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      The Reproductive System                     

     Andrew     Pask    

    Abstract  

  Correct sexual development is arguably the most important trait in an 
organism’s life history since it is directly related to its genetic fi tness. The 
developing gonad houses the germ cells, the only legacy we pass on to 
subsequent generations. Given the pivotal importance of correct reproduc-
tive function, it is confounding that disorders of sex development (DSDs) 
are among the most common congenital abnormalities in humans (Lee 
et al. J Pediatr Urol 8(6):611–615,  2012 ). Urogenital development is a 
highly complex process involving coordinated interactions between 
molecular and hormonal pathways in a tightly regulated order. The con-
trols that regulate some of the key events in this process are beginning to 
be unraveled. This chapter provides an overview of our understanding of 
urogenital development from the gonads to the urogenital ducts and exter-
nal genitalia.  
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1.1         Development 
of the Indifferent  Gonadal 
Ridge   

 The gonadal ridge  fi rst   appears as a bulge of inter-
mediate mesoderm on the ventromedial surface of 
the intermediate embryonic kidney, the meso-
nephros, at around 10.5 days  post coitum  (dpc) in 
mouse. At this stage, the gonad is identical in 
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structure between males and females and is com-
prised largely of somatic cells with germ cells 
migrating in from surrounding tissues. The 
 somatic cells   will contribute to the supporting, 
interstitial and steroid-producing cell lineages, 
while the germ cells will form the gametes 
(Merchant-Larios et al.  1993 ). As development 
proceeds, the epithelium and underlying mesen-
chyme of the gonad and mesonephros prolifer-

ates, and both organs increase in size. The 
 mesonephros   contains the mesonephric and 
paramesonephric ducts that facilitate fl uid move-
ment during kidney development but will later 
form aspects of the male and female reproductive 
tracts respectively. Both ducts exist as paired 
structures that sit adjacent to the gonads (Fig.  1.1 ). 
Several  homeobox genes   including  Lhx1 ,  Lhx9  
and  Emx2  have been implicated in the  early   pat-
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  Fig. 1.1     Sexual differentiation of the    urogenital system.  
  The early embryo has a bipotential urogenital system ( top 
diagram ) that can proceed towards a female ( left ) or male 
( right ) fate. Female urogenital development occurs in the 
absence of testis development and subsequent absence of 
AMH and testosterone. Under these conditions the 
Wolffi an/mesonephric duct will fail to proliferate while the 
Müllerian/paramesonephric duct will develop in to the ovi-
duct, uterus and upper portion of the vagina ( pink ). The 

lower region of the vagina ( black ) is derived from the uro-
genital sinus. Male urogenital development occurs in the 
presence of a testis and the subsequent production of AMH 
and testosterone. AMH actively drives the regression of the 
paramesonephric ducts while testosterone promotes the dif-
ferentiation of the Wolffi an ducts to form the epididymis, 
vas deferens, seminal vesicle, prostate and bulbourethral 
glands ( blue ). The penile urethra forms from the fusion of 
tissue from the urogenital sinus and urorectal septum       
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terning of the gonadal ridge and mesonephros 
ducts (Svingen and Koopman  2007 ). Mutations in 
the Wilms’ tumour 1 gene ( Wt1 )       cause the gonads 
to fail to progress past the indifferent stage as well 
as defects in mesonephric development and kid-
ney tumours (Kreidberg et al.  1993 ). Interestingly, 
loss of  Wt1  has been shown to alter the expression 
of several long noncoding RNAs and their gene 
targets during tumorigenesis (Hubertus et al. 
 2011 ). Mutations in the gene encoding steroido-
genic factor 1 ( Sf1 ) and  M33  also cause a block in 
early gonadal development (Luo et al.  1994 ; 
Shinoda et al.  1995 ; Katoh- Fukui et al.  1998 ).

   Following the formation of the sexually indif-
ferent bipotential gonad, molecular factors will 
initiate its progression towards one of two sepa-
rate developmental fates;  testis or ovary        . The 
developing gonad then produces the hormones 
and factors necessary to facilitate the coordinated 
development of the associated ductal systems and 
development of the appropriate external genitalia 
and other secondary sexual characteristics. An 
outline of the key events involved in  each   of these 
processes in males and females will be discussed 
below.  

