
The regulation of reproductive neuroendocrine function by
insulin and insulin-like growth factor-1 (IGF-1)

Andrew Wolfe*, Sara Divall, and Sheng Wu
Johns Hopkins University School of Medicine, Department of Pediatrics, Division of
Endocrinology. Baltimore, MD 21287

Abstract

The mammalian reproductive hormone axis regulates gonadal steroid hormone levels and gonadal

function essential for reproduction. The neuroendocrine control of the axis integrates signals from

a wide array of inputs. The regulatory pathways important for mediating these inputs have been

the subject of numerous studies. One class of proteins that have been shown to mediate metabolic

and growth signals to the CNS includes Insulin and IGF-1. These proteins are structurally related

and can exert endocrine and growth factor like action via related receptor tyrosine kinases. The

role that insulin and IGF-1 play in controlling the hypothalamus and pituitary and their role in

regulating puberty and nutritional control of reproduction has been studied extensively. This

review summarizes the in vitro and in vivo models that have been used to study these

neuroendocrine structures and the influence of these growth factors on neuroendocrine control of

reproduction.
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1. Introduction

The complexity of signaling to the hypothalamic-pituitary structures that control

reproductive function is daunting. Mammalian reproduction is impacted by a wide range of

environmental, social and proprioceptive cues. Information about season, time of day,

proximity and sexual receptivity of a mate and nutritional availability all play an important

role in modifying the activity of the hypothalamic-pituitary-gonadal hormone axis. In

addition, signals from within the body such as infection, perceived stress, gonadal steroid

hormone levels and energy availability can exert a profound impact on reproductive function
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(Whirledge and Cidlowski. 2010, Navarro and Kaiser. 2013, Legan and Karsch. 1975,

Rivier. 1993, Bakker et al. 2001).

A number of laboratories have explored the regulation of the hypothalamic gonadotropin-

releasing hormone (GnRH) neuron and the pituitary gonadotroph by the growth factors

insulin and IGF-1, and have identified key roles for each in regulating reproductive

development and function. The identification of a key role for kisspeptin (Kiss1) neurons in

regulating GnRH neurons expands the repertoire of possible targets for growth factor

influence on neuroendocrine reproductive function. Assembled here is a review of our

current understanding of the role these structurally similar proteins play in regulating

puberty, female cyclicity and the response of the hypothalamic pituitary (HP) axis to

changes in metabolic status.

We summarize here the role of insulin and IGF-1, two proteins that can function as either

hormones or growth factors in regulating key elements of the hypothalamus and pituitary

that impact reproduction. Insulin and IGF1 evolved from a common hormone that regulated

both growth and metabolic function and diverged during the development of vertebrates

(LeRoith et al. 1993, McRory and Sherwood. 1997). The proteins are structurally

homologous, bind to highly homologous receptors, and activate common signaling

pathways. In addition, the source of both insulin and IGF-1 can be from the periphery

(Hiney et al. 2009, Baura et al. 1993) or the brain (LeRoith et al. 1988, Daftary and Gore.

2003). These features of their structure, origin and function make it challenging to isolate

the contributions of each hormone and the relative impact of peripheral levels to brain

function. The use of in vitro and in vivo models, including novel genetic mouse models, has

revealed fundamental clues to the roles of insulin and IGF-1 in normal development and

physiology, and in pathophysiology, of reproductive function and we attempt to summarize

those finding here.

2. Summary of HPG axis

The architecture of the HPG axis is classically comprised of three separate structures. GnRH

neurons at the top of the axis direct the action of the pituitary and subsequently the gonads.

GnRH neurons secrete the GnRH decapeptide into the fenestrated capillaries of the portal

vasculature where it travels directly to the cells of the anterior pituitary. As is the hallmark

of neuroendocrine regulation, the small volume of the portal circulation requires only

picomolar amounts of GnRH for biological action. GnRH stimulates its receptors on the

surface of the pituitary gonadotrophs to regulate the expression and secretion of the pituitary

gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). LH and

FSH, in turn, regulate gamete maturation and the synthesis and secretion of the gonadal

steroid hormones.

2.1 GnRH neurons

GnRH neurons lie scattered from the olfactory cortex to as far caudally as the median

eminence in some mammalian species (King and Rubin. 1992). This scattered distribution

reflects a dramatic migration from the site of origin of the GnRH neuron in the olfactory

placode of the developing nose, across the nasal septum, through the olfactory bulbs and
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into the rostral hypothalamus (Schwanzel-Fukuda and Pfaff. 1989, Wray et al. 1989, Kim et

al. 1999). They extend processes mainly to the organum vasculosum of the lamina terminalis

(OVLT) and the median eminence (Jennes and Stumpf. 1986, King et al. 1982, Herde et al.

2011) both of which are circumventrictular organs located in the hypothalamus.

Circumventricular organs are regions of the brain open to the peripheral circulation; the

proximity of GnRH dendritic terminals to the OVLT allows for direct regulation by factors

circulating in the blood such as metabolic or immune signals (Herde et al. 2011).

The GnRH neurons are particularly difficult to study due both to their low abundance in the

brain (estimated as few as 800 neurons in the mouse (Wray et al. 1989)) and as few as 1200

GnRH neurons in human (Crowley. 2011), and to their diffuse and widely scattered

distribution. Despite these obstacles the GnRH gene was cloned in a number of species

(Bond et al. 1989, Hayflick et al. 1989, Radovick et al. 1990, Kepa et al. 1992), and has

been found to be about 4Kb in length and to contain four exons. The first exon codes for a

signal peptide and within the second exon is the coding sequence for the GnRH decapeptide.

The remainder of the second exon, the third exon and most of the fourth exon code for the

GnRH associated peptide (GAP) (Adelman et al. 1986, Dong et al. 1996, Mason et al. 1986)

a cleavage product of unknown function that is produced during the processing of the GnRH

prohormone. The promoters of the human, rat and mouse GnRH genes have been

characterized and regions important for cell-specific expression and regulation of the gene

have been identified (Kim et al. 2002, Wolfe et al. 2002, Wolfe et al. 1995, Skynner et al.

1999, Pape et al. 1999, Lawson et al. 1998, Whyte et al. 1995, Novaira et al. 2012, Novaira

et al. 2011). The cell-specific regions of the human (Radovick et al. 1991) and rat (Mellon et

al. 1990) GnRH promoters have been used to target large T antigen expression to GnRH

neurons in transgenic mice that have been used to develop cell line models. These cell lines

have proven to be important for understanding the electrophysiological, molecular and

structural properties of GnRH neurons (Wolfe et al. 2002, Zhen et al. 1997, Anderson et al.

1999, Bosma. 1993, Besecke et al. 1994, Van Goor et al. 2000, Herbison and Moenter.

2011). A novel strategy for the development of a GnRH neuronal cell line was used by Salvi

et al. to develop the Gnv-3 cells (Salvi et al. 2006). Dispersed adult hypothalamic cells were

immortalized with a c-myc oncogene and the Gnv-3 clonal line obtained. These cells

represent an adult cell model.

