themselves and the avijabf the AR might be involved in
opening of the MPW, which would be logical as thetumal onset of testosterone
production coincides with the onset of the MPW fitba 3). In addition, it was
recognized that androgens do not exert their etitme (Heemers and Tindall, 2007,
Heinlein and Chang, 2002) and require various leagbal associates and the
expression of some of these were also investigateapter 4). Some studies published
almost 20 years ago had defined a time frame c#leccritical period of development’
and outlined the effects of disrupted androgenoactiuring this time, well before the
‘MPW’ became a common definition (Gupta and GoldmB®86; Gupta, 1989; Gupta
and Bentlejewski, 1992). These studies highlightesl importance of prostaglandins
during the MPW and yet no further investigationgehbeen published either supporting
or contradicting this. Furthermore, given the vasioroles PGs play in embryonic

development, and their roles which have been defime the testis, it would be
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understandable if PGs were indeed vital duringMB®V and this was investigated for
the first time in the rat (chapter 5). Finally, vitas hypothesized that the molecular
mechanisms regulated by androgens during the MPgtitrbie unique to any other time
frame. To gain insight into genes which might bgutated during this time, a

microarray study was conducted. This thesis ingastd one of the genes from the
microarray study as well as two further candidaeneg, each of which was

hypothesized to be regulated by androgens in thé¢c@dpter 6).

A majority of the studies which have been publisheestigating androgen action have
used testosterone formulations as the choice ofoged. Such studies have also
reported the testosterone can cause adverse pmgetiacts such as dystocia and fetal
growth restriction (Wolf et al, 2002; Welsh et 2008, 2010). Furthermore testosterone
can be converted to oestrodial by aromatase whigh lkave effects on male
reproductive development (Goyal et al, 2007) bsb aheans it is not always clear if an
effect seen is due to an androgen effect or arramest effect. Some, however, may
deliberate that using testosterone formulationviges a more realistic physiology as
testosteronels the common androgen produced and acts as a precimsdoth
oestrogens and DHT in males. In the studies regontehapter 3, to ensure any effect
seen was that of androgen action, DHT was usedyra potent androgen which cannot
be aromatized to oestradiol and which, as resnltshapter 3 showed, does not cause

adverse pregnancy effects.

It was almost considered a given that the onseésibsterone production controls the
‘opening’ of the MPW and consequently one of thesjions which arises from this
theory is what might be closing the MPW as it islely accepted that androgens and
AR are present after the MPW. A second hypothedisclwarose was that if the
availability of androgens is the limiting factor the on-set of the MPW, then would

providing androgens earlier than this, initiate MBW early, or advance or enhance
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masculinisation? Furthermore, would providing ‘@ktfexogenous) androgens during

the MPW also advance or enhance masculinisation?

The studies reported in chapter 3 found that AR rARNS present prior to the MPW,
and the immounohistochemical studies suggestedAtRgtrotein is also available prior
to the MPW thus the availability of AR does not eppto be a factor in regulating
opening of the MPW. Therefore initial studies ofstlthesis exposed fetuses to DHT
prior to (e11.5-e14.5) and during the MPW (e15.8:8)l One of the more surprising
results of these experiments was the effects fmmthe female offspring. Virilisation
of females by exposure to testosterone during eted period is well known and well
documented (Rhees et al,1997; Welsh et al, 2008 &toal, 2002). Primarily such
studies used testosterone during the MPW. No studae been published on the
effects of androgens on females prior to the MPW iAportant finding of this thesis is
that females exposed to DHT prior to the MPW ardiséd similar to females exposed
to DHT during the MPW. In fact, certain tissuescisas the female phallus, were more
susceptible to masculinisation when exposed to [PHGr to the MPW. These findings
suggest the females window of sensitivity to andnsgis not restricted to the MPW and
may be wider than the MPW in males. This may bduldenowledge for scientists
investigating female reproductive tract developmetite time frame of susceptibility to

androgen perturbations in the female developmeultidee better defined.

