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Abstract 

Gonadotropin-releasing hormone (GnRH) neurons that reside in the 

hypothalamus are the central drivers of reproduction. GnRH stimulates the 

release of the gonadotropins luteinising hormone (LH) and follicle stimulating 

hormone (FSH) from the anterior pituitary. The reproductive status of an 

individual is influenced by physiological and environmental modulation of the 

GnRH neuronal network. The processes involved in reproduction are 

energetically demanding so a strong relationship exists between metabolism 

and reproduction.  

 

Leptin is an adipocyte-derived hormone that plays a critical role in a number of 

physiological processes such as the control of energy balance and reproduction. 

Leptin circulates in the blood in proportion to the amount of white adipose 

tissue an individual has and can therefore directly communicate levels of 

energy reserves to the central nervous system (CNS). Humans and mice with 

deficient leptin signalling are obese and infertile due to lack of pubertal 

development and dysfunctional synthesis and secretion of LH, FSH and sex 

steroids.  The neuronal pathways involved in the leptin-mediated control of 

reproductive function are not yet clearly defined. Previous research has 

indicated that GnRH neurons do not express leptin receptors (LepR) so leptin 

must exert effects through intermediate leptin-responsive neurons. Recent 
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evidence has shown that leptin-signalling in neurons that produce gamma 

aminobutyric acid (GABA) is critical for reproductive function in mice but 

leptin signalling in glutamate neurons is not critical for normal puberty onset or 

fecundity. This narrows the pool of likely candidate populations involved in 

leptin-to-GnRH signalling to those that co-express GABA. Agouti-related 

peptide (AgRP) neurons in the arcuate nucleus (ARC) of the hypothalamus are 

an attractive candidate population as they express LepRs, are GABAergic and 

have previously been shown to modulate the activity of GnRH neurons.  

 

I aimed to investigate whether leptin actions on AgRP neurons are required 

and sufficient for puberty onset and subsequent fertility. Firstly, Cre-LoxP mice 

were used to target deletion of LepR to AgRP neurons. AgRP-LepR-knockout 

female mice exhibited a significant delay in the onset of estrous cycles 

compared to control animals. No significant differences in male puberty onset 

or adult fecundity in either sex were observed. Next, mice with a LoxP flanked 

transcription blocker sequence in the Lepr gene were crossed with AgRP-Cre 

mice to generate mice with AgRP neuron-specific rescue of LepR. LepR-null 

control females did not show any evidence of estrous cycles, while AgRP-LepR 

rescue females exhibited clear estrous cycles and subsequent fecundity that was 

not significantly different from LepR-intact controls. Puberty onset and 

fecundity were also rescued in AgRP-LepR rescue male mice when compared 

to LepR-null controls. These results indicate that leptin signalling in AgRP 

neurons is both required and sufficient for normal puberty onset in female 

mice, and is sufficient to maintain adult fecundity when leptin signalling is 

absent in all other cells. 
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1   Introduction 

In the 1970’s Frisch and colleagues introduced the critical fat mass 

hypothesis, which postulates that a critical body weight is required for the 

onset of puberty and subsequent fertility (Frisch and Revelle 1970). This 

finding sparked researchers to begin investigating mechanisms that may 

link reproductive function with the metabolic status of an individual. The 

relationship between metabolism and reproduction is an adaptive 

mechanism that has evolved to promote survival by limiting the ability to 

procreate during periods of starvation (Chan, et al. 2003). The physiology 

of reproduction is energetically demanding so this ensures that fat stores 

are adequate to support and sustain the growing fetus and the mother 

during pregnancy (Elias and Purohit 2013; Kaplowitz 2008). 

 

Unlike other biological systems, sexual maturation and fertility are 

dispensable at the individual level and a number of conditions that alter 

homeostasis, such as nutritional imbalances may alter puberty onset and 

fertility in an individual (Plant and Zeleznik 2014). We are currently in the 

throes of an obesity epidemic and the sensitivity of reproduction to 

metabolic imbalance has significant public health implications. Recent 

studies have revealed the discernable effects of the increasing rates of 

obesity on puberty onset and the reproductive capacity of adults, for 

example there is a rapid trend towards an earlier age of menarche in girls 
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(Ahmed, et al. 2009). The metabolic demands of reproduction are less 

extensive in males and it is clear that sexual dimorphism exists when 

considering this relationship, however aspects of reproductive 

performance in males also rely closely on the sufficiency of energy stores 

(Plant and Zeleznik 2014).  

 

Many of the neurons that provide important input to the reproductive axis 

are also involved in appetite control (Evans and Anderson 2012). 

Metabolically relevant hormones such as leptin, ghrelin and insulin 

interact with neurons that express peptides involved in reproduction 

allowing the availability of metabolic fuels to be co-ordinated with fertility 

(Evans and Anderson 2012). The presence of metabolic-sensing peptides in 

the reproductive axis allows nutritional status to be closely integrated 

with reproductive function. The importance of this relationship is 

particularly apparent when considering the rapid response of the 

reproductive axis to changes in energy stores (Evans and Anderson 2012; 

Fenichel, et al. 2008). 

 

The identification of the adipose hormone leptin in 1994 revolutionised 

research in this field and the role played by leptin as a key element in the 

integration of neuroendocrine signals is now firmly established 

(Bourguignon, et al. 2014).  Leptin is secreted in proportion to the amount 

of white adipose tissue an individual has and circulates to communicate 

levels of energy reserves to the central nervous system (CNS). Leptin 

signalling regulates food intake and energy expenditure and also impacts 

growth, reproduction and other aspects of the endocrine and immune 

systems. Compromised leptin signalling due to mutations in the leptin 

gene or the leptin receptor gene (Lepr) results in neuroendocrine 



  3 

dysfunction such as infertility, altered energy expenditure and increased 

food intake leading to obesity (Robertson, et al. 2008). Studies assessing 

leptin deficiency demonstrate the physiological importance of this 

hormone in both males and females as mice and humans that are leptin 

deficient are infertile due to inadequate pubertal development and 

insufficient synthesis and secretion of gonadotropins and gonadal sex 

hormones (Elias and Purohit 2013).  Leptin signalling in the CNS is 

particularly apparent in the hypothalamus as this is an area with high Lepr 

mRNA expression (Robertson et al. 2008).  

 

While the strong relationship between metabolic status and fertility has 

been clearly demonstrated in recent research, the nature of this 

relationship remains enigmatic. Understanding how the activity of the 

gonadotropin releasing hormone (GnRH) neuronal network is altered by 

metabolic signals is key to understanding how situations of energy 

deprivation or energy excess can alter fertility (Evans and Anderson 2012). 

During the last decade advances in this field have been largely attributed 

to molecular techniques for brain mapping and the development of 

genetically modified rodent models (Elias and Purohit 2013). The 

following chapter introduces the complex relationship between nutritional 

status and fertility and outlines what research has found so far. 
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2   Literature Review 

2.1 The hypothalamic pituitary gonadal (HPG) axis 

Regulation of the reproductive system is initiated at the level of the 

hypothalamus by neurosecretory cells that synthesise and secrete 

gondadotropin releasing hormone (GnRH) into the hypophysial portal 

capillaries. GnRH is introduced into this circulation in a pulsatile fashion, 

and this results in the synthesis and secretion of the gonadotropins 

follicle-stimulating hormone (FSH) and luteinising hormone (LH) from 

gonadotrope cells in the anterior pituitary. These gonadotropins are vital 

for gonadal function. In females, FSH stimulates ovarian follicle growth 

and maturation and LH stimulates ovulation and formation of the corpus 

luteum while in males FSH acts alongside testosterone to maintain 

spermatogenesis and LH controls the synthesis of androgens by leydig 

cells in the testicles (Klein 2003). The reproductive system is controlled by 

precise regulatory mechanisms that dynamically regulate the 

hypothalamic pituitary gonadal (HPG) axis (Plant and Zeleznik 2014). 

Abnormal gonadotropin levels due to disruptions in negative feedback at 

the hypothalamus and pituitary can contribute to gonadal failure in both 

men and women.  
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Figure 2.1 Schematic overview of the hypothalamic pituitary gonadal (HPG) 
axis. The hypothalamus produces GnRH from GnRH neurons. This stimulates 
the anterior pituitary to secrete LH and FSH. These hormones travel to the 
gonads to influence steroid and gamete production. Testosterone in males and 
estradiol/progesterone in females feedback to the hypothalamus to regulate the 
activity of GnRH neurons (+ represents positive feedback, - represents negative 
feedback). 