Mice expressing the CRE recombinase in GnRH neurons have been developed and have

allowed for the production of a variety of conditional KO mouse models. These include the

GnRH-CRE mouse, developed in our laboratory and the LHRH::CRE (Yoon et al. 2005)

and GnRH-iCre mice (Shimshek et al. 2006) mice. The GnRH-CRE transgene contains

3446bp of the mouse GnRH promoter upstream of a CRE cDNA containing an artificial

intron for improved expression in mammalian systems (Bunting et al. 1999). The

LHRH::CRE mice were produced with a BAC transgene that includes 137 kb of 5′ upstream

and 73 kb downstream sequences around the GnRH coding sequences. The GnRH-iCre mice

were produced using a transgene consisting of 3.5kb of the mouse GnRH promoter fused to

an improved CRE (iCRE) (Shimshek et al. 2002) designed to reduce the CpG content of the

prokaryotic coding sequence with the intent of reducing epigenetic silencing in mammals.

These models have been used for the targeted disruption of Otx2 (Diaczok et al. 2011), PI3

Kinase (Acosta-Martinez et al. 2009), ERK (Wierman et al. 2012), glutamate receptors
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(Shimshek et al. 2006), ERbeta (Abraham et al. 2003), GABA(A) receptor (Lee et al. 2010),

leptin receptor (Quennell et al. 2009), Jak2 (Wu et al. 2011), insulin receptor (Divall et al.

2010), IGF-1 receptor (Divall et al. 2010) and recently the Kiss1 receptor (Kiss1R, also

known as GPR54 (Novaira et al. 2013, Kirilov et al. 2013)) to the GnRH neurons.

2.2. Kisspeptin neurons and the kisspeptin receptor

The description of a patient with idiopathic hypogonadotropic hypogonadism with a

mutation in the KISS1R, and a mouse model with a deletion of the Kiss1R gene added a new

member to the axis structure (Seminara et al. 2003, de Roux et al. 2003). KISS1R is located

on the short arm of chromosome 19 in humans and on chromosome 10 in the mouse and

contains 5 exons, encoding a protein product of 398 amino acids in humans and 395 amino

acids in mice. The natural ligand for KISS1R is the family of kisspeptins encoded by the

Kiss1 gene, which in mice produces a 130 amino-acid protein that is processed to generate

the biologically active 54 amino-acid amidated protein, Kisspeptin 54 (Kp54, also known as

metastin). The carboxyterminal region of Kp54 is responsible for receptor binding and this

region is the most conserved between species (Colledge. 2008). Carboxy-terminal peptides

of 14, 13 or 10 amino-acids (Kp14, Kp13 and Kp10) show similar activities in vitro to Kp54

with the carboxy-terminal amidation required for proper function of all the kisspeptins

(Ohtaki et al. 2001, Muir et al. 2001). The Kiss1 gene consists of two splice variants that

produce the same protein product (Tomikawa et al. 2012).

Several studies have confirmed that GPR54 co-localizes with GnRH neurons (Han et al.

2005, Parhar et al. 2004, Irwig et al. 2004, Messager et al. 2005). Central or systemic

administration of kisspeptins leads to GnRH and gonadotropin secretion in both prepubertal

and adult animals (Irwig et al. 2004, Messager et al. 2005, Gottsch et al. 2006, Matsui et al.

2004, Plant and Barker-Gibb. 2004, Navarro et al. 2005, Shahab et al. 2005, Greives et al.

2007). Two principal populations of kisspeptin neurons are described in the hypothalamus,

one in the arcuate nucleus and one in the anteroventral periventricular nucleus (AVPV). The

specific subset of neurons in the AVPV have been shown to be critical intermediates in

transducing estradiol positive feedback regulating GnRH and the subsequent LH surge that

is required to induce ovulation (Popolow et al. 1981, Wiegand et al. 1980, Wiegand and

Terasawa. 1982, Gu and Simerly. 1997). Within the AVPV of female mice, Kiss1-

expressing neurons are activated by estradiol via the estrogen receptor alpha isoform (ESR1:

(Wintermantel et al. 2006, Smith et al. 2005a)). In contrast, ARC Kiss1 expression is

inhibited by estradiol (Smith et al. 2005a, Smith et al. 2005b), also mediated by ESR1,

although a direct role in mediating negative feedback is not yet established.

In the last ten years kisspeptin neurons have been identified as significant players in the

pubertal process (Seminara et al. 2003, Han et al. 2005, Shahab et al. 2005, Lomniczi et al.

2013). Lying afferent to GnRH neurons, the kisspeptin neurons have also been proposed to

relay metabolic (Kalamatianos et al. 2008, Quennell et al. 2011, Wahab et al. 2011,

Castellano et al. 2010a) or immune/inflammation status (Castellano et al. 2010b) to the

GnRH neuron, to form the anatomical basis for negative and positive feedback by gonadal

steroid hormones (as discussed above) and even to underlie the pulsatile secretion of GnRH
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(Okamura et al. 2013, Wakabayashi et al. 2013, Goodman et al. 2013). The kisspeptin

neurons appear to serve as an integrating center upstream of the GnRH neuron.

The development of mice expressing CRE in the Kiss1 neurons have provided a valuable

new tool for studying the neuronal regulation of reproduction. Three different lines have

been developed. The KissIC mice were developed by the Boehm lab and were produced

using a targeted insertion of a Kiss1 allele with the Cre cDNA inserted into exon 2 of the

Kiss1 gene (Mayer and Boehm. 2011, Mayer et al. 2010). These mice have been used to

suggest that puberty can proceed in the absence of Kiss1 suggesting functional redundancy

in the systems controlling puberty (Mayer and Boehm. 2011). These mice have also been

used to disrupt Esr1 in Kiss1 neurons (Mayer et al. 2010), and this study is discussed below.

The Kiss1-Cre mice developed by the Elias laboratory used a BAC transgene to target

expression to Kiss1 neurons (Cravo et al. 2011). These mice have been used to demonstrate

that leptin regulation of reproductive function was not mediated by Kiss1 neurons (Donato

et al. 2011) and to study the impact of insulin in kisspeptin neurons (discussed below and

(Qiu et al. 2013)). These mice have also been used to disrupt Esr1 expression in Kiss1

neurons (Frazao et al. 2013). The Kiss1-CreGFP mice produced by the Steiner laboratory

(Popa et al. 2013) used a knock-in strategy to insert a CRE-GFP fusion cassette upstream of

the Kiss1 coding sequence. This insertion produced a hypomorphic allele that expressed

very low levels of Kiss1 somewhat reducing their utility as a functional model for targeted

gene ablation. However, these mice have been used to identify Kiss1 neurons in slice

preparation and to explore the electrophysiological properties of arcuate Kiss1 neurons

(Gottsch et al. 2011).

2.3. Pituitary gonadotroph

In the gonadotroph, GnRH binds to specific membrane receptors (GnRHR) on the cell

surface. Activation of GnRHRs triggers a cascade of intracellular signaling pathways, which

ultimately lead to the synthesis and release of LH and FSH. LH and FSH are glycoprotein

hormones that belong to a family that also includes thyroid-stimulating hormone (TSH) and

chorionic gonadotropin (CG). Members of the glycoprotein hormone family are

heterodimers consisting of two non-identical and non-covalently linked subunits. The α

subunit (glycoprotein hormone alpha, αGSU) is common to all members of this family and

is expressed in molar excess in the pituitary to facilitate formation of the intact hormone.

The β subunit is unique and confers specific biological activity to each dimeric hormone

(Pierce and Parsons. 1981). Expression of genes for LHβ (Lhb), FSHβ (Fshb), and αGSU

(Cga) in the anterior pituitary is dependent on pulsatile GnRH secretion. The pattern of the

pulse determines the differential expression of the transcripts. Rapid, high-amplitude pulses

stimulate an increase in Lhb mRNA levels, leading to an increase in LH synthesis and

release from the gonadotroph (Haisenleder et al. 1991, Ferris and Shupnik. 2006).