Exposing male fetuses to DHT prior to or during W did not advance or enhance
masculinisation or cause any detectable positifectsf in male offspring. No early

coiling of the WD was detectable, and the tissdabh® reproductive tract known to be
programmed by androgens during the MPW were corbfmarto vehicle exposed

animals. Four conclusions can be drawn from theperements. First, DHT exposure
prior to the MPW does not exert any detectablecesfen the male offspring. Second,
masculinisation is not enhanced by the early exgosa DHT. Third, endogenous

androgens produced in the fetus are normally safficto maximally program
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reproductive organ size. Fourth, it is not the Emlity of androgens that ‘opens’ the

MPW and other factors must be involved.

Other factors which are known to work with andragiane androgen co-regulators. The
possibility of the pathways of androgen and co-fagus which might be involved in
the MPW are vast but to narrow this down, a logmabroach was taken to compare
bioinformatics software of AR pathways with resudfsa microarray study designed to
specifically recognize androgen regulated genethenGT, during the MPW. Two co-
regulators found by this method showed interestiadterns of mRNA expression
around the MPWBRG1 and CBP. Both of these co-regulators are known to work
together to alter chromatin organization and taugedhistone modifications, and both
were expressed in the GT and within the SC, GCiataistitial cells in the fetal and
postnatal period. Furthermore, both of these codeggrs co-localised with AR in the
SC at PND25. BRG1 and CBP expression did not changee testis of fetuses which
had been exposed to DBP, DES or flutamide, suggestiat expression of the genes
themselves is not androgen regulated. Howeverhdurtstudies should focus on
determining the protein level of expression of C&kl BRG1in the GT before and
during the window to determine if the mRNA expresschanges that were found when
comparing before, during and after the MPW, are aken at the protein level. One of
the weaknesses throughout the studies in thisstheas the inability to determine
protein expression levels before and during the M&aUrately in the GT. If this issue
could be resolved, it would facilitate evaluationtime involvement of potential factors
in regulation of the MPW. However, aside from reguan of the MPW, BRG1 and CBP
expression in the testis and their co-localisatidtih AR warrants further investigation
to determine what role (if any) these proteins rmighy in the testis in modulating AR
activation and thus androgen action. This wouldalb®ucial question for SC, as these
display late onset AR expression and androgen4satsand poorly understood ‘stage-
dependent’ changes in function in adulthood (Sha20€5). A targeted knock-out of
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either of these genes in SC would be most inforeatind could be achieved by use of

the Amh-Cremouse line and generation of floxBRG21or CBPlines.

RWDD1 expression does appear to be androgen redulahd RWDD1 protein
expression was substantially reduced in the GR&teat least when androgen action in
the MPW was blocked using flutamide. It would beeresting to determine if this effect
is seen in el7.5 GT and if possible in earlier GTwall, especially aBwdd1mRNA
expression did not change greatly across the MP®@veNheless, as RWDD1 showed
impressive co-localisation with AR in the GT andti® it is of considerable interest for
follow-up studies. The effect of exposure to otaedrogen disrupting chemicals (which
cause hypospadias) on RWDD1 expression would béuluse compare with the
flutamide results. Detailed characterization of RBMD throughout the male
reproductive tract through to adulthood in relattonAR expression/androgen action
should be a first step, as well as comparing espraspatterns between males and
females. Such studies require a working antibody, t the cellular complexity of the
tissues and the fact that not all cell types exptbe AR. The fact that in the present
studies, flutamide exposure had an apparently nguehter effect on RWDD1 protein
expression than on MRNA expression reinforcesviei. Unfortunately, it appears that

current batches of the RWDD1 antibody do not work.

In addition to androgen co-regulators, other meshofiregulation of the MPW were
also considered and one of these is methylatiore Preliminary investigations
conducted on the methylation regulat@®©RIS and DNMT3L have demonstrated
interesting decreases in MRNA expression duringR&/. DNMT3L is a member of
the DNMT3 enzymes which catalyze methylation resdi Despite being a member of
this family, however, DNMT3L does not itself catsdymethylation reactions (reviewed
by Garcia-Carpizo et al, 2011), but is thought égulate methylation through histone
deacetylase activity (Aapola et al, 2002). DNMT3kpression was significantly

decreased in the GT of fetuses exposed to flutachidimg the MPW in comparison to



controls. A recent study has found that the mettolaenzyme DNMT3A is increased
in expression in the foreskin of hypospadias p#ien comparison to control males
(Vottero et al, 2011) and consequently in futuredsts it would be important to
determine the expression of DNMT3L protein in fluide exposed GT throughout

development and also in the postnatal penis.