1.2      Sex Determination      

 In therian mammals, the decision to follow a 
male or female fate is held largely in the hands of 
the Y-linked  Sry  gene (Gubbay et al.  1990 ; 
Lovell-Badge and Robertson  1990 ; Koopman 
et al.  1991 ; Harry et al.  1995 ).  Sry  is the master 
trigger for testis differentiation, initiating Sertoli 
cell differentiation (Koopman et al.  1990 ; Rossi 
et al.  1993 ). Recently it was shown that  Sry  
expression from the Y-chromosome is epigeneti-
cally regulated by the autosomal histone H3K9 
demethylase JMJD1A (Kuroki et al.  2013 ).   Sry  
expression   triggers the direct upregulation of the 
critical testis gene  Sox9  where it acts as a tran-
scriptional activator of the testis differentiation 
pathway (Sekido and Lovell-Badge  2008 ). 
Interestingly,  SOX9   is initially present in the 
indifferent gonad of both XX and XY foetuses. In 
males it is rapidly upregulated and translocated to 
the nucleus, while in females, in  the   absence of 

the Y chromosome and  Sry ,  Sox9  transcription is 
not upregulated, the protein remains cytoplasmic 
and the gonad will proceed towards an ovarian 
developmental fate (Malki et al.  2005 ; Pask et al. 
 2010 ). The upregulation of  Sox9  is arguably the 
most critical step in the initiation of a testis (Qin 
et al.  2004 ), since loss of  Sox9  in XY gonads 
 results      in ovarian development (Barrionuevo 
et al.  2006 ), while ectopic expression of  Sox9  in 
XX gonads can induce testis formation. Thus, 
SOX9 is both necessary and suffi cient for testicu-
lar development (Bishop et al.  2000 ; Vidal et al. 
 2001 ; Qin and Bishop  2005 ).  

1.3      Testicular Development   

 Following the upregulation of  Sry  and  Sox9  in the 
bipotential gonad, the fi rst morphological signs 
of testis development are the appearance of  male 
pattern vasculature  , including a prominent coelo-
mic vessel in eutherian mammals, and the forma-
tion of testicular cords.  SRY   also triggers 
proliferation of the coelomic epithelium, a fea-
ture that is required for testis development but not 
ovarian differentiation (Schmahl and Capel 
 2003 ). All these features contribute to a greatly 
increased abundance of cellular proliferation 
within the XY gonad, a key hallmark of male 
development (Schmahl et al.  2000 ). 

 The rapid growth of the testis is further facili-
tated by cell immigration (Capel et al.  1999 ).  Sry  
triggers the movement of mesonephric cells, 
which invade the developing testis and were 
believed to contribute to the Leydig, peritubular 
myoid and endothelial  cell lineages   (Fig.  1.2 ) 
(Martineau et al.  1997 ). However, recent research 
has shown that these cells exclusively comprise 
of migrating endothelial cells, which help to 
establish testis-specifi c vasculature, including the 
development of the characteristic  coelomic ves-
sel   on the outermost surface of the  testis  . The for-
mation of side branches from the coelomic vessel 
delineates the position and division of the devel-
oping testis cords (Coveney et al.  2008 ).

   Testis cords are initially composed of three cell 
types:  germ cells   which will form spermatogonia; 
 Sertoli cells   which enclose the germ cells, and 
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 peritubular myoid (PM)       cells   which surround and 
contribute to the structural integrity of the testis 
cords. A basement membrane is deposited around 
the testis cord forming a distinct barrier. Located 
between the cords are interstitial cells, which 
include Leydig and endothelial cells (Fig.  1.2 ). 

 Sertoli cells differentiate early in testicular 
development and are critical mediators of testis 
patterning. While SRY is the primary  trigger   for 
Sertoli cell development, it is not necessary. 
Sertoli cells can develop from XX bearing cells 
lacking the Y-chromosome (and  Sry ) altogether 
in mouse XY – XX chimeric gonads (Palmer and 

Burgoyne  1991 ).  Prostaglandin D 2  (PGD 2 )        , a 
paracrine signal secreted by Sertoli cells is able 
to recruit neighbouring supporting cell precur-
sors to a Sertoli fate (Wilhelm et al.  2005 ). As 
such, Sertoli cells both direct and help reinforce 
an overall testis phenotype from the developing 
gonad. 