Several mouse gonadotroph cell lines have been developed by the Mellon laboratory and are

thought to represent different stages of pituitary development. The αT1-1 (Alarid et al.

1996) cell line was developed from a mouse containing a transgene with 5.5kb of the human

common glycoprotein alpha (CGA) gene promoter upstream of the T antigen oncogene. The

αT1-1 is thought to be a cell line representing an early pituitary lineage. These cells express
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the Cga gene but do not express the GnRH receptor or glycoprotein beta subunit genes. The

αT3-1 cells (Windle et al. 1990) were obtained from mice containing a transgene in which

1.8kb of the human CGA gene promoter drove expression of the T antigen oncogene. These

cells represent a later developmental stage of pituitary development and express the GnRH

receptor (Tsutsumi et al. 1992) and respond to GnRH (Windle et al. 1990). Several other cell

lines have been obtained from naturally occurring human or rat pituitary tumors (reviewed

in (Ooi et al. 2004)) and in transformed adult pituitary cells (Kim et al. 2011), but only the

LβT2 cells, also produced by the Mellon group, have been shown to express Fshb. The

LβT2 gonadotroph cell line (Windle et al. 1990) was obtained from a mouse with oncogene

targeting using 1.2kb of the human LHB subunit gene promoter. Originally reported to

produce LH and GnRHR but not FSH (Alarid et al. 1996) they were subsequently found to

secrete FSH, but only following stimulation by activin and not in response to GnRH

treatment (Graham et al. 1999). These cells have become the go to model system for

understanding regulation of pituitary function.

Pituitary gonadotroph specific CRE expressing mice have been developed by several

groups. Two different laboratories have produced mice expressing Cre under the control of

about 4.5kb of the murine promoter for the Cga gene (Cushman et al. 2000, Singh et al.

2009), and these mice have been used to delete Esr1 from pituitary gonadotrophs (Singh et

al. 2009, Gieske et al. 2008). These mice have also been used to reveal a role for ERK

signaling in the gonadotroph (Bliss et al. 2009) and for insulin receptor mediated signaling

in the development of obesity induced infertility ((Brothers et al. 2010) and discussed

below).

Other models have been developed including the Tg(Lhb-cre)1Sac mice (Charles et al.

2008) and the GnRHR cre mouse. (Wen et al. 2008). These mice have been used to label the

gonadotropes to study their phenotypic variability (Wen et al. 2008), to knock out the FoxL2

gene (Tran et al. 2013) and to explore the timing of the developmental role for PTX2 in the

pituitary (Charles et al. 2008).

2.4. Gonads

Following GnRH stimulation of the pituitary gonadotroph, LH and FSH are released into the

general circulation and bind to specific receptors in the gonads. LH binds to LH receptors in

the theca cells of the ovary and the Leydig cells of the teste. In both, it stimulates expression

of enzymatic machinery required for androgen synthesis (Hedin et al. 1987, Hedin et al.

1987, Payne. 1990, Bogovich and Richards. 1982, Ma et al. 2004). Testosterone produced

by the Leydig cell diffuses into the seminiferous tubules and androgen action at the level of

the Sertoli cell is essential for sperm production in males (De Gendt et al. 2004). In the

ovary, androgen (predominantly androstenedione) from the theca cell serves as a substrate

for estradiol synthesis by the granulosa cells. Conversion of androgens to estradiol is

catalyzed by Cyp19 (aromatase) which is regulated by FSH action in the granulosa cells

(Hillier et al. 1981, Ryan. 1979). The massive gonadotropin surge that triggers ovulation is

followed by the formation of the corpus luteum from the cells of the ruptured follicle. The

development of the corpus luteum coincides with the granulosa cells of the ovary beginning

to express the LH receptor. Receptor activation by LH or chorionic gonadotroph, produced
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by the syncytiotrophoblast, and later the placenta, drives synthesis and secretion of

progesterone required for the maintenance of pregnancy (reviewed in (Stocco et al. 2007)).

3. Puberty

The onset of reproductive function, puberty, is activated by an awakening of the GnRH

pulse generator that is dormant during adolescence. In humans GnRH secretion during

adolescence is restrained by an unknown mechanism that does not appear to involve gonadal

steroid hormone feedback since patients with gonadal dysgenesis exhibit a rise in pituitary

gonadotroph secretion when puberty normally occurs (Ross et al. 1983). Similar findings

were observed in the neonatally gonadectomized rhesus monkey model model (Suter et al.

1999, Pohl et al. 1995, Terasawa et al. 1984). In other animal models including sheep and

rodent, a gonadostat model has been proposed in which the gonadal steroid hormones exert a

negative feedback on pulse generator activity during adolescence that appears to be released

at puberty to drive an increase in gonadotropin secretion (Andrews et al. 1981, Olster and

Foster. 1986). Strong support for this model comes from a recent study in which Esr1 was

deleted from the Kiss1 neurons resulting in a dramatic advance in the age of puberty in

female mice (Mayer et al. 2010). However, these mice also exhibit impaired reproductive

cyclicity and are infertile confirming an important role for estradiol feedback regulation at

the level of the Kiss1 neuron. A subsequent study knocking out Esr1 in Kiss1 neurons, using

the Kiss1-Cre mouse, observed a similar phenotype (Frazao et al. 2013). Whether steroid

dependent or not, the factors contributing to the initiation of pulsatile secretion of GnRH at

puberty are the subject of intense study. For over 30 years circulating IGF-1 has been

implicated as a circulating factor contributing to the timing of puberty (Copeland et al. 1982,

Luna et al. 1983, Hiney et al. 1991, Hiney et al. 1996). A recent study has also provided

evidence that insulin may also contribute to the progression of puberty (Qiu et al. 2013). The

role of IGF-1 and insulin in the regulation of neuroendocrine function controlling

reproduction is reviewed below.

In addition to its potential role in mediating positive steroid hormone feedback at the time of

the LH surge, kisspeptin may play an important role in mediating pubertal onset. Both Kiss1

mRNA and Kiss1R mRNA increase during the pubertal development process in rats and

monkeys (Muir et al. 2001, Keen et al. 2008, Kotani et al. 2001) and Kiss1 mRNA increases

dramatically in mice during this period of time (Clarkson and Herbison. 2006). In addition,

centrally administered kisspeptin stimulates gonadotropin secretion and induces pubertal

development in juvenile rodents and monkeys (Matsui et al. 2004, Shahab et al. 2005,

Navarro et al. 2004).

4. Description of metabolic regulation of reproduction

An important evolutionary adaptation is the tight coupling of puberty and reproductive

function and behavior to nutritional availability and to the nutritional status of the organism.

Both chronic and short-term withdrawal of nutrients has been shown to inhibit reproduction

in mammals. Even four hours after missing a meal, the pulse frequency of LH release in

Rhesus monkeys is dramatically reduced (Schreihofer et al. 1993b, Helmreich and Cameron.

1992). This effect appears to be due to metabolic changes and not psychological stresses
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(Schreihofer et al. 1993b, Schreihofer et al. 1993a). In humans, functional hypothalamic

amenorrhea (FHA) represents a common cause of infertility in women and is often the result

of a metabolic stress from low weight or excessive exercise (Berga et al. 1989, Laughlin et

al. 1998). A psychogenic component is also often a basis for FHA (Berga et al. 1997, Giles

and Berga. 1993) which means that even mild metabolic stresses can impact reproductive

function when coupled with more extreme psychosocial stress.

