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Understanding testicular function and the pathological states that result in male infertility or androgen deprivation requires
knowledge of the hormonal control of the testis. The regulation of reproduction is under the control of the hypothalamicpituitary gonadal axis. As early as 1930, the importance of the pituitary gland in controlling reproduction as well as many other
functions was recognized (Smith, 1930).
Clear evidence for the involvement of this system also emerges from the seasonal inﬂuence on reproductive processes in females
and males from many species but there is less evidence for a role of season in the control of human reproduction (Popa and
Fielding, 1931; Harris, 1948; Green and Harris, 1951). These observations indicate that the changing day length is detected via
the eyes and result in a change in reproductive behavior. In addition, the effect of psychological stress and marked weight loss
associated with anorexia are known to inﬂuence the regularity of menstrual cycles. Further, as early as 1930 the need for replacement
therapy following the removal of the pituitary was recognized (Smith, 1930).
The neural pathways involved result in stimulating the hypothalamus to send signals that act to alter the secretion of hormones
from the pituitary gland that inﬂuence testicular and ovarian function (Popa and Fielding, 1931; Harris, 1948; Green and Harris,
1951).
As with all endocrine glands in the body, the endocrine control of the testis is exerted via the hypothalamic-pituitary testicular
axis. The pituitary gland is formed by two components, one of epithelial origin from the developing pharynx which forms the
anterior pituitary or adenohypophysis and a neural down growth from the hypothalamic region of the brain that forms the
neurohypophysis (Figs. 1–4); (Popa and Fielding, 1931). The latter is responsible for the secretion of oxytocin and vasopressin.
Those signals are transmitted by peptide hormones that utilize a portal system of blood vessels to carry them from the
hypothalamus to the anterior part of the pituitary gland (Fig. 4). In contrast, the posterior pituitary is composed of nerve ﬁbers
arising from nerve cells which release their products into blood vessels thus entering the circulation and transporting those entities
to their sites of action (Green and Harris, 1951). Harris, one of the pioneers in this ﬁeld articulated the basis of our current
understanding of the physiology of the hypothalamo-hypophyseal system. He used electrical stimulation to demonstrate the neural
link to the pituitary gland (Green and Harris, 1951).
The mechanisms involved are the secretion of gonadotropin releasing hormone (GnRH), a decapeptide secreted by
hypothalamic neurones into the hypothalmo-hypophyseal portal vascular system that conveys the secreted GnRH to stimulate
the gonadotrophic hormones, follicle stimulating hormone (FSH) and luteinizing hormone (LH) secretion by the gonadotrophin
secreting cells in the anterior pituitary gland (Guillemin, 1964; Gersh, 1938). In turn, FSH and LH circulate in the blood stream to
stimulate spermatogenesis and testosterone secretion by the testis in the male, and ovulation and estradiol secretion by the ovary in
the female.
The pulsatile nature of LH secretion clearly supports the pulsatile nature of the GnRH stimulus but the pulsatility is less evident
from the pattern of FSH secretion since the longer half-life of FSH obscures the pulsatility. The pulse frequency and amplitude is set

Fig. 1
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A diagram of a median section of the pituitary gland.
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Fig. 2

A diagram of the region of the third ventricle from below.

Fig. 3

A diagram of a median section through the pituitary and the body of the sphenoid bone.