2.1.1 Gonadotropin releasing hormone (GnRH) 

GnRH neurons are the central drivers of reproduction, releasing pulses of 

GnRH from neurons that lie between the rostral preoptic area (rPOA) and 

arcuate nucleus (ARC) of the hypothalamus (Evans and Anderson 2012). 

Information received from environmental and internal factors converge on 

GnRH neurons resulting in the integration of peripheral signals through 

the release of GnRH (Herbison 1998). GnRH acts in a hypophysiotropic 
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manner to drive the synthesis and secretion of the gonadotropins LH and 

FSH from the anterior pituitary. These gonadotropins are required to 

stimulate the synthesis of the sex steroid hormones estrogen and 

progesterone, which are required for the development of secondary sexual 

characteristics and reproductive function (Del Bianco-Borges and Franci 

2015; Donato Jr, et al. 2011a; Evans and Anderson 2012; Quennell, et al. 

2009). The involvement of GnRH in puberty onset is clear as puberty is 

characterised by an increase in GnRH secretion. Likewise, sexual maturity 

is marked by the establishment of pulsatile gonadotropin secretion 

indicating that pulsatile GnRH secretion is occurring.  

2.1.2 Regulation of the HPG axis and GnRH secretion 

The GnRH neuronal network receives many regulatory signals from 

afferent neuronal population (Plant and Zeleznik 2014). Neurotransmitters 

released synaptically to communicate neural and peripheral signals to 

GnRH neurons may exert effects by altering the basal pulsatility rate of 

GnRH release or by stimulating the preovulatory GnRH surge (Plant and 

Zeleznik 2014). A ‘tonic’ pulsatile pattern of GnRH secretion is required 

for fertility as continuous exposure to GnRH down-regulates pituitary 

gonadotrope activity leading to suppressed gonadotrope activity and 

subsequent infertility (Christian and Moenter 2010). Pulsatile GnRH 

secretion allows for the release of LH and FSH at specific times, which is 

important for reproductive cycling and folliculogenesis in females 

(Christian and Moenter 2010).  

 

The ovarian hormones estradiol and progesterone are involved in the 

maintenance of homeostatic control of the HPG axis by exerting negative 
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feedback actions on the hypothalamus and pituitary (Plant and Zeleznik 

2014). Throughout the majority of the estrous cycle, estradiol acts via 

negative feedback to reduce LH secretion however, estrogen positive 

feedback prior to ovulation disrupts the pulsatile GnRH pattern by 

initiating a continuous increase in GnRH release known as the GnRH 

surge (Christian and Moenter 2010). This surge initiates ovulation by 

increasing the secretion of LH from the pituitary (Christian and Moenter 

2010). While GnRH neurons do not possess the α subtype of the estrogen 

receptor that are required for HPG axis regulation, estradiol acts as a 

homeostatic feedback molecule to indirectly regulate GnRH secretion 

(Herbison 1998). In males the testes release testosterone, which acts 

through negative feedback to suppress the release of LH and FSH from 

the pituitary (Plant, et al. 1978; Steiner, et al. 1982). 

 

The pulsatile secretion of GnRH is also modulated by stimulatory and 

inhibitory afferent inputs to GnRH neurons (Herbison 1998). By 

modulating the amplitude and frequency of GnRH release, reproductive 

function can be linked to other aspects of physiology such as energy 

homeostasis.  An example of this is the disruption in GnRH pulsatility 

observed during energetic challenges such as by excessive exercise or 

when an individual is in negative energy balance. This can lead to 

perturbed sexual maturation and impaired fertility as release of LH and 

FSH become altered (Donato Jr et al. 2011a). Research conducted in 

athletes demonstrates this, for example male wrestlers present with low 

serum testosterone levels during the wrestling season and male marathon 

runners show reduced secretion of LH (MacConnie, et al. 1986; Strauss, et 

al. 1985). This suggests that male athletes may have reduced levels of 

GnRH due to changes in hormone secretion induced by the highly active 
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lifestyle they lead. Based on this relationship it is clear that adiposity and 

fertility are related and there must be metabolic cues that communicate 

with GnRH neurons to implement this (MacConnie et al. 1986; Strauss et 

al. 1985). Evidence also suggests that functional hypothalamic 

amenorrhea, a condition in females characterised by lack of menses due to 

suppression of the HPG axis is associated with low percentage body fat, 

and relative energy deficiency (Wade and Jones 2004). This is again 

indicative of the tight coupling between metabolism and reproduction.  

 

At the other end of the spectrum, obesity, a condition of energy surplus 

has been shown to perturb the reproductive system. Early onset obesity is 

associated with irregular menses, anovulation and adult infertility in 

females and an increased risk of azoospermia or oligozoospermia in males 

(Pasquali and Gambineri 2006; Sermondade, et al. 2012).  It has been 

suggested that this relationship may be mediated by metabolic hormones 

such as leptin, insulin and ghrelin as the capacity of these hormones to 

modulate GnRH secretion has been documented in a number of ex vivo 

and in vitro settings (Cunningham, et al. 1999; Del Bianco-Borges and 

Franci 2015; Tena-Sempere 2007). 

 

2.2 Control of energy homeostasis 

2.2.1 The hypothalamus 

The ability to survive during periods of food restriction is critical. Animals 

have evolved to possess a cohesive CNS response to weight loss and 

starvation that is controlled by a highly integrated network of pathways 
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involved in energy homeostasis (Hahn, et al. 1998). Energy homeostasis is 

primarily regulated by the hypothalamus. This was first appreciated when 

lesion experiments showed that hypothalamic lesions resulted in 

hyperphagia and an increase in body weight (Hetherington and Ranson 

1940). It is now known that the lateral hypothalamus is a feeding centre 

and the ventromedial hypothalamus is a satiety centre (Anand and 

Brobeck 1951). The nuclei of the hypothalamus are structurally and 

functionally interrelated. Important energy storage hormones such as 

insulin and leptin send signals to the hypothalamus so that energy 

homeostasis can be maintained and there are a number of hypothalamic 

nuclei that have a significant role in energy homeostasis such as the 

arcuate nucleus (ARC).  

2.2.1.1 The arcuate nucleus 

The ARC receives peripheral signals from hormones such as leptin and 

forms connections with other regions in the hypothalamus involved in 

energy homeostasis such as the ventral medial hypothalamic nuclei 

(VMH) (Gao and Horvath 2007). The ARC contains two neuronal 

populations that together are the main cellular mediators of energy 

homeostasis in the ARC, neuropeptide Y (NPY)/Agouti-related protein 

(AgRP) and proopiomelanocortin (POMC)-expressing neurons.  The 

relationship between these two neuronal populations is demonstrated in 

Fig. 2.2 which depicts the melanocortin system. 
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2.2.2 Metabolic hormones 

The early work of Frisch and colleagues paved the way for future studies 

aiming to identify how metabolic cues are able to impact reproduction. 

Ghrelin is produced in the stomach and is the only known ‘hunger 

hormone’. The role played by ghrelin in glucose homeostasis, insulin 

secretion and energy expenditure has proven the metabolic relevance of 

this hormone, and it has been suggested that ghrelin also plays a 

regulatory role in the control of the HPG axis (Plant and Zeleznik 2014). 

Figure 2.2 Schematic diagram of the melanocortin system. There are two neuronal 
populations involved in energy homeostasis in the ARC; AgRP/NPY and POMC. 
Leptin stimulates POMC neurons resulting in the release of α-melanocyte 
stimulating hormone (αMSH, a cleavage produce of POMC) which binds to and 
activates the melanocortin 4 receptor (MC4R) leading to satiety. When leptin levels 
are low, the release of AgRP/NPY stimulates an increase in appetite by 
antagonising the anorexigenic effects of αMSH at the MC4R. Leptin inhibits the 
activity of AgRP/NPY neurons. ( - indicates inhibition, + indicates activation).  
Adapted from (Gao and Horvath 2007). 
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Interestingly, studies have shown that the actions of ghrelin on 

reproductive function are sexually dimorphic. Daily subcutaneous 

injections of ghrelin have been shown to significantly decrease serum LH 

and testosterone levels and also inhibit preputial separation in male rats 

but this treatment does not produce any significant changes in 

gonadotropin levels, estradiol or puberty onset in female rats. Females 

administered with ghrelin at puberty also display normal estrous cyclicity 

and are fertile (Fernandez-Fernandez, et al. 2005). Treatment with ghrelin 

during pregnancy however has been shown to significantly decrease 

pregnancy outcomes (Fernandez-Fernandez et al. 2005). Ghrelin operates 

as a signal for energy insufficiency and these results indicate that ghrelin 

may negatively modulate the reproductive capacity of an individual, 

specifically by altering pubertal maturation in males and influencing 

fecundity in females (Fernandez-Fernandez et al. 2005). Infusion of ghrelin 

in human subjects has also demonstrated similar effects, for example 

ghrelin has been shown to inhibit LH pulsatility in males (Lanfranco, et al. 