Recent studies from the Bathea lab promise to reveal the neurobiological underpinning to

FHA. Female cynomolgus monkeys were screened for their response to combined mild

metabolic and mild psychosocial stress. Monkeys were stratified into stress resistant,

moderately stress resistant and stress sensitive based on the response of their reproductive

hormone axis to the experimental paradigm. Monkeys defined as stress sensitive were those

that responded with a rapid cessation of reproductive function and serve as a model of FHA

(Senashova et al. 2012). Stress sensitive monkeys were found to have increased cellular

content of GnRH coupled with reduced GnRH fiber density at the median eminence

(Centeno et al. 2007b), reflecting reduced secretory activity (Herod et al. 2011b). Using this

model allowed investigators to identify a key role for impaired serotonin function (Lima et

al. 2009, Centeno et al. 2007a) which, in turn, produces changes in the neural circuitries

controlling the hypothalamic-pituitary-adrenal stress axis (Herod et al. 2011a, Bethea et al.

2011).

It is unclear whether metabolic or secondary hormonal signals modify the central signal

regulating puberty and reproduction in humans, monkeys or other mammals. A number of

candidate molecules have been proposed including glucose (Oltmanns et al. 2001,

Rodriguez et al. 1999, Kawaguchi et al. 1998, He et al. 1999), fatty acids (Boukhliq and

Martin. 1997, Schneider and Wade. 1989, Schneider and Wade. 1990), insulin (Bruning et

al. 2000, Dong et al. 1991, Tanaka et al. 2000), growth hormone/IGF-1 (Hiney et al. 2009,

Anderson et al. 1999, Hiney et al. 1991, Hiney et al. 1996, Longo et al. 1998), leptin (Ahima

et al. 1996, Ahima et al. 1997, Mounzih et al. 1997, Cheung et al. 1997, Chehab et al. 1997)

and a number of other adipokines (Mitchell et al. 2005, Lu et al. 2008) and gut peptides

(Giacobini and Wray. 2007, Fernandez-Fernandez et al. 2005, Tena-Sempere. 2008). While

it is well known that insulin levels are low during fasting, peripheral IGF-1 levels also

change dramatically during fasting in humans (Clemmons et al. 1981, Stoving et al. 1999)

and rodents (Powolny et al. 2008, Frystyk et al. 1999) although the drop in insulin is more

acute than the reduction in IGF-1. Powolny et al. also observed a dramatic increase in

IGFBP3 suggesting an even more robust decrease in bioavailable IGF-1 in response to

nutritional deprivation (Powolny et al. 2008). It is unknown if production of insulin or IGF-1

by the brain is similarly blunted by fasting. Insulin levels are elevated in states of obesity

(reviewed in (Guilherme et al. 2008)). The initial increase in insulin levels is thought to

compensate for peripheral insulin resistance caused by obesity. Elevated insulin levels are

reduced by weight loss and insulin sensitizing drugs such as metformin. There are

conflicting reports regarding IGF-1 levels in obesity. Overfeeding normal weight individuals

results in an increase in IGF-1 levels (Forbes et al. 1989). However, in obese adults, levels

of IGF-1 are usually found to be normal despite low growth hormone levels (Nam et al.

1997, Woelfle et al. 2007) although some have reported that free IGF-1 levels are elevated
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in non-diabetic obese adults when compared to lean controls (Frystyk et al. 1999). Therefore

these signals may represent good candidates for mediating signals about nutritional status.

Studies designed to determine metabolic factors that regulate the reproductive hormone axis

have been performed in myriad animal models; differences in the outcomes may result from

differences in experimental design, from an incomplete understanding of the mechanisms

involved or from different species using different modes of regulation. Additional

complexity arises because metabolic cues that regulate GnRH neuronal activity can be

exerting their effects directly at the level of the GnRH neuron, or indirectly by regulating

any number of neuron groups that have been proposed to be afferent to GnRH neurons. For

example, there is extensive evidence that leptin regulates reproductive function, however

leptin receptors do not appear to be located on GnRH neurons (Quennell et al. 2009) and

leptin appears to exert its effects on the GnRH neurons indirectly (Korner et al. 2001, Leslie

et al. 2001, Vulliemoz et al. 2005, Lebrethon et al. 2000, Parent et al. 2000). Smith et al.

proposed that leptin’s effect may be mediated by Kiss1 neurons (Smith et al. 2006), but

recent work from the Elias lab cast doubt on that neuronal circuit (Donato et al. 2011).

However, kisspeptin expression is certainly decreased following fasting (Castellano et al.

2005), and has been proposed to be an important afferent input to the GnRH neuron in the

regulation of metabolic signals which will be discussed below.

An interesting paradox is that at the opposite end of the metabolic spectrum there is also a

decrease in reproductive function. Obesity is associated with reproductive dysfunction in

adults and children. Obese, oligomenorrheic women with or without polycystic ovarian

syndrome have increased LH pulsatility compared to controls (Apter et al. 1994), thought to

be mediated by an increase in GnRH pulsatility (Hayes et al. 1998, Kazer et al. 1987).

Female mice with diet induced obesity (DIO) have been shown to develop reproductive

dysfunction compared to lean controls (Brothers et al. 2010, Tortoriello et al. 2007,

Tortoriello et al. 2004). These mice also exhibited hyperinsulinemia and hyperleptinemia.

The complex biochemical profile of obese rodents has made it challenging to dissect the

specific factors that contribute to their hypothalamic reproductive dysfunction. Studies from

our laboratory suggest that insulin signaling may mediate some of the effects of obesity that

contribute to infertility (Brothers et al. 2010, Wu et al. 2012) and will be discussed in more

detail below.

5. Insulin and IGF-1 share homology in structure and have overlap in

receptor activation and in their signaling pathways

Insulin and IGF1 and 2 are members of the same family of insulin-like peptides. The three

dimensional structure of insulin and the IGF peptides is similar (Cooke et al. 1991), but

there are significant differences in the binding affinity of insulin, IGF1 and IGF2 to their

respective receptors. The insulin and IGF-1 receptors (IR and IGF1R, respectively) exist as a

heterotetramer composed of two α/β dimers (Nakae et al. 2001) although hybrids consisting

of combinations of IR and IGF1R subunits have been reported (Benyoucef et al. 2007, Soos

and Siddle. 1989, Treadway et al. 1989, Moxham et al. 1989). Insulin and IGF-1 have low

nM affinity for their cognate receptors (~1–5nM), but bind to their non-cognate receptor

with an order of magnitude lower affinity (Kjeldsen et al. 1991, Gauguin et al. 2008) and to
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hybrid receptors with varying affinities (Benyoucef et al. 2007, Sakai and Clemmons. 2003)

suggesting that cross-talk of signaling for insulin and IGF-1 could take place at the receptor

level.

Upon binding to ligand, the IR/IGF-1R undergoes conformational changes that result in

autophosphorylation of the cytoplasmic portion of the β subunit. A number of downstream

signaling pathways are used by both IR and IGF-1Rs (schematized in Figure 1) indicating

that specificity is potentially regulated by anatomical distribution of ligand and receptor.

Phosphorylation of the tyrosine subunits of the β subunit of the receptor can directly

phosphorylate the insulin receptor substrates (IRS1-4; reviewed in (Giovannone et al. 2000))

which in turn phosphorylates p85, the regulatory subunit of phosphoinositide 3-kinase

(PI3K), leading to an activation of p110, the catalytic subunit of the PI3K. Activation of the

PI3K pathway stimulates Akt activity and atypical protein kinase C activity (Egawa et al.