Targeted disruption of DNMT3L in the testis hasrbeeported to cause hypogonadism
and azoospermia (Bourc’his et al, 2001). Furthediss of the testis in these mice
reported the semineferous tubules to only cont&is Sand some leptotene-like cells.
The GCs were reported to be arrested and and diexhéh the meitoc stage (Hata et al,
2006). This study did not report any other effect masculinisation. Microarray
expression profiling found particular sex linkeengs to be down regulated, such as
Sox3, Pern, Oteach of which is gonad specific but it is unclesactly what this means
(Hata et al, 2006). However the relationship betweression of DNMT3L and AR in
control testis has not yet been reported. The ssudeported in chapter 4 found that
DNMT3L was expressed in cells of the interstitiume21.5 and PND25 but not at
PNDA4. Further studies should determine what célta@interstitium DNMT3L is being
expressed in, using Leydig cell-specific markerardbver, at PND25, DNMT3L was
expressed in a stage specific manner in the specytas and it would be interesting to
characterize what steps of meiotic development ¢biscides with, as the DNMT3L
knockouts show a failure of GC to complete meioBiee latter findings led the authors
in question to conclude that it was an underlyimgbfem with gene methylation in
spermatocytes that caused this GC loss. Howevethepresent findings show that
DNMT3L is co-expressed with AR in the SC, it is pide that deletion of DNMT3L
perturbs normal androgen action in SC, and itisttat is responsible for the GC loss,
especially as SC-selective knockout of the AR (SBARmice) leads to a similar
demise of GC during meiosis (de Gendt et al, 20B8periments to distinguish between
these possibilities may assist our understandinth®fmechanisms used by DNMT3L

and why it's absence causes azoospermia.
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BORIS, an 11 zinc finger protein, has been shownply a role in chromatin
remodeling as well as being considered to haveppobferative characteristics (Nguyen
et al, 1996). BORIS expression has only been fonride testis and studies suggest that
DNA methylation acts as a negative regulator of B®Rxpression, thus the BORIS
gene activity is methylation controlled (Kelnovaatt 2002; Woloszynska-Read et al,
2007). The studies in chapter 4 found that BORIS @pressed in the GT as well as in
the testis. The expression of BORIS in the GT hatsbeen reported before and its role
in the GT is unknown and calls for further inveatign. Tagman-PCR suggested that
BORIS expression is decreased during the MPW and inrdustudies it would be
interesting to determine if this is reflected a firotein level. The expression of BORIS
protein was found in the developing testis at e2PISD4 and PND25, in interstitial
cells, SC and GCs and at e21.5 and PND25 in the B&l also. A recent study
reported 8ORISknockout mouse model to be fertile but have stealles and impaired
spermatogenesis, in comparison to controls (Suetldl, 2010); Through microarray
analysis of the testis of the BORIS knockout mod#ijs group identified the down
regulation of a transcript termed cerebroside swfsferase (CST), known to be
involved in meiosis. Furthermore, the study remB®RIS can bind to and activate the
CST promoter. This study concluded BORIS to hawitcal role in transcriptional
regulation of CST important for spermatogeneisiaz(fki et al, 2010). Thus recent
progress has been made in gaining insight intontkehanisms which BORIS might
play in the testis, however many there are stilhynguestions. Firstly, it is surprising
that the expression of BORIS with AR in controlti®$ias not been previously fully
characterized. This characterization of co-expogssif BORIS and AR in SC and in
other somatic cells could be due to a functiondhti@nship, which may result in
deficient androgen action when BORIS is knocked which could then causes GC
problems as a consequence. Methylation is knowmetamportant in GC, but it seems
when a methylation-associated gene or proteinuaddo be expressed in the GCs level
of AR activity in relation to this is not alwaysviestigated and yet this activity may

explain (or contribute to) results of knockout agide dramatic new insight into



androgen action in the testis and elsewhere. Agesitgd for BRG1 or CBP, a targeted
knockout of eitheBORISor DNMT3L in SC (for example vidmh-Cresystem would
provide more precise information of the roles thgsees play in the testis.