Fig. 4

A diagram of a coronal section of the pituitary gland and adjacent structures.
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by signals from a collection of nerve cells in the hypothalamus called the arcuate nucleus. Thus external stimuli, such as the changes
that occur due to seasonal alterations in photoperiod, are detected by the eyes and relayed to the hypothalamus. Therein, these
visual stimuli are transduced into neural signals that are transmitted to pathways that affect the GnRH pulsatility. The latter, in
turn, inﬂuence the secretion of FSH and LH by the pituitary. The early onset of pulsatile GnRH secretion results in precocious
puberty whereas the failure to initiate pulsatile GnRH results in a delay or a failure to commence puberty in both males and females.
Modiﬁcations in the peptide structure of GnRH has resulted in some analogues having a higher afﬁnity and high potency
whereas other structural changes can result in agents that can bind to the receptor but fail to induce downstream signaling and
can thus act as contraceptive agents.
As with most hormonal systems, the target tissue responds to the hormone and also sends feedback signals that modulate the
bioactivity concerned. Thus the steroid hormones produced by the ovary and testis, estradiol and testosterone, exert a negative
feedback action on the secretion of FSH and LH.
FSH also stimulates the ovary and the testis to secrete inhibin, a protein hormone that acts as its feedback regulator (Robertson
et al., 1987). It is composed of two subunits termed a and b and speciﬁcally suppresses FSH and the DNA sequences for the
encoding genes were cloned for bovine inhibin (Forage et al., 1986). A second protein that speciﬁcally suppresses FSH was also
isolated (Robertson et al., 1987) and given the name FSH suppressing protein. The same protein was also isolated independently
and given the name, follistatin, the name by which it is now known (Ying et al., 1987). Other agents such as neuropeptide Y enhance
GnRH binding to its receptors and augment LH pulses. Immuno-neutralization of NPY attenuates the LH surge at ovulation.
Similarly, the actions of estradiol on GnRH are complex, supressing the magnitude in the ﬁrst 36 h of exposure and then
augmenting the response after 48 h.
Since the release of GnRH by the hypothalamus is pulsatile, the subsequent FSH and LH release by the pituitary is also pulsatile.
The pulsatility is more evident for LH which has a shorter half-life than FSH. Through GnRH, which enables neural inputs into the
regulation of the gonadotrophins, external factors such as photoperiod, nutrition, stress, infection, and inﬂammation can affect
their secretory patterns. The arcuate nucleus, a collection of nerve cells or neurones in the hypothalamus, is responsible for setting
the pulse frequency and amplitude of GnRH secretion. Thus the early onset of pulsatile secretion initiates precocious puberty and
a delay in the onset results in delayed puberty. Some mutations in the GnRH receptor can negate the pulses of GnRH from
inﬂuencing FSH and LH secretion and thus acting as a cause of the failure to initiate puberty.
The pathway controlling GnRH pulse frequency involves kisspeptin acting on the GPR-54 receptor on GnRH secreting neurones.
In general kisspeptin and glutamate increase GnRH release and endogenous opiod peptides inhibit GnRH secretion. The actions of
estrogenic steroids such as estradiol are complex with increasing levels being initially inhibitory and later stimulatory, in part
dependent on the pulse frequency. As indicated above, the onset of FSH and LH secretion determines the timing of puberty in
that an early onset results in precocious puberty and a failure or delay in the onset results in delayed puberty. In some instance,
mutations in the genes encoding the GnRH receptor are the cause of the failure of FSH and LH secretion or result in low levels
of these gonadotrphins causing delayed puberty or infertility. Mutations in the gene encoding this receptor are known to cause
hypogonadotrophic hypogonadism which presents in males and females as the failure of pubertal onset. NPY is a 36 amino
acid protein member of the pancreatic polypeptide family and enhances GnRH binding to gonadotrophs in the pituitary gland
and augments the LH response to GnRH. In the testis, NPY expressing nerve ﬁbers are conﬁned to the capsule of the testis and
capsular blood vessels (Allen et al., 1989).
Given that FSH and LH are the agents that circulate via the blood to the ovary and the testis, they are critical components that
regulate spermatogenesis in males and oogenesis and ovulation in females. In turn, the ovarian and testicular steroid hormones,
estradiol and testosterone, act predominantly as negative regulators of FSH and LH. In addition, FSH stimulates the gonads to
produce a hormone, inhibin that acts as a speciﬁc inhibitor of FSH secretion. There are two forms of inhibin which are dimers
of two subunits, alpha(a) and beta(bA) and beta (bB). Inhibin A (abA) and Inhibin B (abB) both suppress FSH secretion. Castration
of males or females results in a rapid decrease in the serum inhibin levels indicating that the gonads are the source of these proteins.
In the male, the Sertoli cells of the testes are the site of production of inhibin. There is yet another protein that regulates FSH and that
is called follistatin which is structurally unrelated to the activins and inhibins (Meinhardt et al., 1998). In contrast to inhibin, the
levels of follistatin did not change after castration, indicating that it was also produced at other sites.
There are also proteins that exert a stimulatory inﬂuence on FSH levels. These are dimers of the inhibin bA and bB units which can
form proteins called activin A (bAbA) and activin B (bBbB) and stimulate FSH secretion (Vale et al., 1986; Ling et al., 1986).
Follistatin acts by binding the activins with high afﬁnity and in vivo, the follistatin-activin complex is targeted to a lysosomal
degradation pathway. Follistatin also binds to heparin sulfate proteoglycans that form part of the basement membranes of
many tissues throughout the body. In addition to binding and inactivating the activins, follistatin also binds another protein called
myostatin which, as its name suggests, is a “repressor” of muscle mass. Thus mutations of myostatin in cattle, which render
myostatin inactive, have very large muscles as seen in the Belgian Blue breed of cattle.
The amino acid sequence of the activins and follistatin from rodents and humans is very highly conserved such that they are
virtually identical. This degree of conservation across such a wide range of animal species suggests that these proteins have
important functions.
Although, the activins are involved in the control of FSH, they are also regulators of our body’s response to infection. Within
30 min of a challenge using lipopolysaccharide (LPS), a component of the Salmonella bacterium, activin A increases signiﬁcantly
(Jones et al., 2007). Other data available suggests that activin A is a major regulator of our body’s inﬂammatory response. For
instance, the levels of serum activin A and activin B are markedly elevated in patients admitted to intensive care units with acute
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respiratory failure caused by a variety of agents (de Kretser et al., 2013) Should they remain elevated, they are indicators of a very
poor outcome not just in the acute phase of the infection but also for up to a year after that hospital admission.
The outcome of inﬂammation in many organs is ﬁbrosis or scarring and activin is responsible for the ﬁbrosis and follistatin can
be used to attenuate the degree of ﬁbrosis.
While this section focuses on the male, these proteins have important regulatory functions in the female, covered in another
section of this Encyclopedia of Reproduction.
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Introduction
In female mammals, reproductive processes such as puberty, ovarian cyclicity and pregnancy require precise coordination of the
hypothalamic–pituitary–ovarian (HPO) axis. The major components of the HPO axis include the hypothalamic gonadotropinreleasing hormone (GnRH) neurons, the pituitary gonadotropes and ovarian structures, such as follicles and the corpus luteum
(Fig. 1). The gonadotropes respond to GnRH by releasing the gonadotropins follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), which in turn stimulate folliculogenesis and steroid and peptidergic hormone secretion by the ovaries. The hypothalamic, pituitary, and ovarian hormones integrate to orchestrate the different events within the reproductive cycle so they occur in
a timely manner to ensure successful reproduction (see earlier review (Beshay and Carr, 2013)). In this chapter, we present an overview of the key components and hormones of the HPO axis, discuss the complex endocrine interactions that exist between the
different levels of this axis, and summarize recent ﬁndings on the main factors and mechanisms that regulate the HPO axis in
the female mammals.