2002). This pathway is generally important for glucose transport and glycogen synthesis

(Czech and Corvera. 1999, Bandyopadhyay et al. 1997). This branch of the insulin signaling

tree has been shown to regulate the FoxO1and CBP transcription factors (Nakae et al. 2002,

Zhou et al. 2004, Zanger et al. 2001) which, as discussed later, may represent nodes of

intersection for GnRH and insulin/IGF-1 action in the pituitary gonadotroph. IR and IGF-1R

signaling can also be meditated by a Ras/Raf/Mek pathway which is broadly involved in the

regulation of proliferation, differentiation and apoptosis (Coolican et al. 1997, Seger and

Krebs. 1995). The Ras signaling cascade can result in stimulation of ERK1/2 (also referred

to as p42/p44 MAP kinase) and also the Jun N-terminal Kinases (JNK, also referred to as

Stress Activated Protein Kinases, SAPK). The MAP kinase JNK is thought to contribute to

activation of the AP1 complex by activating Jun (Davis. 2000). Interestingly JNK-1 plays a

role in mediating insulin resistance in obesity perhaps by catalyzing inhibitory serine

phosphorylation of IRS molecules in the liver (Hirosumi et al. 2002, Yang et al. 2007). The

overlap between the signaling pathways for insulin and IGF-1 indicate that the temporal and

spatial expression of the receptors underlies the specificity of the responses.

6. Insulin regulation of neuroendocrine function

6.1 Insulin regulation of hypothalamic GnRH and kisspeptin neurons

There is evidence that insulin may play a role in the regulation of puberty and reproductive

function. Polycystic ovary syndrome (PCOS) is a human clinical condition marked by

amenorrhea and hyperandrogenism. PCOS patients frequently have high testosterone levels

and insulin resistance associated with high insulin levels. The majority of cases also have an

accelerated GnRH pulsatility that produces high LH levels (Hayes et al. 1998, Kazer et al.

1987). In contrast, a reduction of GnRH pulse generator activity has been reported in women

with functional hypothalamic amenorrhea (FHA) that generally have reduced insulin levels

(Laughlin et al. 1998) compared to women with regular menses. Epidemiological evidence

strongly suggests that increased insulin resistance and hyperinsulinemia, with or without

obesity, contributes to an advance in the age of pubertal onset in boys and girls (Wilson and

Umpierrez. 2008, Slyper. 2006, Ibanez et al. 1997). In contrast, patients with type 1 diabetes

have been reported to have a delay in puberty (Elamin et al. 2006) although this is not
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uniformly observed (Salerno et al. 1997) and difference in the progression of puberty in this

population may be secondary to decreased weight.

Animal and tissue culture models have been used to explore the effects of insulin on the

reproductive hormone axis. A number of groups have reported that reduced insulin levels

will result in attenuated GnRH pulsatility and axis activity in vivo (Dong et al. 1991, Tanaka

et al. 2000, Castellano et al. 2006) and conversely, that increased insulin levels will

stimulate GnRH neurons in vivo (Miller et al. 1995, Miller et al. 1998, Kovacs et al. 2002)

and in vitro (Kim et al. 2005, Gamba and Pralong. 2006, Olson et al. 1995). Insulin

receptors have been reported in the hypothalamus, at high levels in the arcuate nuclei, the

SCN, and the para- and periventricular nuclei, but also at lower levels in the median

eminence (Corp et al. 1986, Havrankova et al. 1978, van Houten et al. 1980). Although

some systemic insulin likely enters the brain through the circumventricular organs, insulin

can cross the blood brain barrier (Baskin et al. 1983).

The most compelling evidence for a role for insulin in the regulation of reproductive

function comes from the production of a neuron specific insulin receptor knock out

(NIRKO) mouse (Bruning et al. 2000). These mice were obese with elevated insulin levels,

and sub-fertility as a result of impaired spermatogenesis and follicular maturation. The sub-

fertility in these mice was due to a reduction in GnRH release and a consequent reduction in

pituitary gonadotropin release. This study did not allow for the determination as to whether

the insulin sensing neurons are the GnRH neurons themselves, or an upstream signaling

neuron, but they do implicate signaling through insulin receptors in the brain as a

mechanism for the regulation of reproductive function.

While GnRH neurons in the brain have not yet been demonstrated to express the insulin

receptor, GnRH neuronal cell lines such as the murine GN11 and GT1-7 lines and the rat

GNV3 lines have all been shown to express the insulin receptor (Salvi et al. 2006, Kim et al.

2005, DiVall et al. 2007). Using these cell lines, insulin has been shown to activate the ERK

and PI3K signaling pathways (Salvi et al. 2006, Kim et al. 2005, DiVall et al. 2007) and to

stimulate secretion of GnRH (Salvi et al. 2006). These data suggest that insulin action in the

brain regulating the expression and secretion of GnRH could be exerted at the level of the

GnRH neuron. Because these cell lines were derived from different developmental stages,

insulin could play a role during the development of the GnRH neuron and an ongoing role in

adult physiology.

In vitro evidence for a role for insulin directly at the level of the GnRH neuron has not yet

been corroborated with in vivo studies. Both male and female mice with the insulin receptor

disrupted in GnRH neurons were found to exhibit normal puberty and normal fertility

(Divall et al. 2010) indicating that insulin action at this level does not affect GnRH neuron

function in normal nutritional and physiological conditions. Since the deletion of insulin

receptor occurred early in development, perhaps redundancy in regulatory pathways allowed

normal reproductive function. Additionally, a phenotype in these mice may emerge under

physiological or pathophysiological conditions that have not yet been experimentally

explored. This scenario is described below for mice lacking the insulin receptor in the

pituitary gonadotroph in which no phenotype was observed in mice fed a normal chow diet,
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but with a role for insulin being revealed in mice fed a high fat diet. These differences

between the results obtained from cell line models and the mouse model underscore the need

to validate data obtained in vitro with in vivo models.

Studies performed by Schneider and Wade have suggested that it is not activation of insulin

receptors in the hypothalamus that regulates reproductive function, but rather the change in

energy partitioning that results from insulin treatment (reviewed in (Schneider and Wade.

1989, Schneider and Wade. 1990, Wade and Jones. 2004)). These and other studies have

identified the hindbrain as an important glucose sensing region regulating reproduction

(Cates and O’Byrne. 2000), however, analysis of a mouse with a functional KO of the

KATP channel has indicated that glucose sensing by the brain stem and hindbrain may not

contribute to the fasting inhibition of reproductive function (Huang et al. 2008) as

previously proposed (Cates and O’Byrne. 2000, Murahashi et al. 1996). The GnRH neuron

itself could serve as a glucose sensor (Zhang et al. 2007, Roland and Moenter. 2011b) which

could be mediated by the energy sensing signaling molecule, AMPK (Roland and Moenter.

2011a). However, data from in vivo promoter mapping studies from our laboratory suggest a

direct role for insulin. Transgenic promoter reporter mice (Kim et al. 2002, Kim et al. 2007)

were injected with insulin and hypothalamic luciferase levels measured by luminometer

(Kim et al. 2002, Wolfe et al. 2002). This study was analogous to promoter mapping

performed to identify a kisspeptin response element in the mouse GnRH promoter (Novaira

et al. 2012). We found that insulin stimulated GnRH promoter activity and that an insulin

responsive region of the mGnRH promoter lay between −2046 and −356bp upstream of the

transcriptional start site (Figure 2) which corresponds to promoter elements mediating

insulin action mapped in vitro (Kim et al. 2005). The study in mice was performed in

conditions of insulin induced hypoglycemia, but also when blood glucose was restored to

fed levels by IP injection of glucose. These data suggest that circulating levels of glucose are

not primarily regulating GnRH neuron function at least at the level of GnRH expression.