 Once Sertoli cells are specifi ed, the formation 
of testicular cords involves their aggregation 
around clusters of immigrant germ cells (Kanai 
et al.  1991 ,  1992 ). Sertoli cells form tight 
 junctions with one another building a continuous 
barrier around each cord, followed by another 

Indifferent  
gonad 

Prespermatogenic 
testis 

Spermatogenic 
testis 

Primary 
Follicle 

Secondary + 
Follicle Corpus Luteum 

Steroidogenic cell 

Sertoli cell 

Germ cell 

Peritubular 
Myoid cell 

Stromal cell 

Germ cell 

Granulosa cell 

Theca cell 

Leydig cell 

Steroidogenic cell 

Mitotic Germ cell 

Meiotic Germ cell 

  Fig. 1.2     Cell lineages of the developing    gonads    .  The 
indifferent or bipotential gonad ( left ) contains a mixture 
of somatic ( orange ) and germ ( blue ) cells, with the latter 
migrating in from surrounding tissues. In males ( top row ), 
SRY triggers the development of Sertoli cells ( orange ) 
that organize themselves into cords surrounding groups of 
germ cells (prespematogenic testis). The cord is sur-
rounded by peritubular myoid cells ( grey ), which together 
with Sertoli cells provide structural integrity to the cord 
through the deposition of the basal lamina. Between the 
cords, the steroidogenic Leydig cells ( green ) secrete tes-

tosterone. In the spermatogenic testis, mitotic spermato-
gonial stem cells, located at the outer edge of the cord 
( blue ), provide for continuous spermatogenesis. In 
females ( bottom row ), the absence of SRY causes the sup-
porting cell lineage ( orange ) to follow a granulosa cell 
fate. These cells eventually surround individual germ cells 
( blue ) to form primordial follicles. The steroidogenic cell 
lineage ( green ) become theca cells which surround the 
granulosa cells. Following ovulation, the granulosa and 
theca cells luteinize to form the steroidogenic corpus 
luteum       
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peripheral layer of fl attened PM cells (Pelliniemi 
and Frojdman  2001 ; Frojdman et al.  1989 ). A 
basement  membrane  , which forms the blood- 
testis barrier, is deposited on the basal side of the 
Sertoli cell through interactions with the adjacent 
PM cells (Richardson et al.  1995 ; Tung and Fritz 
 1993 ). The  basement membrane (basal lamina)   is 
an essential component for male fertility and the 
structural integrity of the testis. Structurally, it is 
comprised of laminin (Kleinman et al.  1993 ), 
collagen (Paulsson  1992 ) and heparin sulphate 
proteoglycans (Timpl  1993 ). Similar structural 
components are also found in the ovary but are 
fragmented and do not arrange into continuous 
basement membranes. 

 The  germ cells  , which will later form the 
sperm, are critical for male fertility but, interest-
ingly, are dispensable for testicular differentia-
tion. In germ cell defi cient mice, testicular cords 
form normally (Merchant  1975 ). However, the 
converse does not old true and Sertoli cell devel-
opment and cord  formation   are necessary for 
triggering male germ cell development and 
spermatogenesis. The decision for a germ cell to 
follow a male or female fate is not intrinsically 
determined by its chromosomal complement 
XX or XY, but instead is determined extrinsi-
cally by the identity of the supporting cells 
which surround it (Palmer and Burgoyne  1991 ; 
Burgoyne et al.  1988 ). In both males and females 
the gonad is fl ooded with  retinoic acid (RA)        , 
which triggers germ cell entry into meiosis, a 
female developmental fate during foetal life. 
However, in males, the meiosis-inducing signal 
from RA is rapidly catabolized to prevent it 
from reaching the germ  cells  . This is mediated 
by the  CYP26B1 enzyme  , produced in large 
quantities by the Sertoli cells (Bowles et al. 
 2006 ; Koubova et al.  2006 ). In the absence of an 
appropriately timed meiotic entry signal from 
RA, germ cells in a testis instead arrest in mito-
sis, preserving their proliferative potential in the 
mature gonad. 