The Hypothalamus
The hypothalamus encompasses the lower part of the lateral wall and the ﬂoor of the third ventricle, containing several localized
clusters of neurons, called nucleus, that control multiple processes such as metabolism, reproduction, and behavior. The median
eminence located at the base of the hypothalamus extends to the pituitary and contains neurosecretory neurons that control
hormone synthesis and secretion from the pituitary.

GnRH
Hypothalamus

Ovarian hormones

Pituitary

FSH & LH

Ovary

Fig. 1

Schematic showing the components of the hypothalamic–pituitary–ovarian axis.
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GnRH and Its Mode of Release
The GnRH neuron
The decapeptide, GnRHdthe primary hypothalamic regulator of reproductive function, is synthesized in specialized neurons as
part of a larger precursor molecule (prohormone) containing 92 amino acids. GnRH neurons originate in the olfactory placode
and migrate to the hypothalamus where several hundreds of these cells can be found diffusely distributed in the anterior portion
of the hypothalamus, the preoptic area (POA), and more caudally in the medial basal hypothalamus (MBH). Most GnRH neurons
have two dendritic projections, which may extend remarkable distances (2–3 mm) from the cell body. The main target of hypothalamic GnRH projections is the primary plexus of the pituitary portal system in the median eminence.

The hypothalamic–pituitary portal vasculature
Upon reaching the median eminence, GnRH axons end on capillary loops that give rise to long portal veins that descend along the
pituitary stalk to terminate in the pituitary sinusoids. The portal system facilitates the rapid exchange between the hypothalamus and
the pituitary, requiring only minute amounts of neurohormones to stimulate release of hormones by the pituitary. The superior hypophyseal arteries form the primary capillary plexus that supplies blood to the median eminence. From this capillary system, the blood is
drained in hypophyseal portal veins to the secondary plexus, a network of fenestrated sinusoid capillaries that provide blood to the
anterior portion of the pituitary. This anatomical arrangement allows rapid and undiluted transport of GnRH to the pituitary gland.

GnRH biosynthesis
To date, three isoforms of GnRH (GnRH-I, GnRH-II, and GnRH-III) have been identiﬁed in humans and many others have been
detected in ﬁsh, amphibians, and protochordates. GnRH-I is the classic hypothalamic peptide responsible for regulating the
synthesis and secretion of gonadotropins. GnRH-II, ﬁrst reported in brain tissue and since been found in other peripheral tissues,
such as the uterus and ovaries is also capable of stimulating LH release. The role of GnRH-III, ﬁrst identiﬁed in the lamprey, in
humans remains unclear (Schneider et al., 2006).
Upon synthesis, GnRH-I gets transported to the median eminence of the hypothalamus and then released in the portal circulation in a pulsatile manner. The lifespan of GnRH-I is very short with a half-life of 2–4 min. Because of its short half-life and rapid
dilution in the peripheral circulation, GnRH-I concentrations are very difﬁcult to measure in the peripheral circulation.

GnRH pulsatility
The cellular network that elicits the pulsatile increases in GnRH secretion is referred to as the “GnRH pulse generator” and
includes the synchronously ﬁring GnRH neurons. While there is supporting evidence that GnRH pulsatility is intrinsic to
GnRH neurons themselves and that extensive intercellular mechanisms orchestrate synchrony within the network, more recent
observations strongly indicate that other neurons in the MBH target the GnRH neuronal network directly to drive the pulsatile
release of GnRH (Fig. 2). Kisspeptin, the most potent stimulator of GnRH secretion yet discovered, appears to be an integral
component of the GnRH pulse generator. Of particular interest are the neurons in the arcuate nucleus (ARC) that co-express the
neuropeptides kisspeptin, neurokinin B, and dynorphin, termed KNDy neurons. In contrast to the endogenous opioid dynorphin that has inhibitory actions on GnRH release, neurokinin B is generally stimulatory to GnRH secretion. Based on the action
of these neuropeptides on GnRH release and the neuroanatomical evidences that KNDy neurons communicate with GnRH
neurons (particularly at the level of the median eminence), a model for GnRH pulse generation has been established. This

Fig. 2 Schematic depicting the control of the GnRH neurons in the hypothalamus. KNDy neurons in the arcuate nucleus project to GnRH cell
bodies and axonal projections to modulate GnRH release into the median eminence (ME).
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model proposes that GnRH pulse generation is initiated in the KNDy neuronal network in the ARC by a reciprocating interplay
of stimulatory neurokinin B signals and inhibitory dynorphin inputs and the output of the pulse generator is relayed to GnRH
neurons via the release of kisspeptin from axonal terminals originating from KNDy neurons (Fig. 2; Lehman et al., 2010).

The Pituitary Gland
The pituitary, also known as the master endocrine gland, is a small gland located beneath the third ventricle of the brain and above
the sphenoidal sinus in a bone cavity called sella turcica. The pituitary gland contains two major lobes: anterior and posterior.

The Anterior Pituitary
Development
The anterior pituitary, also known as adenohypophysis, is a classic endocrine gland in that it is composed of secretory cells of epithelial origin supported by connective tissue rich in blood and lymphatic capillaries. The anterior pituitary is derived from the
ectoderm, more speciﬁcally from the Rathke’s pouch, part of the developing hard palate in the fetus. The Rathke’s pouch eventually
loses its connection with the pharynx, giving rise to the anterior pituitary. The pouch becomes committed to organ development
several days prior to the expression of markers of individual cell types within the mature anterior pituitary gland. Between the
time of organ commitment and maturation, a series of cell type-speciﬁc differentiation and proliferative events occur.