2008) but not females (Messini, et al. 2009). 

 

Insulin is another metabolic hormone that has a universally recognised 

role as an essential metabolic regulator. Alongside metabolic actions, 

insulin also stimulates the HPG axis (Plant and Zeleznik 2014). Conditions 

where levels of insulin are low such as uncontrolled diabetes are 

associated with the suppression of gonadotropin levels and impairments 

in the reproductive system. Male mice with neuron-specific disruption of 

the insulin receptor gene exhibit impaired spermatogenesis and females 

mice show insufficient ovarian follicle maturation due to deficient GnRH 

levels and hypothalamic dysregulation of LH (Brüning, et al. 2000). This 
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indicates the important stimulatory role insulin signalling in the CNS 

plays in reproduction.  

 

Leptin is an essential metabolic hormone integrating several 

neuroendocrine systems. Leptin levels are tightly linked with insulin 

levels, as insulin is a major regulator of leptin synthesis (Plant and 

Zeleznik 2014). Since the discovery of leptin in 1994, this hormone has 

dominated research in this field because of the significant impact of leptin 

deficiency on fertility. Leptin will be discussed more extensively in section 

2.3.  

 

While ghrelin, insulin and leptin are the key hormones involved in the 

metabolic regulation of fertility, other peripheral hormones also contribute 

to this relationship. For example, adiponectin has been shown to suppress 

GnRH secretion and inhibit LH secretion (Wen, et al. 2008). Adiponectin is 

a protein secreted by adipocytes that fluctuates in opposition to leptin 

levels (Plant and Zeleznik 2014). Other gut-related peptides may also 

contribute to the metabolic control of the HPG axis. Glucagon-like peptide 

1 (GLP-1) is an incretin factor that regulates glucose homeostasis and 

postprandial insulin secretion. Administration of GLP-1 to a rodent 

hypothalamic neuronal cell line has been shown to restore LH secretion 

after short-term negative energy balance (Beak, et al. 1998). This finding 

indicates a possible physiological role for GLP-1 as a metabolic signal to 

the HPG axis. Despite advances in research, the role of GLP-1 and 

numerous other possible messenger molecules that may act to convey 

metabolic information to neural processes that regulate reproduction are 

yet to be clearly defined. 
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The overview presented here is not comprehensive but demonstrates the 

integrative nature of this relationship. There are numerous intertwined 

pathways involved in the metabolic control of reproduction and these act 

in concert to modulate the fertility of an individual.  

 

2.3 Leptin 

Leptin is an adipocyte-derived hormone that is important for a number of 

physiological processes such as the regulation of energy homeostasis and 

reproduction (Moschos, et al. 2002). Levels of leptin fluctuate depending 

on the nutritional status of the individual and this allows levels of 

oxidisable fuels to be effectively communicated to the CNS, where leptin 

acts to influence GnRH signals (Moschos et al. 2002; Quennell et al. 2009; 

Zuure, et al. 2013). In individuals with excess energy stores, secretion of 

leptin is high and this is associated with leptin resistance. When the 

nutritional status of an individual is suboptimal, serum leptin levels 

decrease. This signals to the HPG axis that the resources required for 

successful reproduction are not available (Moschos et al. 2002). Rodents 

and humans that lack leptin or its receptor exhibit severe early onset 

obesity associated with hyperphagia, infertility, diabetes and other 

metabolic defects (Wu, et al. 2012). Genetic experiments suggest that the 

metabolic phenotype associated with deficient leptin signalling occurs due 

to a lack of signalling in a number of different neuronal populations in the 

brain, particularly those in the hypothalamus (Wu et al. 2012). Rather than 

triggering puberty onset, leptin seems to act as a permissive signal that is 

required for puberty and reproduction to proceed but the identity of the 
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neurons mediating the effects of leptin on reproduction remain unknown 

(Bourguignon et al. 2014).  

2.3.1 The leptin receptor (LepR) 

Leptin acts via a specific transmembrane receptor to result in the 

suppression of food intake and an increase in energy expenditure 

(Goumenou, et al. 2003). Expression of leptin is multifocal; and the 

widespread distribution of leptin receptors (LepR) underlies the 

pleiotropic role played by this hormone (Fruhbeck 2006). There are at least 

five isoforms of the LepR due to the alternate splicing of Lepr mRNA 

(Fruhbeck 2006). The longest isoform, LepRb is highly expressed in the 

medial basal hypothalamus, particularly the ARC where there are two 

main neuronal populations that express LepRb; one coexpressing AgRP 

and NPY, the other coexpressing POMC and cocaine- and amphetamine-

regulated transcript (CART) (Evans and Anderson 2012; Moschos et al. 

2002). These populations also represent the main pathways of energy 

regulation that have been identified to date (Evans and Anderson 2012). 

Leptin signalling via LepRb inhibits the production of orexigenic peptides 

AgRP/NPY and stimulates the secretion of anorectic neuropeptides such 

as POMC. While LepRs are widely expressed in the brain and periphery, 

the reproductive effects of leptin deficiency can be mitigated by the 

intracerebroventricular (i.c.v.) injection of leptin indicating that leptin 

exerts control over fertility through a central mechanism (Watanobe 2002). 

 

Each group of LepR expressing neurons within the brain conveys specific 

information. The differential responses of these biochemically distinct 

neuronal populations to leptin are vital for the maintenance of overall 
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homeostasis. Information regarding energy stores must be integrated with 

a range of physiological responses such as temperature, stress and 

cardiovascular status (Myers, et al. 2009). This allows other systems to 

adapt to changing energy stores, for example a reduction in fat stores may 

prompt a reduction in body temperature to conserve energy. Leptin 

responsive neurons in the ARC are programmed to sense acute changes in 

peripheral nutritional status as they respond to rapid changes in levels of 

metabolic hormones while LepR expressing neurons in the dorsomedial 

hypothalamus (DMH) are involved in the maintenance of long-term 

energy status rather than acute alterations (Myers et al. 2009). This 

demonstrates that each group of LepR expressing neurons in the brain 

encodes a specific signal that contributes to leptin’s effect. 

2.3.2 The role of leptin in reproduction 

Perturbations in energy stores have been shown to disrupt levels of 

gonadotropins and gonadal hormones that are required for fertility and 

there is now substantial evidence to suggest that leptin has a critical role 

in the physiology and pathophysiology of reproduction (Moschos et al. 

2002). Male and female mice carrying a natural mutation that leads to a 

lack of functional leptin (ob/ob) or its receptor (db/db) (as pictured in Fig. 

2.3) exhibit hyperphagia resulting in obesity along with a myriad of 

metabolic and hormonal changes such as altered thermoregulation, 

thyroid function and infertility (Tartaglia, et al. 1995; Zhang, et al. 1994). 

Both the ob/ob mouse and the db/db mouse have low levels of 

gonadotropins and impaired development of organs involved in 

reproduction leading to incomplete sexual maturation (Donato Jr et al. 

2011a).  
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Experiments have shown that leptin treatment attenuates the effects of 

leptin deficiency, for example leptin-treated ob/ob female mice have 

elevated serum LH levels and increased uterine and ovarian weights 

when compared to ob/ob females not treated with leptin. These 

observations are accompanied by normalised uterine and ovarian 

histology when compared to wild-type (wt) females (Barash, et al. 1996). 

This trophic action seems to be stimulated by the increased production of 

gonadal hormones that accompanies leptin treatment resulting in estrogen 

stimulated proliferative growth (Barash et al. 1996). By stimulating 

puberty onset, sexual maturation and gonadotropin secretion leptin 

treatment is able to rescue fertility in female ob/ob mice. 