Our studies using the reporter mouse model, therefore, suggest that insulin signaling may

play a role in GnRH neuron function in nutritionally extreme states.

Kisspeptin neurons have been proposed to play an important role in communicating

information about metabolic status to the GnRH neurons (Castellano et al. 2010a, Castellano

et al. 2005). Changes in insulin levels in response to metabolic status could be relayed by

kisspeptin neurons. To study this as a potential mechanism for insulin regulation of GnRH

neuronal function, Jennifer Hill’s group first demonstrated that kisspeptin neurons expressed

the insulin receptor. They subsequently produced a kisspeptin-specific IR knock out mouse

(Qiu et al. 2013) and documented a significant delay in puberty in both males and females,

but no overt metabolic or reproductive phenotype in adults. The response of these mice to

metabolic perturbations such as prolonged nutritional deprivation or diet induced obesity has

not yet been explored. A kisspeptinergic neuronal cell line has not yet been developed

rendering impossible the types of studies performed with the GT1-7 and GN11 GnRH

neuronal cell lines exploring the mechanism of action of insulin or other modifying factors.
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6.2. Insulin regulation of the pituitary gonadotroph

The LβT2 cells express the insulin receptor and have been used to explore insulin action in

the gonadotroph (Buggs et al. 2006, Dorn et al. 2004, Navratil et al. 2009). Additionally, the

pituitary gonadotroph expresses insulin receptors (Gutierrez et al. 2007, Soldani et al. 1994).

While most of the studies using the LβT2 model system have suggested an augmentation of

Lhb expression there are some differences obtained by different groups that should be noted.

Our laboratory found that LβT2 cells respond to an insulin stimulus by increasing the effects

of GnRH on LHβ mRNA levels (Buggs et al. 2006). This effect of insulin is debated as Dorn

et al. found that while insulin was able to stimulate LHβ expression, it had no effect on

GnRH stimulated Lhb expression in LβT2 cells (Dorn et al. 2004). Navratil et al. also

observed an increase in Lhb synthesis in LβT2 cells, but proposed that insulin exerted its

action by augmenting GnRH stimulated translation of the Lhb mRNA (Navratil et al. 2009).

Studies in humans have been equally inconclusive with some finding that insulin stimulated

LH secretion in women (Moret et al. 2009) and some suggesting that insulin reduced

baseline LH levels in women with or without PCOS (Lawson et al. 2008). These studies are

difficult to interpret because the locus of action of insulin could be in the brain or at the level

of the pituitary.

To understand the role of insulin in the pituitary gonadotroph in the normal development

and function of the pituitary, we developed gonadotroph-specific insulin receptor KO mice

(PitIRKO). Extensive reproductive phenotyping of females suggested that the PitIRKO mice

exhibited a normal pubertal progression, normal estrous cyclicity, normal LH and FSH

levels and, most importantly, normal fertility (Brothers et al. 2010). Additionally, no

phenotype was observed in male PitIRKO mice (data not shown) which supports findings

from human studies in male subjects that suggest no effect of insulin on reproductive

neuroendocrine function (Pesant et al. 2012).

The lack of a phenotype in the female PitIRKO mice was not necessarily inconsistent with

in vitro findings since comparisons of dose, timing and developmental stage between cell

line models and in vivo are difficult. We proposed that insulin may still exert action in

female mice, but only at high circulating levels. To test this hypothesis, we explored whether

a phenotype might emerge in diet-induced obese (DIO) mice that exhibited compensatory

hyperinsulinemia. These studies confirmed that there was a deleterious role for insulin

signaling in the pituitary gonadotroph with insulin mediating a chronic increase in LH

secretion that resulted in impaired estrous cyclicity and infertility (Brothers et al. 2010).

These studies established a pathophysiological role for insulin in the development of obesity

associated infertility Subsequent studies demonstrated that in mice fed a normal diet, the

pituitary exhibited a lower sensitivity to insulin than classic metabolic tissues such as the

liver and muscle. However, in contrast to the metabolic tissues that exhibited insulin

resistance in the obese state, the pituitary did not exhibit a resistance to insulin in obese

female mice (Wu et al. 2012). This study suggested a model in which it is not insulin

resistance, but retained insulin sensitivity in a setting of high insulin levels, that produces

infertility.
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The mechanism of action of insulin in the gonadotroph is not well established. There are a

number of potential nodes of intersection between GnRH receptor and insulin receptor

mediated signaling which in large part reflects the diversity of signaling pathways activated

by the GnRH receptor (Millar et al. 2004). The wide range of intracellular signaling

pathways activated by the GnRH receptor is likely due to the receptor only having a

cytoplasmic tail of two amino acids, a feature that makes the GnRHR unique among the

class of GPCRs (Millar et al. 2004, Rispoli and Nett. 2005), and may be necessary to

regulate an especially large number of separate processes including LH and FSH synthesis

and secretion (Stanislaus et al. 1998a), GnRH receptor expression and GnRH receptor

desensitization. GnRHR can couple with Gαq/11, GαI, and Gαs (Hawes et al. 1993,

Stanislaus et al. 1998b), and has been shown to exert effects through known insulin targets

such as ERK (Bliss et al. 2009), PI3K (Navratil et al. 2009), FOXO1 (Arriola et al. 2012)

and CBP (Miller et al. 2012).

7. IGF-1 regulation of neuroendocrine function

7.1. IGF-1 regulation of hypothalamic GnRH and kisspeptin neurons

Data obtained from IGF-1 and IGF-1R KO mice has not elucidated a role for IGF-1 in the

central reproductive axis. Although the IGF-1 KO mouse is infertile (Baker et al. 1993,

Baker et al. 1996), the developmental defect was thought to be at the gonadal level.

However, any alteration in GnRH or LH release was not examined. The IGF-1R KO mouse

dies at birth due to respiratory failure (Liu et al. 1993) rendering an analysis of reproductive

function impossible.

Changes in bioavailable IGF-1 in response to changes in the expression of the IGF binding

proteins, however, can exert important effects on reproductive neuroendocrine function.

IGF-1 is carried in the blood as part of a complex in association with an IGF binding protein

(IGFBP) and an acid labile protein (Baxter et al. 1989). More than 95% of IGF-1 in the

blood is bound to one of six IGF binding proteins (IGFBP 1–6) (Martin and Baxter. 1992,

Jones and Clemmons. 1995). The IGFBPs have little affinity for insulin (Jones and

Clemmons. 1995). The most abundant of these binding proteins is IGFBP3. Transgenic

IGFBP3 over expressing female mice have slightly reduced litter sizes, although a

neuroendocrine component to this reproductive phenotype was not discussed (Modric et al.

2001). IGFBP6 over expressing transgenic mice exhibit reduced LH levels to 50% of WT

litter mates (Bienvenu et al. 2004). IGFBP1 over expressing transgenic females appear to

exhibit a pituitary gonadotroph hyperplasia (Froment et al. 2002) while the IGFBP1 over

expressing transgenic males secrete normal levels of LH in the face of three-fold reduced

circulating testosterone levels suggesting neuroendocrine abnormalities exist in both sexes

(Froment et al. 2004). IGFBP5 over expressing female transgenic mice also exhibit sub-

fertility, although this was not confirmed to have a neuroendocrine component (Salih et al.