  Leydig cells   are the major steroidogenic cell 
lineage of the testis that reside between the tes-
ticular cords, and are primarily associated with 
blood vessels. Two different types of Leydig cells 
have been identifi ed. The foetal Leydig cells are 

derived in part from mesonephric cells, while 
adult Leydig cells form much later in develop-
ment and have different embryological origins 
(Payne et al.  1996 ). Both types, however, serve to 
produce testosterone, responsible for the coordi-
nated masculinization and virilisation of the 
reproductive system (Payne et al.  1996 ).  

1.4      Male Urogenital Tract 
Differentiation   

 The early embryo has both  Wolffi an (mesoneph-
ric) and Müllerian (paramesonephric) ducts   con-
tained within the mesonephros (Fig.  1.1 ). Males 
must promote the differentiation of the Wolffi an 
duct (Josso  1970a ,  b ), while actively driving the 
removal of the Müllerian ducts. The maintenance 
and elaboration of the Wolffi an ducts is driven by 
testosterone produced initially by the fetal Leydig 
cell population. Under the infl uence of  andro-
gens  , the Wolffi an duct will undergo regionally 
restricted differentiation to form the epididymis, 
vas deferens and seminal  vesicles   (Fig.  1.1 ). The 
differential development of regions of the 
Wolffi an duct is controlled in part by homeobox 
genes and growth-factors that show restricted 
domains of expression throughout the tubule, 
each acting downstream of androgen signalling 
(Hannema and Hughes  2007 ). 

 The removal of the Müllerian ducts is critical 
for normal testicular descent to occur in males. 
This is mediated by  Müllerian inhibiting sub-
stance (MIS)     , also known as  anti-Müllerian hor-
mone (AMH)        , one of the fi rst proteins produced 
by the Sertoli cells in the early gonad. AMH 
actively drives the degeneration of the Müllerian 
ducts (Behringer et al.  1994 ; Behringer  1994 ) 
through binding to the AMH receptor,  AMHR2 , 
and inducing apoptosis (Kobayashi et al.  2011 ). 
Mutations in either  AMH  or  AMHR2  cause  per-
sistent Müllerian duct syndrome (PMDS)         in 
human. If left untreated, PMDS can dramatically 
affect male fertility and most often requires sur-
gical intervention to retrieve abdominal testes 
and remove the Müllerian derivatives, which 
interfere with the development of the vas defer-
ens and epididymis (Ju et al.  2013 ). 
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 The development of the  prostate   and male 
external genitalia is driven by conversion of foe-
tal testosterone to the more potent androgen, 
dihydrotestosterone (DHT), by the enzyme 
5α-reductase (Yamada et al.  2006 ). The  prostate 
forms   from the internal (pelvic) urethral tissue of 
the urogenital sinus. Androgen stimulation 
causes prostatic buds to form from the urethra, 
which then undergo elongation and further 
branching morphogenesis to form the basis of the 
adult prostate (Keil et al.  2012 ). Although the 
adult mouse and human prostate have dissimilar 
morphologies, their embryological origin and 
function are the same (Allgeier et al.  2010 ). 
Continued epithelial budding of the urogenital 
sinus under the infl uence of androgens also gives 
rise to the  bulbourethral glands  , a male accessory 
organ that produces a viscous fl uid to aid in ejac-
ulation, caudal to the prostate and adjacent to the 
 penile urethra   (Fig.  1.1 ) (Allgeier et al.  2010 ). 