 

Previous studies in male ob/ob mice have associated leptin deficiency with 

abnormal testis structure, most notably by multinucleated spermatids, 

reduced spermatozoa and a reduction in interstitial tissue resulting in 

sterility (Mounzih, et al. 1997). Aligned with the observations made in 

female mice, administration of exogenous leptin to leptin deficient male 

mice has been shown to result in the restoration of gonadotropin 

Figure 2.3 Image of ob/ob mouse (right) with wild-type littermate (left). 
Taken from (Leibel 2008). 
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pulsatility and the rescue of low testosterone levels (Chan et al. 2003). In a 

study conducted by Mounzih and colleagues, sterile ob/ob male mice were 

treated with leptin to assess whether fertility could be induced (Mounzih 

et al. 1997). Results showed that while food-restricted ob/ob males were not 

able to fertilise wt females, the ability to impregnate females was restored 

in leptin-treated ob/ob males. Other indicators of reproductive function, 

such as testicular weight and histology were also assessed and 

observations suggest that leptin treatment in ob/ob male mice normalises 

spermatogenesis, while regenerating leydig cells and restoring normal 

testicular morphology (Barash et al. 1996; Mounzih et al. 1997). These 

findings strongly indicate that despite the obese phenotype of the ob/ob 

mouse, the lack of circulating leptin levels signals to neural networks that 

energy stores are insufficient for successful reproduction resulting in the 

maintenance of a prepubertal state.  

 

While the exact mechanisms by which leptin is able to rescue fertility 

remain ambiguous, these findings have been supported by further studies 

showing that prolonged leptin treatment results in increased levels of 

gonadotropins in both male and female ob/ob mice (Barash et al. 1996). 

Together, these observations demonstrate that leptin serves as a 

permissive signal required to maintain normal reproductive function in 

both male and female mice. 

2.3.3 Leptin deficiency in humans 

The significant role played by leptin in the HPG axis has also been 

demonstrated in humans who suffer from congenital leptin signalling 

deficiency, which is characterised by mutations in either the leptin gene or 
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the Lepr gene (Elias and Purohit 2013). Adult suffers do not experience 

pubertal development and present with clinical features of 

hypogonadotropic hypogonadism (Farooqi, et al. 2002; Ozata, et al. 1999; 

Strobel, et al. 1998). Leptin therapy in leptin-deficient individuals has been 

shown to result in a sustained improvement in the phenotypic 

abnormalities that are associated with this disorder while also promoting 

favourable effects on gonadotropin secretion. This facilitates the 

appropriate timing of puberty onset in children suffering from leptin 

deficiency (Farooqi et al. 2002). These findings demonstrate the ability of 

leptin to alleviate neuroendocrine and metabolic dysfunction associated 

with human congenital leptin deficiency.  

2.3.4 Influence of leptin on the secretion of GnRH/LH  

The importance of leptin signalling for LH secretion has been shown by 

Yu et al. who found that leptin stimulates LH secretion in ovariectomised 

rats (Yu, et al. 1997a). Centrally administered doses of leptin have also 

been shown to stimulate the HPG axis in mice (Hohmann, et al. 2000). 

Furthermore, injections of leptin antiserum have been shown to inhibit LH 

pulsatility in normally fed rats (Kohsaka, et al. 1999). 

 

Fasting, which reduces circulating leptin concentrations results in a 

reduction in GnRH release from the hypothalamus in a number of animal 

models leading to suppressed LH secretion (Wójcik-Gładysz, et al. 2009). 

Pulses of LH are crucial for normal ovulation and research indicates that 

leptin is involved in both the maintenance of LH pulsatility along with the 

generation of the pre-ovulatory LH surge that drives ovulation in females 

(Evans and Anderson 2012). In addition to this, it has also been shown that 



  19 

administration of leptin can alleviate the fasting-induced suppression of 

LH secretion, acting to attenuate induced changes in the reproductive axis 

(Ahima, et al. 1996). The effect of i.c.v. leptin infusion on the secretory 

activity of GnRH and LH has been assessed in acutely undernourished 

prepubertal female lambs (Wójcik-Gładysz et al. 2009). Decreased levels of 

GnRH were observed in the median eminence along with decreased LH 

pulsatility in blood plasma of fasted lambs showing that starvation 

suppresses the activity of GnRH/LH.  This effect was reversed in fasted 

lambs injected with exogenous leptin. The inhibition of reproduction 

caused by starvation has been attributed to impaired GnRH secretion 

(Wójcik-Gładysz et al. 2009).  

 

To investigate the relationship between leptin and LH levels in humans 

Lincino et al. sampled plasma from six women every seven minutes for 24 

hours during days 8-11 of the ovulatory cycle (Licinio, et al. 1998). Results 

show that leptin has a diurnal rhythm in ovulatory women; late at night 

leptin levels peak and this alters the pulsatility profile of LH so that 

secretion is synchronous with leptin pulses. These results also indicate 

that a nocturnal peak in leptin may be responsible for altered LH levels 

during the pre-ovulatory period (Licinio et al. 1998). Following on from 

these observations, it was hypothesised by Fenichel and colleagues that 

the metabolic-reproductive rhythm involving LH and leptin may fluctuate 

with caloric availability. Levels of leptin and LH were measured over a 24-

hour period along with metabolic rate, and the results provide further 

evidence for of a temporal relationship between leptin levels and LH 

pulsatility (Fenichel et al. 2008).  
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While recent findings connecting leptin levels and reproductive function 

are compelling, it should be noted that it has been shown that restoration 

of LH levels following a period of food restriction may occur in the 

absence of detectable changes in the levels of circulating leptin 

(Szymanski, et al. 2007). 

2.3.5 Intracellular mediators for leptin’s effects 

The molecular mechanisms that mediate leptin’s action on the HPG axis 

are yet to be fully elucidated. A number of intracellular signal 

transduction pathways are activated by leptin, including the Janus kinase 

(JAK)/signal transducers and activators of transcription (STAT) pathways 

(Fruhbeck 2006), the extracellular signal-regulated kinases/mitogen-

activated protein kinases (ERK/MAPK) cascades (Bjørbæk, et al. 2001), the 

phosphoinositol-3 kinase (PI3K) pathway (Sahu 2011), the mammalian 

target of rapamycin (mTOR) pathway (Cota, et al. 2006) and the AMP-

activated protein kinase (AMPK) pathway (Minokoshi, et al. 2002). The 

most well known of these is the JAK-STAT pathways. When leptin binds 

to its receptor, phosphorylation of the associated JAK proteins occurs 

resulting in the expression of STAT binding sites. Cytoplasmic STAT 

molecules bind to the receptor and undergo phosphorylation, 

dimerisation and are subsequently translocated to the nucleus where they 

induce modifications in gene transcription (Del Bianco-Borges and Franci 

2015; Fruhbeck 2006). STAT3 signalling undergoes significant activation in 

the hypothalamus following leptin administration in rodents and 

hypothalamic STAT5 is also activated by leptin (Mütze, et al. 2007) 

although this has not been shown in all reports (Singireddy, et al. 2013). 

Gao et al. found that complete neural knockout of STAT3 results in 
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infertility along with obesity in mice (Gao, et al. 2004) but the fertility 

results of this study were not replicated in a study by Bates et al. who 

found no compromise in fertility in mice with disrupted leptin-induced 

STAT3 signalling (Bates, et al. 2003).  

 

 

 

Figure 2.4 Diagram illustrating a model of intracellular leptin receptor signalling.  
Binding of leptin to the leptin receptor activates the JAK-STAT pathway resulting in the 
phosphorylation of STAT3 and its translocation to the nucleus. This leads to 
transcriptional activation. Other signalling pathways such as MAPK and PI3K are also 
activated upon leptin binding to the leptin receptor but the JAK-STAT pathway is thought 
to be the dominant pathway involved in leptin signalling. Adapted from (Gao and 
Horvath 2008). 
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The roles of leptin-specific STAT3 and STAT5 signalling pathways in the 

regulation of reproductive function has recently been assessed by 

Singireddy and colleagues who found that mice lacking both signalling 

pathways remained fertile despite significantly disrupted regulation of 

energy homeostasis (Singireddy et al. 2013). This clearly indicates that 

other pathways may be responsible for the hypothalamic regulation of 

reproduction by leptin, for example blockade of mTOR signalling with 

rapamyacin was shown to prevent the stimulatory effects of leptin on 

puberty onset in food restricted female rats (Roa, et al. 2009). It has also 

been shown that Cyclic AMP responsive element-binding protein-

regulated transcription coactivator-1 (Crtc1) is needed for leptin’s effects 

on reproduction as Crtc1 knockout mice are infertile (Altarejos, et al. 

2008). In mice with leptin deficiency, hypothalamic Crtc1 was found to be 

phosphorylated and inactive, but with leptin administration the amount 

of dephosphorylated Crtc1 increased (Altarejos et al. 2008). From 

experiments conducted so far it is clear that multiple pathways act in a 

cooperative or redundant manner to exert leptin’s effects on reproductive 

function (Singireddy et al. 2013). 