2004). More recent studies exploring the phenotype of mice with deletions in the IGFBP

genes have not noted an effect on reproductive function (Ning et al. 2006) despite impaired

growth and metabolic function. Given the complexity and range of proposed roles of the

IGFBP- carrier proteins, cell-specific targeting molecules, ligands for cell surface receptors-
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much work is needed to clarify the contributions of these proteins to reproductive

development and function.

IGF-1 has been demonstrated to affect GnRH neuronal function in vitro (Zhen et al. 1997,

Anderson et al. 1999, Longo et al. 1998). IGF-1 stimulated GnRH release from GT1-7 cells

(Anderson et al. 1999) and stimulates GnRH promoter activity in vitro (Zhen et al. 1997,

Longo et al. 1998). An AP-1 site in the human GnRH promoter has been demonstrated to

mediate IGF-1 stimulation of hGnRH promoter activity in vitro (Zhen et al. 1997). A classic

AP-1 site is not found in the mouse promoter, leaving open the possibility that a different

signaling mechanism may mediate IGF-1 stimulation of the promoter in the mouse. Fos/Jun

heterodimers or Jun/Jun homodimers constitute the AP-1 transcription factor which binds to

the consensus DNA sequence TGATCTA and can transactivate gene expression. Additional

protein factors can form dimers with c-Jun to produce an AP-1 transcription factor; however

c-Fos can only form stable heterodimers with Jun proteins (Shaulian and Karin. 2002). Since

IGF-1 stimulates human GnRH promoter activity in the NLT mouse cell line and IGF-1

stimulates endogenous mouse GnRH gene expression in the same NLT cells (Zhen et al.

1997, Longo et al. 1998, Olson et al. 1995) it is possible that while there is divergence of the

cis-regulatory elements between the mouse and human GnRH gene promoters there is

conservation of the signaling pathways mediating IGF-1 regulation in human and mouse

GnRH neurons. A similar phenomenon has been observed in the study of cell-specific

expression of the GnRH gene. The promoter regions of the human GnRH promoter that

target gene expression to GnRH neurons in transgenic mice have little homology with

regions in the mouse or rat GnRH promoters (Hayflick et al. 1989, Kepa et al. 1992, Mason

et al. 1986, Wolfe et al. 2002, Wolfe et al. 1995, Whyte et al. 1995, Kepa et al. 1996).

IGF-1Rs are located throughout the brain, including the hypothalamus (D’Ercole et al. 1996)

and specifically are found on GnRH neurons (Daftary and Gore. 2003, Divall et al. 2010,

Miller and Gore. 2001, Daftary and Gore. 2004). IGF-1 of both peripheral and central origin

can interact with hypothalamic IGF-1Rs and levels of IGF-1 in the brain have been shown to

be important for puberty, estrous cyclicity, the preovulatory gonadotropin surge and the

decline of reproductive neuronendocrine function during reproductive senescence.

Hypothalamic IGF-1 expression has been shown to increase at puberty in mice (D’Ercole

and Underwood. 1980), rats (Hiney et al. 1996, Frystyk et al. 1998), monkey (Suter et al.

2000) and human (Luna et al. 1983). Hiney et al. demonstrated that ICV infusion of IGF-1

stimulated secretion of GnRH in prepubertal female rats and could advance the onset of

puberty (Hiney et al. 1991, Hiney et al. 1996) although GnRH expression was not altered in

IGF-1 treated rats as assessed by RNase protection assay analysis of RNA from

hypothalamic tissue (Miller and Gore. 2001). A similar precocious puberty was observed in

the female mouse following peripheral treatment with IGF-1 (Divall et al. 2010, Danilovich

et al. 1999), although this effect exhibited a sexual dimorphism with males not

demonstrating an advance of puberty with IGF-1 treatment (Divall et al. 2010). Conversely,

central infusion of male prepubertal rats with IGF-1 antiserum resulted in a delay of pubertal

development (Pazos et al. 1999) further implicating IGF-1 as contributing to the initiation of

puberty.
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Our laboratory has demonstrated a conclusive role for IGF-1 signaling in the GnRH neurons

in the elaboration of puberty (Divall et al. 2010). Mice lacking the IGF-1R in GnRH neurons

(GnRH-IGF-1RKO) exhibited a delay in the onset of puberty (males, ~3 days, females, ~4

days), but did not exhibit impaired reproductive function as adults. These results are very

similar to those observed in the kisspeptin-IRKO mouse (Qiu et al. 2013) underscoring the

diversity of signals that likely contribute to the pubertal process. One striking finding from

the analysis of the GnRH-IGF-1RKO mice was that there appeared to be a delay in the

development of GnRH neurons to an adult morphology. Studies from the Hoffman

laboratory indicated that during postnatal development, rodent GnRH neurons undergo

changes in the percentage of cells with spiny processes; the percentage of total neurons with

spines is lowest at birth and increases gradually postnatally until puberty (Wray and

Hoffman. 1986) Additionally, the percentage of GnRH neurons that exhibit a complex

dendritic structure decreases during postnatal development, reaching the low adult levels by

puberty (Cottrell et al. 2006). Neurons with complex dendritic structures, and smooth

dendritic processes were more abundant at day of life 10 in GnRH-IGF-1RKO mice than in

WT mice (Divall et al. 2010) but these parameters are equivalent between GnRH-

IGF-1RKO and WT mice by puberty. IGF-1R signaling in neurons is important for neuronal

progenitor proliferation, neurite outgrowth, and synaptogenesis that is necessary for

interneuronal communication (Joseph D’Ercole and Ye. 2008). These data strongly suggest

that IGF-1 contributes to the timing of puberty by receptor mediated regulation of

morphological development of GnRH neurons that is required for the complex, intercellular

communication required for pubertal onset.

While the effects of IGF-1 signaling at the level of the GnRH neuron do not appear to be

required for normal reproductive function in adults, a vast literature exists confirming an

important role for hypothalamic IGF-1 signaling in maintaining healthy female reproductive

cyclicity and specifically the elaboration of the preovulatory gonadotropin surge. Reduced

levels of hypothalamic IGF-1 have been proposed to underlie the decline in neuroendocrine

function associated with reproductive aging. Work from the Gore laboratory demonstrated

that while there was an increase in hypothalamic IGF-1 levels during the pubertal

progression, there was a significant reduction in levels of hypothalamic IGF-1 in older rats

undergoing reproductive senescence (Miller and Gore. 2001). Work from the Etgen and

Neal-Perry labs has extended these findings and demonstrated a requirement for

hypothalamic IGF-1 signaling for proper timing and magnitude of the estradiol induction of

the GnRH surge (Todd et al. 2010, Sun et al. 2011) and further supported a model in which

reproductive senescence is due, in part, to reduced hypothalamic IGF-1 levels in middle

aged rats. Interestingly, in light of the developmental role proposed for IGF-1 in puberty

(Divall et al. 2010), IGF-1 may contribute to the regulation of synaptic remodeling of

noradrenergic receptors in the hypothalamus in response to estradiol during the estrous cycle

(Quesada and Etgen. 2002). Recent work from the Goya laboratory cements a role for IGF-1

signaling in the maintenance of estrous cyclicity in rats, and demonstrates that declines in

IGF-1 contribute to impaired estrous cyclicity in older rats (Rodriguez et al. 2013). The

authors used an adenoviral vector to deliver an IGF-I-expressing transgene to the

mediobasal hypothalamus of middle-aged rats that normally exhibit impaired patterns of
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estrous cycling and showed that estrous cyclicity was maintained at ages where estrous

cyclicity usually declines.