 Not unlike the indifferent gonad, the external 
genitalia initially form as bipotential anlagen 
identical in structure between males and females. 
This structure, located anterior to the cloaca is 
known as the  genital tubercle      (Fig.  1.3 ). Under 
the infl uence of androgens, namely DHT, the 
genital tubercle shows increased cellular prolif-
eration and outgrowth in males. The urethra 
becomes internalized in the forming penis by the 
invasion of the  urorectal septum (URS)      into the 
phallus. The  URS   originates from within the clo-
aca and grows distally into the phallus, resulting 
in the urethral meatus terminating at the tip of the 
penis (Perriton et al.  2002 ; Cohn  2004 ). 
 Androgens   also drive the fusion of the labio- 
scrotal bulges, which form the male scrotum into 
which the testes will later descend.

   Thus, the development of the male  sexual phe-
notype   is a very active process, driven by the 
rapid development of the testis, which immedi-
ately begins to output androgen and  AMH  , which 
together act to masculinize the reproductive sys-
tem. This process is characterized by increased 
cellular proliferation throughout the male uro-
genital system, but particularly in the  gonads and 
external genitalia  . This is in contrast to several 
aspects of female urogenital development, which 
is, at least at the outset, a less active process.  

1.5      Ovarian Development   

 The indifferent gonad will proceed towards an 
ovarian fate in the absence of the Y-chromosome 
and/or the upregulation of the  Sry  gene. Unlike 
the rapid growth and gross morphological remod-
elling that happens in a very short time window 
in the  early   developing testis, ovarian develop-
ment starts at a more modest pace. The fi rst gross 
morphological sign of ovarian development is the 
distinction between the cortex and medulla and 
the formation of germ cell nests in the outer cor-
tex which will be the site of  oogenesis   (Wilhelm 
et al.  2007 ). In all mammals, this morphological 
event occurs at a later developmental time point 
to the formation of cords in the testis. 

 The ovary is made up of the same cast of cell 
lineages as the testis albeit arranged differently to 
support oogenesis (Fig.  1.2 ). The  germ cells   are 
surrounded by granulosa cells, the female equiv-
alent of the Sertoli cells, which will nurture germ 
cell development. As development progresses 
each individual germ cell becomes surrounded 
by its own layer of granulosa cells forming the 
primordial follicle (Brennan and Capel  2004 ). 
The female  equivalent   of the Leydig cells are the 
steroidogenic theca cells, which form around the 
primordial follicles and provide the hormones 
necessary for  follicle growth and oocyte matura-
tion  . The theca cells differentiate from the ovar-
ian stroma in response to signals secreted from 
the growing follicle (Magoffi n  2005 ). Once a fol-
licle has ovulated, the  theca and granulosa cells   
luteinize to form the highly steroidogenic corpus 
luteum, which produces progesterone to maintain 
pregnancy should the ovulated oocyte become 
fertilized (Henkes et al.  2003 ). 

 Early  vascularization   of the ovary is also very 
different to that seen in the testis. The ovary 
forms an extensive network of small capillaries 
that initially surround each of the germ cell nests 
and later the individual primordial follicles 
(Bullejos et al.  2002 ). These vessels are thought 
to ensure delivery of growth factors to nurture 
follicular development and, following ovulation, 
they export hormones out of the corpus luteum. 

  Female germ cell proliferation   only takes 
place during early development, in contrast to the 

A. Pask



7

- Androgen+ Androgen

Glans

Cloaca
Labio-scrotal 
bulges

Urethral folds

Indifferent Genital Tubercle

Penile Shaft

Glans Penis

Urethral opening

Urethral groove

Fused Scrotum

Anus

Clitoris

Labia majora

Labia minora

Urethral 
Opening

Vagina

Anus

Anus

Anus

Clitoris

Prepuce

  Fig. 1.3     Sexual differentiation of the    external genitalia    .  
The external genitalia initially form the sexually indiffer-
ent  genital tubercle  . This structure will develop into the 
male and female external genitalia, dependent on the 
presence or absence of testosterone respectively. In the 
presence of androgen (namely testosterone and DHT), 
the genital tubercle will under go outgrowth and elonga-
tion. The glans ( red ) will form the glans penis and the 
urethral folds ( pink ) will fuse and form the penile shaft 
and prepuce eventually covering the glans penis. The 
labio- scrotal bulges ( blue ) will fuse at the midline to 
form a continuous scrotum into which the testes will 
descend. The perineum also undergoes active prolifera-