 

2.4 Candidate neuronal populations mediating the 

effects of leptin on the HPG axis 

LepR expression is widespread so regulation of reproduction may be due 

to leptin acting in a variety of cell types. Despite the presence of LepRs on 

the ovary, models of leptin deficiency have shown that peripheral actions 

of leptin are not vital for reproductive success, for example the 
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transplantation of ovaries from ob/ob and db/db female mice into wt 

females results in a functional ovary (Hummel 1957). Based on these 

observations, the primary site of action responsible for mediating the 

rescuing effects of leptin on fertility appears to be situated in the CNS 

(Hummel 1957; Swerdloff, et al. 1976).  

 

The central mode of action utilised for the leptin-mediated regulation of 

reproduction has been further established using functional genomic 

analyses as neuronal elimination of LepRs results in impaired fertility 

(Quennell et al. 2009). It has also been shown that selective re-expression 

of neuronal LepRs in male and female db/db mice completely restores 

fertility which demonstrates that brain-specific leptin signalling is 

sufficient for fertility (de Luca, et al. 2005). In support of this, Lepr mRNA 

has been located in the hypothalamus, specifically in areas that control 

both appetite and reproduction such as the ARC and preoptic area 

(Wójcik-Gładysz et al. 2009). Leptin is also able to cross the blood brain 

barrier, which supports the major role played by the brain in the leptin 

mediated control of the HPG axis (Cunningham et al. 1999). 

 

A number of neurons that reside in hypothalamic nuclei express LepRs. 

The most significant of these are the arcuate nucleus (ARC), lateral 

hypothalamic area (LHA), medial preoptic area (mPOA), ventromedial 

(VMH), dorsomedial (DMH) and ventral premamillary (PMV) nuclei 

(Robertson et al. 2008). There are also populations of LepR expressing 

neurons outside of the hypothalamus such as in the brainstem, raphe 

nuclei and ventral tegmental area (VTA) but there is currently no evidence 

that these are involved in the regulation of reproduction (Robertson et al. 

2008).  
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2.4.1 Direct or indirect action on GnRH neurons? 

The question of whether leptin acts directly on GnRH neurons was 

recently resolved by Quennell et al. through the use of three separate 

approaches (Quennell et al. 2009). Cre-loxP mediated conditional 

transgenic technology was used to selectively remove LepRs from GnRH 

neurons, pSTAT3 immunohistochemistry was used to detect the presence 

of any leptin-induced STAT3 phosphorylation (a functional indicator of 

leptin responsive cells), and single-cell real-time polymerase chain 

reaction (RT-PCR) was used to assess whether Lepr mRNA is present in 

GnRH neurons (Quennell et al. 2009). Evidence gained from all three of 

these methods suggests that GnRH neurons do not contain LepRs and 

therefore are unable to directly respond to leptin. This indicates that leptin 

acts indirectly on the GnRH system to mediate fertility. This finding 

sparked the hunt for indirect pathways that are acting as conduits for the 

transmission of metabolic signals to GnRH neurons.  

2.4.2 GABAergic and Glutamatergic neurons 

Gamma-aminobutyric acid (GABA) and glutamate neurons represent the 

major inhibitory and excitatory neuronal populations respectively 

although there is growing evidence that GABA may be able to stimulate 

GnRH neurons (Herbison and Moenter 2011). Both GABAergic and 

glutamatergic LepR neurons are concentrated in areas of the 

hypothalamus involved in the control of reproduction and are viable 

candidates for leptin-to-GnRH signalling. To more accurately identify the 

neurons involved in leptin-to-GnRH signalling, Zuure et al. used Cre-

LoxP transgenics in validated mouse models to assess whether 

GABAergic or glutamatergic neurons are responsible for leptins effects on 
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GnRH activity (Zuure et al. 2013). No reproductive deficits were observed 

in glutamate neuron-specific LepR knockout mice whereas GABA neuron-

specific LepR knockout mice displayed delayed puberty and reduced 

fecundity (Zuure et al. 2013). This result indicates that leptin 

communicates with GnRH neurons through GABAergic neurons. There 

are a number of candidate neuropeptides that are co-released from 

GABAergic neurons and express LepRs that may be contributing towards 

leptin-to-GnRH signalling. These include kisspeptin neurons, AgRP/NPY 

neurons, galanin-like peptide (GALP) neurons and CART neurons. 

Limiting the search to GABAergic neurons has therefore focused the 

search to a smaller number of neurons.  

2.4.3 The ventral premamillary nucleus 

The PMV contains neurons that project to and directly innervate GnRH 

neurons (Leshan, et al. 2009). The presence of bilateral lesions in the PMV 

of ob/ob mice has been shown to reduce the ability of exogenous leptin to 

stimulate puberty, and following on from this, the unilateral re-expression 

of LepRs in PMV neurons results in the induction of sexual maturation 

and enhanced fertility in female db/db mice (Donato Jr, et al. 2011b). 

Interestingly a study conducted by Zuure et al. using glutamate-specific 

LepR KO mice has shown that leptin actions via glutamate neurons are 

completely dispensable for male and female fertility, despite the fact that 

80% of PMV neurons involved in leptin signalling are glutamatergic 

(Zuure et al. 2013). This suggests that while these neurons may be 

involved in the leptin-to-GnRH pathway under normal conditions they 

are not required for fertility. The remaining LepR expressing neurons in 
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the PMV that are not glutamatergic may play an integral role in leptin-to-

GnRH signalling (Zuure et al. 2013).  

 

Research conducted by Rondini et al. has identified a population of 

cocaine- and amphetamine-regulated transcript (CART) neurons in the 

PMV that intermingle with the neuronal circuitry involved in 

reproduction and make synaptic contact with GnRH neurons in both male 

and female mice (Rondini, et al. 2004). CART is known to facilitate GnRH 

expression, and these findings raise the possibility that CART neurons 

that reside in the PMV may mediate the effects of leptin on fertility. 

Whether this is a direct effect or modulated via a relay centre in the AVPV 

is yet to be determined (Robertson et al. 2008; Rondini et al. 2004).  

One candidate for the mediation of the effects of leptin is nitric oxide 

(NO), a messenger that is able to regulate neuronal function by 

modulating neurotransmitter release (Prast and Philippu 2001). Neuron’s 

containing NO are found in regions of the CNS involved in reproduction 

and NO is involved in several neuronal circuits important for 

neuroendocrine functioning (Del Bianco-Borges and Franci 2015; Prast and 

Philippu 2001). Previously it has been demonstrated that the effects of 

leptin on reproductive function are mediated in part by NO and that 

leptin acts in the hypothalamus and pituitary to stimulate NO release (Del 

Bianco-Borges and Franci 2015; Yu, et al. 1997b). In a study conducted by 

Watanobe and Schioth, administration of a NO synthase inhibitor to 

normally fed rats resulted in a significant reduction in the magnitude of 

LH and prolactin surges. Administration of both leptin and the NO 

synthase inhibitor to fasted rats abolished any effects of leptin. This 
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demonstrates the significant role played by NO in the leptin-induced LH 

surge in preovulatory rats (Watanobe and Schiöth 2001). 

2.4.4 The anteroventral periventricular nucleus 

Neurons that reside in the anteroventral periventricular nucleus (AVPV) 

have been implicated in leptin signalling as this area is activated by 

estrogen positive feedback and leptin signalling is modulated by estrogen 

(Evans and Anderson 2012; Gao and Horvath 2008). Leptin-induced 

pSTAT3 has been readily observed in the AVPV of both male and female 

mice, although this effect shows sexual dimorphism as pSTAT3 expression 

is greater in females (Quennell et al. 2009). These observations indicate 

that leptin may regulate GnRH neurons through AVPV neurons (Quennell 

et al. 2009). Another nearby area that is even more strongly activated by 

leptin is the surrounding mPOA. This region is also activated by estrogen 

positive feedback and is close to the location of the GnRH neurons that 

regulate the HPG axis. 

 

The AVPV also contains kisspeptin neurons, which are involved in the 

control of reproductive function. Kisspeptin expressing neurons belong to 

the RF-amide family encoded by the Kiss-1 gene and secrete the 

neuropeptide kisspeptin (Ratra and Elias 2014). Kisspeptin neurons are 

estrogen sensitive and strongly stimulate GnRH secretion and regulate the 

onset of puberty (Han, et al. 2005). Levels of Kiss1 and GPR54 (the 

kisspeptin receptor) mRNA in the hypothalamus increase during puberty, 

and it has been observed that injection of kisspeptin stimulates vaginal 

opening, increased LH release and ovulation in female rodents (Tena-

Sempere 2006). The infertile phenotype of ob/ob mice is associated with 
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low expression of kisspeptins (Quennell, et al. 2011) and humans and mice 

that lack kisspeptin or its receptor have reduced gonadotropin levels and 

also present with abnormal sexual maturation and hypogonadotropic 

hypogonadism (Donato Jr et al. 2011b; Quennell et al. 2011; Ratra and 

Elias 2014). It has been proposed that kisspeptin neurons in the AVPV 

may be one of the mediators of leptin to GnRH signalling, however it has 

recently been shown that kisspeptin neurons in the AVPV do not express 

LepRs and are not colocalised with leptin-induced second messenger 

molecules (Cravo, et al. 2011; Quennell et al. 2011). In addition to this, 

quantitative polymerase chain reaction (qPCR) has demonstrated that 

kisspeptin and Lepr mRNA are not co-expressed (Quennell et al. 2011). 