Cell types
The ﬁve cell types present in the mature anterior pituitary gland are deﬁned based on the trophic factors that they synthesize and
secrete. Corticotropes secrete adrenocorticotrophin, thyrotropes produce thyroid-stimulating hormone, somatotropes secrete
growth hormone, lactotropes produce prolactin and gonadotropes secrete the gonadotropins, LH and FSH.

The Posterior Pituitary
The posterior pituitary, also known as neurohypophysis, is a grouping of axonal projections that secretes oxytocin responsible for
increasing uterine contractions and vasopressin, an antidiuretic hormone.

Gonadotropes
Gonadotropes are specialized basophilic cells in the anterior pituitary that express cell surface receptors for GnRH and produce LH
and FSH.

The GnRH receptor
The GnRH-I receptor is a G-protein coupled receptor that utilizes inositol triphosphate and diacylglycerol as second messenger
molecules to stimulate protein kinase, release calcium ions, and cyclic adenosine monophosphate activity. While the pituitary is
the classic target tissue for GnRH actions, the GnRH-I receptor is expressed in many other tissues, including ovarian follicles,
pancreas, liver, heart, and the placenta. Importantly, the continuous activation of the GnRH receptor results in its desensitization
thus enabling the use of GnRH agonists for treatment of reproductive disorders such as precocious puberty and endometriosis, and
to prevent GnRH actions prior to ovarian stimulation cycles for in vitro fertilization. Therefore, only pulsatile GnRH administration
can restore normal gonadotropin secretion in individuals lacking endogenous GnRH secretion (e.g., Kallmann syndrome).

Luteinizing hormone
LH is a glycoprotein heterodimer consisting of two subunits: a- and b-subunits. The a-subunit is common between LH, FSH, and
TSH and consists of 92 amino acids. The b-subunit is distinct and hormone-speciﬁc, which allows the different biological actions of
each hormone. The LH b-subunit has 120 amino acids and one to two sialic acid residues, giving it its shorter half-life of approximately 20 min. LH is secreted in a pulsatile manner except preceding ovulation when a massive release of LH (LH surge) occurs to
trigger ovulation. Since LH secretion is primarily regulated by GnRH, peripheral levels of LH serve as good surrogate markers for
assessing pattern of GnRH release.

Follicle-stimulating hormone
FSH is also a glycoprotein heterodimer consisting of two subunits: a- and b-subunits. The FSH b-subunit contains 118 amino acids
and 5 sialic acid residues. The sialic acid content of FSH and LH is responsible for the half-life of these hormones, with greater
number of sialic acid residues yielding longer half-life. FSH has a half-life of approximately 3–4 h, thus providing sustained support
to facilitate growth of ovarian follicles.

Ovaries
The ovaries are the female gonads and are primarily responsible for the generation of gametes and production of hormones that
regulate reproductive function. In most mammals, a pair of ovaries is present on either side of the body and is structurally
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made of inner medulla and the outer cortex that is encapsulated by a connective tissue rich membrane called tunica albuginea.
While the medulla contains vascular structures such as blood and lymphatic vessels, the cortex contains the follicles, which are
the functional units of the ovary.

Follicular Development
An ovarian follicle contains the female gametedoocyte, and the somatic cells, granulosa and theca cells. The number and type of somatic
cells varies depending on the stage of follicular development. During the embryonic development, the primordial germ cells (PGCs) originate from the endoderm of the yolk sac and migrate into the genital ridge. These PGCs mitotically divide to form the oogonia, which
later undergoes meiosis to form the oocyte. The primordial follicles are formed when the naked oocytes are surrounded by the pregranulosa cells (Fig. 3). These primordial follicles form the ovarian follicular pool or reserve and majority of these follicles remain in a quiescent state. A few follicles emerge from the reserve at speciﬁc intervals, a process termed as activation, and either undergo atresia
(degeneration) or develop into primary follicles with the transformation of granulosa cells from spindle to cuboidal shaped. Follicular
growth continues with granulosa cells dividing to form several layers around the oocyte leading to the development of the preantral
follicle. During this developmental period, the follicle also acquires the theca cells that surround the granulosa cells. It has been suggested
that follicular development up until the preantral stage occurs in a gonadotropin-independent manner, however, the role of gonadotropins cannot be ruled out because FSH receptors are present in early follicular stages.
Subsequent follicular differentiation occurs under the inﬂuence of gonadotropins with preantral follicles progressing to the
antral stage with development of a ﬂuid-ﬁlled cavity, termed the antrum. Selection of a dominant follicle from the antral follicular
pool that is destined for ovulation (Fig. 3) occurs under the inﬂuence of FSH. Further maturation into Grafﬁan or preovulatory
follicle occurs predominantly under LH stimulation. Upon ovulation, the release of egg from the follicle, subsequent transformation of the follicular remnant into the endocrine structure corpus luteum is driven by LH.