While direct effects of IGF-1 at the level of the GnRH neuron has been demonstrated for the

regulation of puberty, some of the effects of IGF-1 on GnRH neuronal function could be

indirectly mediated at the level of the kisspeptin neuron. Studies from Hiney et al. have

demonstrated that IGF-1 stimulated Kiss1 expression in the hypothalamus. Both centrally

perfused IGF-1 and peripherally injected IGF-1 stimulated the kisspeptin neurons of the

AVPV (Hiney et al. 2009). These data provide another potential locus of action for IGF-1

regulation of reproductive function. They may also provide an anatomical explanation for

the sexual dimorphism in the response of mice to IGF-1since males have only a poorly

defined AVPV population of Kiss1 neurons.

7.2. IGF-1 regulation of pituitary gonadotroph

There is evidence for a functional role for IGF-1R in the pituitary gonadotroph. Both the

pituitary gonadotroph and gonadotroph cell models such as the LβT2 and αT3-1 cell lines

express IGF-1R (Long and Buggs. 2008, Bach and Bondy. 1992, Rose et al. 2004, Mutiara

et al. 2008, Unger and Lange. 1997). Studies in αT3-1 cells, which express both Esr1 and

Igf1r, describe an IGF-1 stimulated increase in mitogenic activity (Eertmans et al. 2007) and

proposes a cross talk between IGF-1 and ESR1 signaling pathways with IGF-1 enhancing

both basal and estradiol stimulated gene expression.

Several studies have reported that IGF-1 stimulates LH synthesis and /or secretion (Soldani

et al. 1994, Kanematsu et al. 1991, Whitley et al. 1995, Soldani et al. 1995, Hashizume et al.

2002, Xia et al. 2001) although one study found that while IGF-1 activated PI3K signaling

in LβT2 cells (Mutiara et al. 2008), no role was observed for IGF-1R activation in regulating

gene expression of Lhb, Fshb or the Cga genes and this signaling pathway may regulate LH

secretion (Weiss et al. 2003). These effects may not mediate acute changes in IGF-1 levels

since one study found no effect of short term IGF-1 treatment on LH synthesis and release

(Weiss et al. 2006) and noted that effects of IGF-I on LH-secretion in female rat pituitary

cells require long-term treatment (Xia et al. 2001). As noted by this author and others, the

effect of IGF-1 on pituitary cell cultures depends upon the nature of the pituitary cell culture

and the culture conditions. The lack of consistent findings suggests that the IGF receptor or

its intracellular signaling pathway may be altered by isolation and culture of anterior

pituitary cells.

Conclusions

Our understanding of the role of insulin and IGF-1 signaling in the hypothalamic-pituitary

regulation of reproduction have been aided by the development of GnRH neuron and

pituitary gonadotroph cell lines which allow for the direct examination of signaling

pathways mediating the effects of insulin and IGF-1. Additionally, the use of the CRE/LoxP

system to target disruption of signaling to specific components of the axiscan reveal the role

these receptors play in development, physiology and in pathophysiology. The studies

reviewed here have revealed fundamental clues to the role these growth factors play, but

much remains to be discovered.
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Insulin appears to exert effects both in the brain and at the pituitary. While insulin signaling

at the level of the GnRH neuron does not appear to impact puberty and fertility under

normal physiological and nutritional conditions, insulin signaling in the Kiss1 neurons may

be one of a number of signals contributing to the timing of puberty. In states of chronic high

circulating insulin levels, reproductive dysfunction appears to be mediated by insulin

signaling at the level of the pituitary gonadotroph and at the level of the ovarian theca cell

(In press (Wu et al. 2013) suggesting this may represent a common mechanism in the

reproductive hormone axis for the pathophysiological effects of obesity. Future studies

could include an exploration of the effects of high insulin levels directly at the level of the

GnRH or Kiss1 neurons.

The consensus seems to be clear that IGF-1 contributes to the timing of puberty in males and

females via effects at the level of the GnRH neuron and possibly the Kiss1 neuron.

However, many of the studies highlighted here make clear that the nutritional regulation of

puberty is a complex, multifactorial process and will require additional animal models to

tease apart the regulatory inputs to the GnRH neurons. Directing the development of these

models may be genetic discovery and system biology studies revealing new signaling

pathways, neuronal connectivity, glial input and transcription factors. Additionally, a

significant deficit exists in our understanding of IGF-1 signaling in the pituitary

gonadotroph. The field awaits the production of a conditional KO model.

It is not surprising that the nutritional regulation of puberty and reproductive function

involves multiple contributing factors and all components of the reproductive neuronal

hierarchy. The ability to support a fetus through gestation is a nutritionally demanding

endeavor, thus an axis that is exquisitely sensitive to environmental nutritional cues is

necessary for species survival.
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• Kisspeptin neuron, GnRH neuron and pituitary gonadotrophs are targets of

insulin and IGF-1 action

• Insulin action in the pituitary may mediate pathophysiologic effects of obesity

• IGF-1 in the brain may act at both the kisspeptin and GnRH neurons to regulate

puberty
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Figure 1. Common signaling pathways activated by insulin and IGF-1 receptors
Both insulin and IGF-1 receptors are receptor tyrosine kinases. Receptor activation results in

autophosphorylation of receptor which in turn can activate IRS1-4. IRS can activate the Ras

GTPase. Ras induces sequential activation of Raf, MEK and ERK1/2. Activated IRS protein

can also activate the regulatory subunit of the PI3-kinase, p85, which in turn stimulates the

p110 catalytic subunit of PI3-Kinase. PI3-Kinase is a lipid kinase that induces an inositol

phosphate cascade resulting in activation of Akt and the atypical PKC (aPKC). G-protein

coupled receptor (GPCR) is also indicated representing kiss1 receptor in the GnRH neuron

or the GnRH receptor in the pituitary gonadotroph. Binding by ligand induces conformation

changes that result in activation of an associated G-protein by exchanging its bound GDP for

a GTP. The α subunit of the G-protein complex (Gαx = Gαs, Gαi, Gαq) dissociates from

the β and γ subunits to further affect intracellular signaling proteins (Gαs activates adenylyl

cyclase, Gαi, inhibits adenylyl cylcase, Gαq activates phospholipase C. Both kiss1 and

GnRH can activate canonical insulin/IGF-1 signaling pathways. CBP (CREB binding

protiens) and FOXO1 represent potential intersecting nodes for insulin/IGF-1 signaling and

GnRH signaling in the pituitary gonadotroph.
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Figure 2. Insulin increases GnRH promoter activity in vivo
A. Transgenic mice bearing sequential deletions of the mGnRH promoter fused to the

luciferase (LUC) reporter gene were used in the experiments. B. Hypothalamic luciferase

activity (normalized to activity in fed mice) of transgenic male mice bearing the −3446LUC

transgene, −2078 transgene, or the −356 transgene. Hypothalami were obtained one hour

after intraperitoneal vehicle (saline), insulin (1mU/gm), and/or glucose (2 mg/gm). At the

time, glucose levels in fasted mice that received saline or insulin were normal or low (95 ± 6

and 47±7 mg/dL, respectively) while glucose was at a similar level in fed mice and in mice

administered insulin plus glucose (187±35 and 175± 48 mg/dL, respectively). * indicates a

significant difference from fed (p<0.05).
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