Prostaglandins are known to be involved in varioeular processes in the body and
indeed during the embryonic period (Challis et 2000; Lala, 1989, Norwitz et al,
2001). Indomethacin is well established as a néeegee COX enzyme inhibitor and
consequently blocks PG synthesis (Norton, 1997poRe that blocking PGs during the
MPW, using indomethacin, in the mouse could affeeisculinisation were published
over 20 years ago (Gupta and Goldman 1986; Gup&9)lyet the role of PGs in the
MPW has never been fully defined or even furtherestigated. Studies in this thesis
used the highest concentration of indomethaciniplessn the rat, which allowed for
dams to avoid adverse effects and parturition twoaround about on time. Even at the
dose used (1mg/kg) some adverse effects were nstegh as on fetal growth and
perhaps litter size. Of interest the F1 female g&tien had misplaced ovaries and there
was some suggestion of difficulties in estrus cy@ad thereafter with parturition. This
suggests the indomethacin was crossing the plaegdtdetuses were being exposed, to
some level at least. Despite this, no affect was s AGD or on any measured aspect
of the reproductive tract of males exposed to ineltwacin. A decrease was found in
penile length in adult rats that had been exposeddomethacin during the MPW, but
this was based on small numbers of animals. More@wen if correct, it did not point
to impaired androgen action in the MPW, as peras gias normal at PND25 and AGD
and the remainder of reproductive tract developmweas normal in these animals.
However, the N number for these animals would neete increased to determine
whether or not the effect on adult penis size @, rand such studies should also
investigate circulating hormone levels (notablytdegerone) and the expression of-5

reductase in the penis to see if changes in edthigiese might explain the findings.



Thus one of the important conclusions of this thesi that exposure of rats to
indomethacin during the MPW, and possible blockioly PGs, does not affect
masculinisation of the male reproductive tracteast in the rat. The preliminary studies
to determine if PGs are involved prior to the MPWre also negative, suggesting that
PGs are unlikely to be a major player in regulatbthe MPW. The studies reported in
this chapter could be strengthened by determirtiegevel of prostaglandins in control
fetuses and comparing this against prostaglandidyamtion in fetuses after exposure to
indomethacin. Radioimmunoassays for PGs have b&ablshed for many years (Jaffe
et al, 1973; Oki et al, 1974; Thomas et al, 19%8) eould therefore be used for this
purpose. However, as prostaglandins have a relatsh®rt half life and act over short
distances in an autocrine or paracrine manner (¢twdl, 2004), such studies may not be
straightforward.

Development of the male GT is an androgen-depenpierdess and when androgen
action is deficient during the MPW, hypospadias cacur (Baskin et al, 2001;Yamada
et al, 2003). Consequently it was hypothesized shadying the genes within the GT,
under normal circumstances and when androgen astidocked, might provide insight
into androgen pathways functioning in the MPW, tmatre specifically, pathways which
might be involved in hypospadias. Of the three gestediedAsporinprovided the most
convincing results, whereby it showed a trend talwanigher expression in control
female GT than control male GT, throughout develepmSimilarly a trend was seen in
the GT of flutamide exposed fetuses, which expeegssporin at higher levels than
control males throughout development. It was nearcif Asporinwas either androgen
or oestrogen regulated, however, as results temid¢do be entirely consistent. In
attempting to reconcile the various datasets, i wastulated that if the androgen-
oestrogen balance was disturb@dporin expression increased. Whilst this remains a
possibility, to take the idea further would requiletermination of the androgen-
oestrogen balance and to correlate changes obsesittedhose inAsporin expression.