The effect of leptin signalling on kisspeptin neurons seems to be achieved 

through an indirect pathway, as these neurons are leptin responsive but 

not LepR positive. This adds another layer of complexity to this 

relationship.  

2.4.5 The arcuate nucleus 

The ARC nuclei of the hypothalamus are a bilateral pair of nuclei that 

reside in the ventral hypothalamus. The ARC is an integrating centre for 

signals that control the secretion of hormones released from the anterior 

pituitary. It has been well established that neuronal populations in the 

ARC contribute to both metabolism and reproduction. In the ARC, LepRs 

are colocalised with Kiss1 neurons, POMC/CART neurons and AgRP/NPY 

neurons (Donato Jr et al. 2011a). These neuronal populations have all been 

considered as potential candidates for relaying information gained from 

leptin signalling to GnRH neurons (Donato Jr et al. 2011a).  
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2.4.5.1 POMC neurons 

POMC-expressing neurons that reside in the ARC are part of the 

melanocortin system. POMC is an anorexigenic pro-hormone that 

activates melanocortin receptors to decrease appetite and increase energy 

expenditure. These neurons cleave POMC to produce alpha-melanocyte-

stimulating hormone (αMSH), a hormone and neuropeptide that acts on 

postsynaptic cells expressing melanocortin-4 receptors (MC4Rs). POMC 

neurons are important for integrating information on energy balance 

received from hormonal and neurochemical sources. During periods of 

positive energy balance POMC neurons are activated to inhibit feeding 

and increase metabolism, while melanocortin signalling is suppressed 

during periods of negative energy balance (Phillips and Palmiter 2008). 

The actions of the melanocortin system are countered by AgRP/NPY 

neurons, which are located in close proximity to POMC neurons (Phillips 

and Palmiter 2008; Wu et al. 2012). This neuronal population exerts 

inhibitory actions in a number of ways; AgRP neurons are able to directly 

inhibit activity of POMC neurons as AgRP targets the same postsynaptic 

cells as αMSH and antagonises the binding of this hormone to its receptor. 

Furthermore, NPY activates inhibitory GABA receptors on target cells and 

GABA also independently inhibits postsynaptic cells (Phillips and 

Palmiter 2008).  

 

POMC neurons that reside in the ARC project to GnRH neurons (Evans 

and Anderson 2012). Neuroanatomical investigations and studies using 

electrophysiology have shown that leptin depolarises hypothalamic 

POMC neurons to stimulate the expression of POMC (Balthasar, et al. 

2004; van de Wall, et al. 2008). The importance of leptin signalling in this 
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neuronal population is clear as ablation of the POMC gene in both rodents 

and humans results in hyperphagia and obesity (van de Wall et al. 2008). 

The role played by melanocortinergic pathways in the regulation of 

ingestive behaviours led researchers to suggest that melanocortins may be 

responsible for leptin’s actions on the HPG axis (Hohmann et al. 2000). In 

support of this hypothesis it has been demonstrated that αMSH stimulates 

gonadotropin secretion in humans (Limone, et al. 1997). To investigate this 

relationship, Hohmann and colleagues tested whether high affinity 

agonists and antagonists of melanocortin receptors impact the functioning 

of the reproductive system (Hohmann et al. 2000). Results suggest that 

while feeding behaviour and body temperature is affected by 

manipulations in melanocortin signalling, there is no evidence for an 

interaction between leptin signalling to the reproductive axis and the 

melanocortin system (Hohmann et al. 2000). Building on these 

observations it has also been demonstrated that transgenic mice lacking 

LepR expression in POMC neurons are fertile which suggests that leptin 

signalling in this neuronal population is not required for fertility 

(Balthasar et al. 2004). Indeed, POMC deficient mice have been shown to 

remain relatively fertile (Wall 2015).  

 

POMC neurons co-express CART, which may influence GnRH activity. 

An assessment of the cellular excitability of GnRH neurons when exposed 

to neuropeptides released by POMC has shown that approximately 70% of 

GnRH neurons are activated by αMSH and about 15% by CART (Roa and 

Herbison 2012). A recent investigation has shown that administration of 

CART to adult female mice can modestly increase the firing rate of GnRH 

neurons (Roa and Herbison 2012).  CART expressing neurons have been 

identified in many other hypothalamic nuclei such as the paraventricular, 
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dorsomedial and ventral premamillary nuclei but little is known about the 

role played by these CART expressing neuronal populations in the 

reproductive axis (Roa 2013). The full extent of CART actions on the 

activity of the GnRH neuronal axis still remains to be determined.  

2.4.5.2 AgRP/NPY neurons 

In contrast to POMC, AgRP/NPY neurons, which synthesise orexigenic 

neuropeptides AgRP and NPY, are inhibited by leptin. In this way leptin 

is able to modulate these neurons appropriately in response to changes in 

energy homeostasis (Robertson et al. 2008). This neuronal population will 

be discussed more extensively in section 2.5 as AgRP/NPY neurons are the 

focus of my thesis. 

2.4.5.3 ARC kisspeptin expressing neurons 

The ARC also contains a population of kisspeptin expressing neurons. 

Kisspeptin neurons in the ARC are distinct from those in the AVPV and 

have differential roles in metabolism and reproduction (Cravo et al. 2011). 

Kisspeptin neurons in the AVPV do not express LepRs but dual label in 

situ hybridisation of Kiss1 mRNA and Lepr mRNA provides evidence that 

leptin targets kisspeptin neurons as a subset of neurons in the ARC co-

express LepRs and kisspeptins (Donato Jr et al. 2011a; Louis, et al. 2011; 

Smith, et al. 2006). These results led researchers to hypothesise that 

kisspeptin neurons that reside in the ARC may be mediating the effects of 

leptin signalling on reproductive function (Quennell et al. 2011; Smith et 

al. 2006). Donato and colleagues recently investigated this relationship 

using a mouse model where LepRs were selectively ablated from 

kisspeptin expressing cells (Donato Jr et al. 2011b). No deficits were 

observed in the reproductive function of male or female mice 
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demonstrating that direct leptin signalling in these neurons is not critical 

for sexual maturation and fertility (Donato Jr et al. 2011b). Furthermore, 

data gained from a mouse model where LepRs were re-activated in 

kisspeptin expressing neurons indicated that co-expression of LepRs and 

kisspeptin is not required for pubertal development (Donato Jr et al. 

2011b). Together, these findings suggest that direct leptin signalling onto 

kisspeptin neurons is not required for fertility indicating that other 

intermediate cells must be responsible for leptin’s effects. It is yet to be 

determined whether kisspeptin neurons are working downstream of 

leptin to exert an influence on reproduction (Ratra and Elias 2014).  

 

It has recently been demonstrated that a subset of kisspeptin neurons in 

the ARC coexpress neurokinin B (NKB) and dynorphin (DNY), both 

neurotransmitters involved in the control of the HPG axis (Plant and 

Zeleznik 2014). The term kisspeptin-neurokinin B-dynorphin (KNDy) is 

used to describe this neuronal population. To demonstrate the importance 

of NKB for reproductive function, loss of function mutations in the gene 

for NKB or its receptor result in severe congenital gonadotropin deficiency 

and pubertal failure (Topaloglu, et al. 2009). DNY also exerts influence 

over the HPG axis, predominantly through inhibition of GnRH neurons 

(Plant and Zeleznik 2014). These KNDy neurons contain LepRs (Smith et 

al. 2006) and it may be that these neurons are involved in metabolic 

control of the reproductive neuroendocrine axis (Lehman, et al. 2010).  

2.4.5.4 GALP neurons 

Galanin-like peptide (GALP) is almost exclusively located in the ARC, and 

plays a role in the control of both reproduction and metabolism. 