Ovarian Hormones
The ovarian hormones produced under the inﬂuence of LH and FSH include steroidal and non-steroidal polypeptide hormones.
Androgens and estrogens are produced by theca and granulosa cells, respectively. Under the inﬂuence of LH, theca cells take up
cholesterol and convert it into 17-hydroxy-pregnenolone through the D5 pathway, which is then acted on by 17-hydroxylase to
synthesize the androgen androstenedione. Majority of androstenedione is aromatized into the major estrogen, estradiol, by the
enzyme aromatase (CYP19) in granulosa cells, a process that occurs under the inﬂuence of FSH. In the corpus luteum, synthesis
of progesterone is stimulated by LH through the D4 pathway (Miller, 2008).
The non-steroidal hormones, among others, include those belonging to the transforming growth factor beta (TGFb) family
namely inhibin, activin, anti-Mullerian hormone (AMH), TGFa, bone morphogenetic proteins, and growth differentiation factors.
Other factors produced by the ovary include insulin-like growth factors (IGF), kit ligand, ﬁbroblast growth factors, epidermal
growth factors, and prostaglandins.

Inhibins
Inhibins are protein hormones consisting of two subunits a and b and are secreted mainly by the granulosa cells under the inﬂuence
of FSH but are also produced by the pituitary gonadotropes. Two forms of inhibin have been identiﬁed, Inhibin-A and -B. The
a subunits are identical, while the b-subunit differs between both forms of inhibin (denoted as bA and bB, respectively). InhibinB is predominantly secreted during the follicular phase, while the A form is secreted during the luteal phase. Inhibins function
to suppress FSH secretion by the anterior pituitary.

Activins
Activins are secreted by granulosa cells and are homo- or hetero-dimers of the inhibin b subunits, with activin A and B being the
homodimer of two bA and bB subunits, respectively and AB being the heterodimer. Activin is also produced in the pituitary and
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stimulates FSH release. Other b forms have been identiﬁed, raising the possibility of additional homo- and hetero-dimeric forms
although their role in regulation of gonadotropin secretion is still being ascertained (Wijayarathna and De Kretser, 2016).

Follistatin
Follistatin is a monomeric glycoprotein produced by the ovary as well as anterior pituitary folliculostellate cells. It is a high afﬁnity
activin binding protein therefore its main role in female reproduction is to sequester activin and inhibit FSH secretion.

Anti-Mullerian hormone
AMH is produced by granulosa cells. AMH production increases from primordial to preantral follicle stage, being highest in preantral and small antral follicles but declining thereafter. AMH is implicated in inhibition of follicular recruitment from the resting
pool. It acts on antral follicles to decrease FSH sensitivity, reduce aromatase activity and allow the selection of the dominant follicle
(Visser and Themmen, 2014). AMH is increasingly being used as a biomarker of the relative size of the ovarian reserve (Pankhurst,
2017). Recently, receptors for AMH have also been identiﬁed in the mouse and human hypothalamic neurons suggesting a potential
direct role in the neuroendocrine system (Cimino et al., 2016).
All intra-ovarian factors act in a paracrine manner to inﬂuence follicular growth and maturation (Gougeon, 2010).

Regulation of the HPO Axis
The cyclic functioning of the HPO axis involves a complex interaction between the hypothalamus, pituitary and ovary that include
feed-forward, feedback and paracrine loops (Fig. 4).

Hypothalamus
Neuropeptides
Neurosteroids

GnRH

Anterior pituitary
Activin
Inhibin
Follistatin

FSH

LH

Ovary
Protein hormones:
Activin, AMH, BMP, EGFs, Follistatin,
GDF, IGF, Inhibin, etc.
Steroids:
Estrogens, androgens, and
progesterone

Progesterone

Estradiol

Inhibin

Reproductive tract & other organs
Fig. 4

Hypothalamic–pituitary–ovarian axis depicting feed-forward, feedback, and paracrine loops.
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The Feed-Forward Regulation in HPO Axis
A pulsatile release of GnRH by the hypothalamic GnRH pulse generator leads to feed-forward regulation of the anterior pituitary
gonadotropes that promotes synthesis, storage and secretion of gonadotropins (Fig. 4). Gonadotropin secretion depends on the
frequency of pulsatile GnRH secretion with faster frequency favoring LH-b subunit gene transcription and LH release, and slower
frequency favoring FSH-b gene transcription and FSH release.
The gonadotropins released under the inﬂuence of GnRH have feed-forward actions at the ovarian level (Fig. 4) where they bring
about morphological and hormonal changes. These include regulation of follicular differentiation by FSH, induction of ovulation
and formation of corpus luteum by the surge release of LH, stimulation of theca cell androgen production by LH, conversion of
androgen to estrogen as well as synthesis of inhibin and activin by FSH, and the stimulation of progesterone production in the
corpus luteum by LH.

The Feedback Regulation of the HPO Axis
The feedback regulation of HPO axis, which may be negative or positive, involves control of hormonal release from the hypothalamus, pituitary or ovary by the end products of their stimulation (Fig. 4). Such feedback ensures that follicular growth, maturation,
ovulation, corpus luteum formation and preparation of the uterine lining occur in a controlled and timely manner so as to facilitate
successful conception or renewal of the reproductive cycle in the event of unsuccessful conception.