As the androgen-oestrogen balance would need todasured either in blood (difficult



in the fetus because of small volumes, and probabpractical in the MPW for this

reason) or in the GT itself, which would again p@seblems based on small tissue
amounts available. A major limiting factor in stugty Asporin, is the absence of an
antibody that works on rodent tissue. Overall, ¢baclusion was that asporin did not

appear of sufficient interest to warrant furtherdses with any priority.

It was more difficult to obtain convincing resufty Slit2 andRobolexpression in the
GT. Initial experiments indicated th&tit2 might be negatively regulated by androgens,
but upon repetition and increasing time points aedtment groups, the expression of
Slit2 and actuallyRobolas well, appeared more variable. This could betdube gene
having variable expression or another possibilityolr must be considered was noise
level within the experiment and one possibilityaddress this might be an increase in
PCR cycles. However in order to fully understamel éxpression ohsporin Roboland
Slit2 in the development of the GT requires an antibattych worked in the rat and
unfortunately we could not obtain such antibodies.

In summary, this thesis aimed to investigate tlgilegion of the MPW and androgen
events which take place during and to some extefaré the MPW. It was shown (for
the first time) that AR is present before the MPNd availability of androgens does not
regulate the MPW. Furthermore, providing excess@gehs either prior to, or during
the MPW does not advance or enhance masculinisatioother novel finding was that
the female reproductive tract is susceptible tdupbations by androgen exposure prior
to the MPW and thus virilisation of the female wgguictive tract by excess androgen
exposure is not limited to the MPW. Androgen codtatprs and methylation regulators
were investigated, originally to determine if certpathways might be involved in i) the
regulation of the MPW or ii) events within the MPWIthough this was not achieved,
preliminary characterization studies of 3 androgenregulators and 2 methylation
enzymes in the reproductive tract was reporteds Burprising that so many known
androgen-co regulators have not been charactenzétgt male reproductive tract, both

in fetal and postnatal life. For the first timejsthhesis reports that BRG1 and CBP
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change in expression in cell types in the develppestis and co-localize with AR in
what appears to be a stage dependent manner. ffootfee the preliminary studies in
this thesis suggest that RWDD1 expression is amuiraggulated and future studies
should determine if its involved in the pathway to hypospadias. Thiglgtoan also
conclude that exposure to indomethacin during tHeWwM in the rat, does not affect
masculinisation. Although this study did not deterenif PGs synthesis was blocked in
the fetus by indomethacin and to what extent, ttheeese outcomes reported in the
female offspring suggested that fetuses were exipand this did not affect androgen
action during the MPW. Finally, this thesis fourt investigating the development of
the male penile anatomy is not an easy task! Homwesiag serial sectioning and OPT
provided a good method for understanding the deweémt of the rat GT at least from
e19.5 onwards. Furthermore, in order to investigat&iways which are involved in the
GT and in hypospadias almost -certainly requires kgr antibodies for
immunohistochemistry, as without such tools it ificilt to draw firm conclusions.
Protein expression and localization in the différptanes of the GT is an absolute
requirement for the understanding of the pathway®lved in the development and
disorders of the GT.

The studies in this thesis have shown that cedatiiies are not involved in regulation
of the MPW. However, it still remains to be detaned what is regulating the MPW and
what is unique about this time frame. Although jnetary, the results from the study of
androgen co-regulators look promising and, irrespeof their role or not in the MPW,

further studies may lead to a better understandirige importance of co-regulators and
their interaction with AR in modulating androgertiac in the male reproductive tract.
This may also lead to specific pathways which ampartant in TDS and the MPW as
suggested by the RWDD1 results found. In additiovestigating methylation activities

before during and after the MPW also looks to béngmortant angle for future studies
into regulation of the MPW, although this would d¢reatly facilitated if methylation of

specific genes was being investigated. One of teasaof interest for this thesis was
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genes involved in GT development and hypospadigpospadias is a disorder which
involves both the environment as well as genetKslf@ et al, 2011). In order to
investigate the molecular mechanisms of androgéaram the development of the GT
during the MPW, which might be disrupted in the tyjpadias disorder, the use of
microarrays as a starting point may not be the mashising approach.
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