tion in males resulting in a distally located anus ( yellow ) 
which septates from the cloaca early in development. 
This leads to a greater anogenital distance (distance 
between the anus and genital opening) in males com-
pared to females. In the absence of androgens, the glans 
( red ) forms the clitoris and proliferates only marginally 
compared to males. The urethral folds ( pink ) and labio-
scrotal bulges ( blue ) fail to fuse at the midline and go on 
to form the labia minora and labia majora respectively. 
The anus ( yellow ) septates from the cloaca early in devel-
opment like in males, but fails to migrate as far distally in 
the absence of androgens, leading to reduced anogenital 
distance in females       
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continuous proliferation seen in the male germ 
line. This results in a fi nite number of follicles 
being present in the mature ovary. Interestingly, 
in addition to their fi nite numbers, the female 
germ cells also undergo large amounts of apopto-
sis in early development resulting in an even 
more limited number of  primordial follicles   
(Borum  1961 ). This is thought to be a selection 
process that results in the retention of only the 
fi ttest germ cells (Morita et al.  1999 ). It is still 
unknown if this represents those germ cells that 
are intrinsically more fi t and/or physically located 
in a better position within the developing ovary. 

 The number of ovarian  germ cells         becomes 
fi nite once the cells have entered meiotic arrest in 
the early foetus. Entry into meiotic arrest is trig-
gered by RA that fl oods the developing gonads of 
both males and females. RA triggers the expres-
sion of  Stra8 , which in turn directs germ cell 
entry into meiosis (Koubova et al.  2006 ; Bowles 
et al.  2006 ). 

 Interestingly,  formation and maintenance   of 
the somatic ovarian environment is dependent, at 
least in part, on the presence of meiotic germ 
cells. This is in contrast to the testis where Sertoli 
cells and testicular cords will form in the com-
plete absence of germ cells (Couse et al.  1999 ; 
Hashimoto et al.  1990 ). In the ovary, the absence 
of germ cells causes granulosa cell to transdif-
ferentiate into Sertoli-like cells and arrange into 
cords, reminiscent of a testis-like morphology 
(Couse et al.  1999 ). These Sertoli-like cells 
upregulate key male genes such as  Sox9  as if they 
were in a testis (Britt et al.  2004 ). Thus, there 
appears to be vital communications between the 
germ and somatic cell lineages in the developing 
ovary that are critical for its correct patterning 
and maintenance. 

  Oestrogen      is also a critical factor for maintain-
ing ovarian fate. In the oestrogen receptor defi -
cient or aromatase defi cient mice (ERKO and 
ArKO respectively), early ovarian differentiation 
appears to proceed normal, however, shortly after 
birth the germ cells are lost. As seen in the devel-
oping germ cell-defi cient ovary (described above) 
the granulosa cells transdifferentiate to Sertoli- 
like cells, form cords and upregulate  Sox9  (Britt 

et al.  2002 ). Upon administration of oestrogen 
back to ArKO mice, the ovarian histology is 
restored and  Sox9  is downregulated (Britt et al. 
 2004 ). Furthermore, exogenous oestrogen admin-
istration to the bipotential gonad in marsupial 
mammals can drive complete ovarian develop-
ment from XY gonads (Pask et al.  2010 ). 
Together, these fi ndings suggest that ovarian 
somatic cell fate is malleable and can  transdif-
ferentiate   towards a Sertoli cell fate in the absence 
of oestrogen or meiotic germ cells.  

1.6      Female Urogenital Tract 
Differentiation   

 Without the formation of a testis there is no early 
production of testosterone or  AMH  . Testosterone 
and its more potent metabolite DHT are required 
for the persistence and elaboration of the Wolffi an 
(mesonephric) ducts, and in their absence in 
females, the ducts passively regress. Conversely, 
in the absence of AMH, the Müllerian (parame-
sonephric) ducts persist and elaborate to form the 
fallopian tubes, uterus, cervix and upper portion 
of the vagina (Fig.  1.1 ). Because development of 
the female urogenital system happens in the 
absence of both testosterone and AMH it is  often   
referred to as the passive or default  pathway     . 
However, development of the Müllerian ducts is 
still an active process that requires precise 
regional development that is controlled, in part, 
by  Hox  genes (Du and Taylor  2004 ). 