Negative feedback regulation
Estradiol, progesterone, and inhibin are the main ovarian hormones that participate in the negative feedback regulation of the
neuroendocrine axis to decrease gonadotropin release (Fig. 4). At the level of the hypothalamus, the exact afferent neuronal pathways and mechanisms mediating the gonadal steroid-dependent negative feedback process remain unresolved as the majority of
GnRH neurons do not express receptors for gonadal steroids. Current evidence suggests that kisspeptin neurons located in the
POA and ARC play a key role conveying the feedback regulatory effects of gonadal steroids on GnRH neurosecretory activity. Kisspeptin neurons located in the ARC (KNDy neurons) express receptors for gonadal steroids and have been postulated to mediate the
negative feedback actions of estradiol on GnRH secretion (Lehman et al., 2010). There is considerable evidence that the inhibitory
effects of progesterone on GnRH pulsatile secretion is mediated through dynorphin from KNDy neurons. This premise is supported
by the observations that KNDy neurons express the progesterone receptor, local administration of an antagonist to the dynorphin
receptor in the MBH increases LH pulse frequency during the luteal phase in sheep, ovariectomy decreases the expression of dynorphin in the ARC and local administration of a progesterone receptor antagonist to the ARC disrupts the negative feedback actions of
progesterone on GnRH/LH secretion (Lehman et al., 2010).
The inhibitory effects of estradiol on gonadotropin secretion, apart from its action on GnRH release, also appear to be partially
mediated via direct pituitary effects. This involves repression of FSH-b subunit expression by estradiol. Inhibin from the ovary also
exerts negative feedback on the pituitary FSH secretion and one mechanism proposed involves competing with activin in binding to
its receptors, thereby preventing activin’s role in stimulating FSH secretion.

Positive feedback regulation
The ovarian hormone estradiol is the main player that exerts positive feedback action in the HPO axis (Fig. 4) and research ﬁndings
suggest that there are important differences in the neuronal systems mediating its positive actions on GnRH surge release between
different animal models. While in rodents it appears that the anteroventral periventricular area is the main hypothalamic area
involved, in sheep and primates the estradiol positive feedback is largely mediated in the MBH. Despite these differences, in
most female mammals increased expression of kisspeptin during the late follicular phase promotes a robust release of GnRH
that in turn stimulates the surge release of gonadotropins. In humans, the anterior pituitary appears to be an important site of estradiol positive feedback regulation of LH secretion.

Paracrine Regulation
In addition to the positive and negative feedback regulation discussed earlier, there are several paracrine/autocrine regulatory loops
at all levels of the HPO axis. For instance, GnRH has been shown to regulate its own secretion (Padmanabhan et al., 1995). Several
neuropeptides produced by hypothalamic neurons, such as kisspeptin, also participate in paracrine regulation of GnRH release.
More recent studies suggest neurosteroids produced within the hypothalamus may also participate in feedback regulation of
GnRH release (Kenealy et al., 2013). At the pituitary level, activin, inhibin and follistatin produced by the pituitary modulate
FSH synthesis through paracrine actions. Activins promote FSH secretion by increasing the number of GnRH receptors on gonadotropes (Fortin et al., 2015) while inhibin and follistatin oppose activin actions.
At the level of the ovary, there are several paracrine systems operational. Some examples of such paracrine regulation include: (1)
modulation of activin action by its binding protein, follistatin, (2) promotion of theca androgen production by inhibin, (3) downregulation of FSH receptors in antral follicles by AMH, which helps reduce FSH sensitivity thus allowing emergence of dominant
follicles, (4) induction of inhibin and gonadotropin receptors by estradiol, and (5) promotion of FSH-induced estrogen production
in granulosa cells and LH-induced androgen production in theca cells by inhibins. Another important example of a paracrine
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Fig. 5 Hypothalamic, pituitary, and ovarian hormonal, ovarian follicular and corpus luteum and uterine epithelial changes during the menstrual
cycle. The mean concentrations of each of the hormonal changes are shown with LH pulsatile secretion shown as insets during the early and later
follicular, periovulatory and luteal phases. E2, estradiol; P4, progesterone; inh.A, inhibin A; inh.B, inhibin B. Adapted with permission from Mahutte, N.
G. and Ouhilal, S. (2007). In: Hurd, W. W. and Falcone, T. (eds.) Clinical reproductive medicine and surgery. St. Louis, MO: Elsevier.

feedback loop within the ovary involves androgen and inhibin with inhibin acting on theca cells to regulate androgen production
and androgen acting back on granulosa cells to regulate inhibin production.

Other Regulators of HPO Axis
In addition to regulation of the HPO axis by its components and their secretions, nutrition, metabolic status and seasonality, among
other factors, also regulate the HPO axis. Reproductive processes in female mammals can be energetically costly, thus requiring
a coordinated regulation by the nutritional and metabolic systems. Therefore, the HPO axis must receive and integrate information
about peripheral metabolic cues in order to regulate reproductive function. Neuropeptides and leptin are the major cues of the
body’s metabolic status.
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Although leptin, a metabolic hormone produced primarily by adipocytes, does not affect GnRH secretion directly as its receptor
is not present on GnRH neurons, the effects of leptin are mediated through intermediate neuronal pathways that encompass hypothalamic neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons and proopiomelanocortin (POMC) neurons. While NPY
has inhibitory action, melanocyte-stimulating hormone alpha (aMSH), one of the products of the POMC gene, has stimulatory
effect on GnRH neurons (Evans and Anderson, 2017). Undernutrition upregulates NPY expression in the ARC reducing the
GnRH pulsatility while increased leptin concentrations in circulation not only downregulates NPY but also increases aMSH
increasing the GnRH/LH pulsatility (Evans and Anderson, 2017).
Photoperiod is a major factor determining annual changes in reproductive function in mammalian species that breed seasonally
such as sheep (short day breeders) and mares (long day breeders). While the neuronal mechanisms involved in photoperiod control
of GnRH/LH pulses remain uncertain it may involve hypothalamic dopaminergic neurons, KNDy neurons in the ARC, and neurons
expressing RF-amide related peptide 3, which is also referred to gonadotropin inhibitory hormone 3 (Clarke, 2011). Another important factor modulating GnRH release in female mammals is stress. Stress inﬂuences the GnRH pulse generator reducing the
frequency of GnRH/LH pulses through increased cortisol secretion (Whirledge and Cidlowski, 2010).
Apart from actions at the GnRH neurons, metabolic hormones such as insulin, leptin and adiponectin enhance gonadotropin
synthesis and release via direct action on the gonadotropes. Stress in addition to reducing GnRH pulsatility also reduces pituitary
responsiveness to GnRH, and ampliﬁes the negative feedback while inhibiting the positive feedback effects of estradiol (Whirledge
and Cidlowski, 2010).
At the level of the ovary, the major metabolic hormones modulating ovarian function are insulin and adiponectin. Insulin is
referred to as a co-gonadotropin in the ovary as in addition to acting alone can potentiate gonadotropin action. Insulin can also
activate IGF receptors in the ovary. The ovary also expresses adiponectin receptors and adiponectin promotes ovulatory and luteinization processes induced by the LH surge by increasing steroidogenesis, prostaglandin synthesis and angiogenesis (Palin et al.,
2012). While glucocorticoids have an anti-inﬂammatory role in the ovary and aid in the formation of the corpus luteum, stressinduced increase in glucocorticoids has negative effects by suppressing the LH-induced steroidogenesis (Whirledge and Cidlowski,
2010).