Expression of GALP is regulated by metabolic factors, for example 
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expression of GALP is inhibited by metabolic stress and negative energy 

balance and expression is stimulated by leptin, insulin and blood glucose 

(Plant and Zeleznik 2014). Administration of leptin to fasted rats has been 

shown to produce a 4-fold increase in the number of ARC cells expressing 

Galp mRNA (Juréus, et al. 2000). This suggests that leptin is directly 

regulating GALP neurons. Furthermore, GALP neurons have been shown 

to co-express LepRs. GALP has also been shown to cause a significant and 

prolonged increase in the concentration of plasma LH when administered 

to male rats via i.c.v. by stimulating GnRH secretion (Matsumoto, et al. 

2001). Despite experimental evidence demonstrating a possible role of 

GALP in regulation of the HPG axis, mouse models with genetic 

inactivation of GALP (Lemko, et al. 2008) or its major receptors (Krasnow, 

et al. 2004) lack any overt reproductive phenotype. 

2.4.6 Dorsomedial nucleus of the hypothalamus 

The DMN strongly innervates areas of the brain involved in reproductive 

control such as the mPOA (Thompson and Swanson 1998) and is an area 

with high levels of LepR expression (Patterson, et al. 2011; Scott, et al. 

2009). A recently identified neuronal population located in the DMH that 

projects to GnRH neurons to inhibit GnRH activity are RFamide related 

peptide-3 (RFRP-3) expressing neurons. RFRP-3 is involved in the stress 

response, food intake, behaviour, reproductive function and is the 

mammalian orthologue of gonadotropin-inhibitory hormone (GnIH) 

(Kriegsfeld, et al. 2010). Neurons expressing RFRP-3 send projections to 

both AVPV kisspeptin neurons and a subpopulation of GnRH neurons 

(Rizwan, et al. 2012). It has therefore been suggested that they may be 

involved in relaying the biological effects of leptin to kisspeptin and 
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GnRH neurons (Bourguignon et al. 2014; Louis et al. 2011). Despite initial 

excitement that these neurons could be conveying leptin signalling to 

GnRH neurons, investigations have shown that RFRP-3 neurons are not 

colocalised with GABA and do not have detectable levels of Lepr mRNA 

(Rizwan, et al. 2014). Evidence also shows that leptin deficiency or high fat 

diet feeding in rats and mice does not alter Rfrp gene expression (Rizwan 

et al. 2014). Based on these findings RFRP-3 neurons do not seem to be 

involved in leptin-to-GnRH signalling. 

 

2.5 NPY/AgRP-expressing neurons 

AgRP/NPY expressing neurons coexist in the ARC to secrete two highly 

potent orexigenic neuropeptides, NPY and AgRP. These exert inhibitory 

effects via their respective receptors (Broberger, et al. 1998; Sheffer-Babila, 

et al. 2013). The role played by this neuronal population in the control of 

feeding behaviour has been well documented. NPY overexpression in the 

ARC is associated with hyperphagia and obesity while deficiency of NPY 

is linked to hypophagia and anorexia. Similarly AgRP, the endogenous 

melanocortin receptor antagonist acts by limiting the melanocortin system 

to produce orexigenic effects. AgRP/NPY neurons are GABAergic as they 

coexpress with GABA, which may also participate in the regulation of 

GnRH neurons (Sheffer-Babila et al. 2013). Leptin inhibits the transcription 

of the genes required for the synthesis of NPY and AgRP (van de Wall et 

al. 2008). Leptin signalling therefore inhibits the activity of AgRP/NPY 

neurons so lack of leptin signalling results in the elevated release of AgRP, 

NPY and GABA. Together these neurotransmitters may cause suppression 

of the HPG axis (Wu et al. 2012).  
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2.5.1 Hypothalamic NPY and reproduction 

NPY expression has been implicated in reproduction for example, 

chronically elevated levels of hypothalamic NPY lead to obesity and 

reduced fertility (Sainsbury, et al. 2002). NPY is secreted into the 

hypophysial portal circulation in a similar manner to GnRH throughout 

the reproductive cycle (Sutton, et al. 1988) and low nanomolar 

concentrations of NPY can enhance the binding of GnRH to its receptors 

on the surface of gonadotroph cells (Parker, et al. 1991). Npy gene 

expression increases before the LH surge (Sahu, et al. 1994) and this is 

indicative of the role played by NPY in the regulation of GnRH-stimulated 

LH surges (Plant and Zeleznik 2014). The effect of NPY on GnRH-

stimulated LH secretion has been assessed in proestrus rats that were 

anaesthetised with pentobarbital, which blocks endogenous GnRH 

neurosecretion (Bauer-Dantoin, et al. 1993). Results demonstrate that NPY 

can potentiate the responsiveness of gonadotroph cells to GnRH 

stimulation and therefore potentiate the stimulation of the preovulatory 

LH surge by GnRH.  

 

Pierroz et al. have demonstrated a similar relationship in male rats, where 

chronic infusion of NPY into the lateral ventricle over a seven day period 

was shown to profoundly inhibit the gonadotropic axis and was 

associated with shrinking of the seminal vesicles to 20% of their normal 

weight (Pierroz, et al. 1996). This indicates that activity of the pituitary-

testicular axis is markedly suppressed by NPY. Elevated hypothalamic 

NPY is also associated with a reduction in the weight of ovarian tissue 

along with disrupted sexual maturation and estrous cyclicity in female 

rodents (Sainsbury et al. 2002). Genetic ablation of NPY in female mice has 
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been shown to attenuate spontaneous and steroid-induced LH surges 

(Plant and Zeleznik 2014). Administration of NPY in male and female 

rodents can also result in a dramatic suppression of copulatory behaviour 

(Clark, et al. 1997). Possible mechanisms by which NPY is exerting 

suppressive effects include reduced GnRH receptor levels on the pituitary 

and decreased levels of gonadotropins and sex steroids (Sainsbury et al. 

2002).  

 

There are five Y receptors that contribute to NPY effects, it is thought that 

the effect of NPY on GnRH-stimulated LH secretion is mediated by Y1 

receptors (Plant and Zeleznik 2014) but evidence also shows that other 

receptors may have a role to play. Central Y4 receptor signalling has been 

shown to specifically inhibit the reproductive system when NPY levels are 

elevated indicating that this receptor is important for the effect of NPY in 

the hypothalamus (Sainsbury et al. 2002). Sainsbury et al. have 

demonstrated the significant effect of NPY actions on fertility by crossing 

the Y4 receptor knockout mouse onto the ob/ob background. The resultant 

double knockout animal displayed normal plasma testosterone levels and 

improved testis and seminal vesicle size and morphology compared to 

ob/ob animals. Fertility in double knockout mice was also improved due to 

reduced NPY signalling, with 100% of male mice and 50% of female mice 

in this study producing live offspring (Sainsbury et al. 2002). 

 

The inhibitory actions of NPY on reproduction may contribute to the 

reduction in fertility observed during periods of negative energy balance, 

for example during excessive exercise, restricted food intake or lactation, 

as NPY expression is elevated in these conditions (Aubert, et al. 1998; 

Krysiak, et al. 1999). In ob/ob mice, leptin is not able to inhibit NPY 
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expression and secretion and this results in increased NPY levels and 

activity. It is clear from numerous studies assessing NPY actions that this 

peptide is critically involved in the pathology associated with leptin 

deficiency (Sainsbury et al. 2002). 

2.5.2 AgRP and reproduction  

AgRP acts as a functional antagonist of melanocortin receptors to increase 

appetite and decrease metabolism (Ratra and Elias 2014). The impact 

caused by the selective removal of LepRs from AgRP neurons on fertility 

has not been specifically assessed, van de Wall et al. have considered the 

combined effects of LepR knockout from POMC and AgRP/NPY neurons 

but not from AgRP/NPY alone (van de Wall et al. 2008). In this model, 

both male and female mice that did not express LepRs in either POMC or 

AgRP/NPY neurons were fertile (van de Wall et al. 2008). Since loss of 

LepRs in both of these neuronal populations does not recapitulate the 

effects of complete leptin signalling deficiency, these authors suggested 

that leptin’s actions may be mediated via extra-arcuate neurons such as 

LepR expressing neurons in the PVN, DMH, VMH and LHA (van de Wall 

et al. 2008). POMC and AgRP neurons have opposing actions on 

reproduction as well as feeding behaviour and metabolism, and the 

circuitry of these neuronal populations is intertwined. Assessing the 

effects of LepR ablation in each of these populations individually is an 

important step to take before drawing any conclusions from this data 

about the role of leptin in these cell types. Importantly, this analysis of 

LepR deletion from individual populations was omitted from the study by 

van de Wall and colleagues. 
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Recently Wu and colleagues have shown that ablation of AgRP/NPY 

neurons in ob/ob mice restores fertility while ablation of melanin-

concentrating hormone (MCH) neurons in ob/ob mice has no impact on 

fertility (Wu et al. 2012). This effect was observed in both male and female 

mice with males siring several litters and some females producing more 

than one litter (Wu et al. 2012). These results suggest that the infertility 

caused by leptin deficiency is mediated at least in part by AgRP/NPY 

neurons. The critical role played by AgRP/NPY neurons in leptin’s effects 

on female reproductive function has also been demonstrated by Sheffer-

Babila et al. who found that ablation of AgRP/NPY neurons normalised 

the timing of vaginal opening, estrous cyclicity and fertility in female db/db 

mice (Sheffer-Babila et al. 2013). These findings support the hypothesis 

that leptin deficiency results in reduced inhibition of AgRP/NPY neurons 

and the subsequent suppression of GnRH release (Sheffer-Babila et al. 