 Similarly, in the absence of testosterone and 
DHT in the circulation of early female embryos, 
the external genitalia become feminized. Rather 
than this being an active process, the feminiza-
tion results from failure of the external genitalia 
to become masculinized. In the absence of testos-
terone the embryonic phallus elongates only mar-
ginally and becomes the clitoris. The urethral 
folds and genital swellings remain separated 
(unlike in males where these fuse to form the 
penis and scrotum) and become the  labia minora 
and labia majora   respectively (Fig.  1.3 ). These 
structures proliferate as the embryo grows and 
eventually surround the clitoris to form the 
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female  external genitalia  . The urogenital sinus 
remains open and contributes to the formation of 
the lower vagina (Yamada  2005 ). 

 Another sexually dimorphic feature and a 
defi ning characteristic of mammals is the devel-
opment of the  mammary glands  . The underlying 
mammary line (milk duct) forms around the time 
when gonads fi rst appear in the early embryo. 
The mammary placodes form along the mam-
mary lines and bud inwards from an invagination 
of the epithelium. These mammary buds then 
undergo branching morphogenesis in association 
with the mammary fat pad and will eventually 
give rise to the nipples. As development pro-
gresses oestrogen production from the ovary trig-
gers the mammary ducts to continue to expand 
through branching morphogenesis to invade the 
underlying mammary fat pad (Hens and 
Wysolmerski  2005 ). During pregnancy and par-
tuition the mammary ducts undergo further 
dynamic rounds of cell division and differentia-
tion to prepare for milk production and let-down. 
 Luminal cells   within mammary aveoli formed 
from the branching ducts are the sites of milk 
production. Milk is channelled through the ductal 
system to the nipple through myoepithelial con-
tractions (Daniel and Smith  1999 ). Following 
weaning of the young the mammary gland under-
goes signifi cant rounds of apoptosis (involution) 
to remodel to the pre-pregnancy state. A large 
number of dynamically expressed non-coding 
RNAs have been identifi ed during specifi c stages 
of mammary development and involution, how-
ever their precise roles in these processes are yet 
to be defi ned (Hennighausen and Robinson  2005 ; 
Siegel and Muller  2010 ). 

  Interestingly  , several genes subject to genomic 
imprinting are expressed in the mammary gland 
that are either lncRNAs themselves or regulated 
in part by  lncRNAs   (Adriaenssens et al.  1999 ; 
Stringer et al.  2012b ). Genomic imprinting is 
hypothesized to have evolved to help regulate 
nutrient provisioning between  mother   and off-
spring. As a result, many imprinted genes are 
expressed in the invasive placenta of eutherian 
mammals (Angiolini et al.  2006 ). In contrast, 
marsupial mammals have a relatively short gesta-
tion, with a substantially less invasive placenta 

that appears to be less reliant on imprinted gene 
expression (Renfree et al.  2008 ). However, the 
short gestation is traded for a long and sophisti-
cated period of lactation during which the bulk of 
maternal provision to the young occurs (Tyndale- 
Biscoe and Renfree  1987 ). Thus, in  marsupials  , 
the primary site of maternal-young nutrient 
exchange occurs through the mammary gland 
(Renfree et al.  2013 ). Consistent with a role for 
imprinted genes in nutrient provision, several 
imprinted genes known to be regulated by long 
non-coding RNAs, have been identifi ed in the 
marsupial mammary gland (Stringer et al.  2012a , 
 b ). Thus it appears that long non-coding RNAs 
may play a highly conserved and fundamental 
role in the regulation of this sexually dimorphic 
organ.  

1.7     Summary 

 Development of the gonad and associated uro-
genital and secondary sexual characteristics is a 
highly dynamic, tightly regulated and critical for 
species fi tness. However, despite its importance, 
the process is also highly fallible. The following 
chapters will describe recent advances in our 
understanding of the control of the molecular 
pathways underpinning reproductive  develop-
ment   and the role that non-coding RNAs play in 
this complex and critical process.     
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