Conclusions
Precise coordination of components of the HPO axis via endocrine and paracrine feedback mechanisms is essential to maintain
adequate reproductive cyclic function. At the beginning of reproductive cycle, increasing levels of LH and FSH facilitate growth
of multiple follicles to early antral stage (Fig. 5). The estradiol and inhibin B produced by the growing follicles exert negative feedback effects at the hypothalamic–pituitary level leading to a reduction in FSH secretion. The increased estradiol also promotes
uterine epithelial growth to prepare for receiving the conceptus. The follicle that develops increased sensitivity to FSH in the face
of reduced FSH support differentiates into the dominant follicle. The dominant follicle contributes to a further increase in estradiol
secretion leading to positive feedback response at the hypothalamic–pituitary level and surge release of gonadotropins triggering
ovulation. Upon release of the oocyte, the follicle remnant develops into a progesterone and inhibin A producing organ called
corpus luteum. The increase in progesterone and inhibin secreted by the corpus luteum exerts negative feedback at the hypothalamic–pituitary level to reduce LH and FSH secretion. In the event of conception, luteal function is maintained by factors produced
by the developing conceptus. If conception fails, the corpus luteum undergoes regression leading to a decline in progesterone and
inhibin A secretion that result in removal of negative feedback effects at the hypothalamic–pituitary level leading to an increase in
LH and FSH secretion and reinitiation of the cycle. All in all, the HPO axis integrates peripheral signals and via feed-forward, feedback and paracrine mechanisms it enables reproductive success to ensure the survival of the species.
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Discussion
Student 2: Reference 1 above
•! What unique endocrine parameter was identified in the hypothalamic regulation of pituitary
function?
•! What physiological advantage does this have?
•! How does this information fit into the understanding of Brain-Pituitary-Gonadal axis?
Student 3: Reference 2 above
•! What was the experimental design and objectives of the study?
•! What cellular processes and pathways were identified to be affected?
•! What insights into dioxin actions on the hypothalamus were obtained?
Student 4: Reference 3 above
•! How did the hypothalamus and pituitary induce puberty?
•! What was the hypothalamus-pituitary and testis hormone axis established?
•! What molecular mechanism in the hypothalamus and pituitary were involved?
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Hypothalamus and Pituitary Cell Biology

Figure 1 | Anatomy of the pituitary gland. Sagittal section through the midline
shows the pituitary gland within the diaphragma sella (a fold that encases the
pituitary), situated immediately posterior to the sphenoid sinus.

2

Figure 2. Sagittal MRI scan showing anterior pituitary hypoplasia. APH=anterior pituitary hypoplasia.
PP=posterior pituitary, which is ectopic on this image. OC=optic chiasm., normal here. The
infundibulum connecting the pituitary to the hypothalamus is not shown.

Figure 1. GnRH neuronal migration in the mouse and targeting of immortalized GnRH neuronal cell lines at specific windows
across development. Immortalized NLT and Gn GnRH neuronal cells were derived from a tumor in the olfactory region to
cribiform plate, whereas the GT GnRH neuronal cells were derived from a tumor in the forebrain. The photomicrograph is from
E15 mouse brain stained for GnRH and peripherin, shows the normal migratory route of GnRH neurons from the olfactory
placode region across the cribiform plate to the forebrain and is adapted from [1]. Abbreviations: BF, basal forebrain; CP,
cribriform plate; E, embryonal day; GnRH, gonadotropin-releasing hormone; OB, olfactory bulb; OP/VNO, olfactory
placode/vomeronasal organ.

Figure 4. Phorbol ester signaling in GT1 GnRH neurons promotes neurite outgrowth. 12-O-tetradecanoylphorbol-13 acetate
(TPA) signals to PKC, and in GT GnRH neurons. PKC promotes neurite outgrowth, translocates to the growth cone and
activates MAPK. It also localizes to focal adhesions to stimulate FAK and p130cas phosphorylation. PKC is proposed to be
another activator of neurite outgrowth. PKC, by contrast, is a negative regulator of neurite outgrowth and initially localizes
to the nucleus, then to membrane ruffles. The PKC pathway also promotes neurite outgrowth through alterations in Ncadherin and translocation of -catenin to the growth cone. Based on results in [71, 72 and 73]. Abbreviations: -cat, -catenin;
FAK, focal adhesion kinase; GnRH, gonadotropin-releasing hormone; MAPK, mitogen-activated protein kinase; PKC,
protein kinase C; TPA, 12-O-tetradecanoylphorbol-13 acetate.
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Fig. 1. Development of the mammalian anterior pituitary gland. (A) Inductive signaling between and within the ventral diencephalon (DIEN) of the brain and oral
ectoderm/anterior neural ridge (OE/ANR) promotes the formation of a rudimentary Rathke's pouch (rRP), and the infundibulum (INF), the respective primordia of the
adenohypophysis and neurohypophysis. Later, a definitive Rathke's pouch (dRP) forms, which then separates from the oral cavity. The mature pituitary gland is encased
by the sella turcica (ST) of the sphenoid bone (SB). AP=anterior pituitary lobe, ASTERISK=intermediate pituitary lobe, IIIv=third ventricle of the brain, ME=median
eminence, PP=posterior pituitary, PT=pars tuberalis. (B) The five anterior pituitary hormone-secreting cell types, their hormone products, and the target organs of the
hormones are shown. In addition, the receptors that allow regulation of pituitary hormone secretion by hypothalamic and other regulatory hormones are depicted.
ACT=activin, AVP=arginine vasopressin, CRH=corticotropin-releasing hormone, DA=dopamine, GHRH=growth hormone releasing hormone, GHS=growth hormone
secretagogue/ghrelin, GnRH=gonadotropin-releasing hormone, LIF=leukemia inhibitory factor, OT=oxytocin, PACAP=pituitary adenylate cyclase-activating
polypeptide, PRH=prolactin releasing hormone, SS=somatostatin, TRH=thyrotropin-releasing hormone, VIP=vasoactive intestinal peptide.
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Molecular Mechanisms Governing Embryonic Differentiation of Pituitary Somatotropes.
Ellsworth BS, Stallings CE.
Trends Endocrinol Metab. 2018 Jul;29(7):510-523.
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Fig. 2. Transcriptional regulation of anterior pituitary gland development. Inductive interactions involving the ventral diencephalon (DIEN) and oral ectoderm (OE) prime
the expression of transcription factors that guide the development of Rathke's pouch (RP) into the specialized hormone-secreting cell types. The approximate
developmental times (in days [d] or weeks [w] of gestation) at which key structures can be observed in various mammals are given. In addition, the approximate times at
which hormone gene products can be detected are shown (times refer to the detection of mRNA, except human data and porcine PRL which represent protein detection;
based on [Schwind, 1928, Clements et al., 1977, Osamura, 1977, Danchin and Dubois, 1982, Ikeda et al., 1988, Simmons et al., 1990, Stefanovic et al., 1993, Japon et al.,
1994, Ma et al., 1994, Ma et al., 1996 and Granz et al., 1997]; and references therein). IP=intermediate pituitary lobe.
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Fig. 2. Schematic of gonadotropin subunit promoters with major sites implicated in their regulation indicated. The
consensus -subunit promoter map shown is based predominantly on the mouse gene sequence. The consensus LH map is
based on the bovine and rat gene sequences and the FSH promoter map is based on the ovine gene sequence.

Fig. 4. A model of a proposed role of a BMP2-induced gradient of GATA-2 expression, acting
with Pit-1, in determination of gonadotrope and thyrotrope lineages. In thyrotropes, Pit-1 exerts
a DNA binding-independent transrepression to inhibit GATA-2-dependent activation of
gonadotrope cell type-specific promoters; Pit-1 and GATA-2 synergistically activate TSH.
GATA-2 may directly or indirectly inhibit activity of the Pit-1 early enhancer. Pit-1 but not
GATA-2 is expressed and required in somatotropes and lactotropes. White boxes denote
response elements.

Fig. 5. Model of "repressosome"-based recruitment of a corepressor complex in cell typespecific long-term active repression of growth hormone gene expression in lactotropes. The
altered spacing of the Pit-1 POUS and POUH on growth hormone and prolactin sites, in
concert with additional DNA binding factors, dictates recruitment of an N-CoR-containing
corepressor complex, causing restriction of growth hormone gene expression in the
lactotrope.
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Schedule/Lecture Outline –
January 14 & 16
21 & 23
28 & 30
February 4 & 6
11 & 13
18 & 20
25 & 27
March 3 & 5
10 & 12
16 – 20
24 & 26
31 & 2
April
7&9
14 & 16
21 & 23
28 & 30
May
5&7

Week 1
Week 2
Week 3
Week 4
Week 5
Week 6
Week 7
Week 8
Week 9
Week 10
Week 11
Week 12
Week 13
Week 14
Week 15
Week 16
Week 17

Systems Biology Introduction
Molecular/ Cellular/ Reproduction Systems
Sex Determination Systems
Male Reproductive Tract Development & Function
Female Reproductive Tract Development & Function
Gonadal Developmental Systems Biology
Testis Systems Biology
Ovary Systems Biology
Epigenetics and Transgenerational Gonadal Disease
Spring Break
Gametogenesis/ Stem Cells/ Cloning
Hypothalamus-Pituitary Development & Function
Reproductive Endocrinology Systems
Fertilization & Implantation Systems
Fetal Development & Birth Systems
Assisted Reproduction/Contraception
Exam or Grant Review
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