2013).  

 

Recently it has been shown that AgRP and NPY have variable effects on 

the cellular excitability of GnRH neurons. When GnRH neurons were 

exposed to AgRP, 25% of GnRH neurons were stimulated and 10% 

inhibited. The effect of NPY administration was found to be both 

inhibitory and excitatory depending on the variety of NPY used; porcine 

NPY inhibited 45% of GnRH neurons while the NPY receptor agonist 

[Leu31, Pro34]-NPY was able to excite 56% or inhibit 19% (Roa and 

Herbison 2012). This finding demonstrates that the mechanisms by which 

leptin signalling to AgRP neurons may modulate fertility are yet to be 

defined.  
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While AgRP and NPY may interact directly with GnRH neurons 

(Herbison 1998; Roa and Herbison 2012) it has also been suggested that 

AgRP modulates KNDy neuron activity. Loss of AgRP in db/db female 

mice results in the up regulation of NKB gene expression in postpubertal 

mice when compared to control animals or db/db mice that retained AgRP 

expression. This represents a possible mechanism by which AgRP may be 

exerting its effects on reproductive physiology as overactivity of AgRP in 

leptin deficient states may inhibit KNDy signalling to GnRH neurons 

contributing to reproductive failure (Sheffer-Babila et al. 2013).  

 

It is unlikely that leptin exerts its effects through a single population of 

LepR expressing neurons, and it is clear that further research into the role 

played by AgRP/NPY neurons in the leptin mediated control of the HPG 

axis is warranted. Unravelling the mechanisms by which AgRP/NPY may 

relay information gained from leptin signalling to GnRH neurons will 

inform fertility treatments in humans. 

 

2.6 Technical methods used 

2.6.1 Cre-loxP transgenic technology 

Within the last two decades, Cre-loxP transgenics has facilitated a 

revolutionary ability to specifically manipulate various proteins on 

individual cell types of populations. Cre-lox technology requires two 

components, Cre recombinase, an enzyme that catalyses recombination 

between two loxP sites and loxP sites, which are specific 13 base pair 

sequences where recombination occurs. The Cre gene and loxP sites are 
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native to a bacteriophage genome so must be introduced to mice using 

transgenic technology (Nagy 2000). Two loxP flanked (“floxed”) strains 

were used in the experiments in this thesis as described in the Chapter 3. 

These transgenic mice have loxP sites flanking either a critical portion of 

the leptin receptor gene (exon 17) or a stop codon inserted upstream of 

exon 17. Mice that express these loxP sites were crossed with transgenic 

mice expressing Cre recombinase in AgRP/NPY neurons to generate 

offspring used in this study. 

 

 

Figure 2.5 Schematic diagram illustrating the Cre-LoxP mediated deletion of a 
target gene that was used to generate transgenic mouse models. Mice 
expressing Cre recombinase (Cre) under the control of a cell type-specific 
promoter are crossed with mice that have the target gene flanked by two loxP 
sites. Recombination of the floxed target gene occurs only in offspring that have 
Cre expression, resulting in a non-functional target gene. In my thesis, the target 
gene was the LepR gene and loxP sites flanked exon 17 (Experiment A), an 
important coding region of the gene or a stop codon inserted upstream of exon 
17 (Experiment B). Cre expression was specific to AgRP neurons. Adapted from 
(Harno, et al. 2013). 
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2.6.2 Targeting Cre recombinase to AgRP/NPY neurons 

The similar expression patterns of NPY and AgRP in the ARC was first 

demonstrated by Shutter et al. who found that the expression domain of 

the AgRP gene transcript closely overlaps with NPY (Shutter, et al. 1997). 

More recently, this observation has been confirmed by Hahn et al. who 

used double-label in situ hybridisation to show significant coexpression 

between NPY and AgRP in the mouse ARC; 94% of all ARC Npy neurons 

expressed Agrp mRNA in fed mice, and 99% of these neurons were 

coexpressed in fasted mice (Hahn et al. 1998). Levels of Npy and Agrp 

mRNA were also shown to be regulated in parallel (Hahn et al. 1998).  

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Image showing the colocalisation of Agrp, Npy and Pomc mRNA. 
(A) Fluorescent in situ hybridisation of Agrp (green) and Pomc (red). Lack of 
coexpression demonstrates these two peptides are not coexpressed. (B) Agrp (red) 
and Npy (green) mRNA are highly coexpressed as observed by the yellow colour 
demonstrating colocalisation (Hahn et al. 1998). 

 

Further inquiry by Broberger et al., who aimed to determine the brain 

distribution of Agrp, has shown that there are no other Agrp mRNA-

expressing cells present in the brain aside from those colocalised with Npy 

A 

B
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(Broberger et al. 1998). Based on these results, the model used in this thesis 

where Cre expression is targeted to Agrp expressing neurons in the ARC 

ensures Cre expression is specific to the neurons of interest. 

2.6.3 Transgenic models 

There are multiple circuits involved in the metabolic control of 

reproduction, along with numerous signals that act in concert to 

dynamically regulate this relationship. The integrative nature of this 

system means that there is some inherent redundancy. This allows for the 

most efficient coupling of energy status and reproductive function. 

Because of this redundancy, the development of genetically modified 

animal models can be complicated by developmental compensation, 

particularly when congenital alterations are involved (Plant and Zeleznik 

2014). Ablation of AgRP LepRs in this model occurs before AgRP neurons 

become functionally mature, which means that adaptation may occur. 

This is why two approaches are used in my thesis, the first question 

assessing the requirement and the second assessing the sufficiency of 

leptin signalling in AgRP/NPY neurons (as demonstrated in Fig. 2.7). If 

other pathways are compensating for the lack of leptin signalling through 

AgRP/NPY neurons in the first model it may appear that this pathway is 

dispensable for reproduction. However, use of the second model will 

allow me to specifically assess the contribution of leptin signalling 

through AgRP neurons without possible compensatory effects. 
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2.6.4 Inclusion of both male and female animals 

It is clear that there is sexual dimorphism in the relationship between 

metabolism and fertility. The reproductive process places significant 

metabolic drain on females particularly during pregnancy and lactation. 

Before these processes can occur a female must have sufficient energy 

reserves to sustain biological functions such as brain activity for the 

duration of pregnancy where energy resources become limited (Plant and 

Zeleznik 2014). While metabolism and fertility in females is clearly linked, 

the teleological reasons for this relationship in males are less obvious. 

Reproduction does not place the same metabolic demands on males as it 

does females but in several species, reproductive performance such as 

dominance and territoriality requires adequate energy reserves (Christian 

Figure 2.7 Schematic diagram showing the difference between the two models 
used to assess the relationship between leptin signalling and AgRP neurons. 
Arrows symbolise neuronal pathways linking leptin receptors (LepR) to GnRH 
neurons and hence reproductive outputs. White arrows indicate neuronal 
populations with leptin receptor knockout; filled arrows indicate neurons with 
intact leptin receptors. In Experiment A, LepR are not expressed in AgRP neurons 
to test if this signalling pathway is required for reproductive function. In 
Experiment B, LepR are only expressed in AgRP neurons to test if this signalling 
pathway is sufficient for reproductive function. 

Experiment A Experiment B 
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and Moenter 2010). Because of the difference between male and females in 

the metabolic control of reproduction, both were assessed in this thesis. 

2.6.5 Effects of Cre transgene insertion 

Cre-loxP transgenic technology has been used extensively to look at the 

effects of specific genes within selected cell types on neuronal function. 

Despite the well documented use of this system, results attributed to 

inactivation of a specific gene may be altered by side effects secondary to 

the insertion of the Cre recombinase transgene or Cre activity (Giusti, et al. 

2014). An example of this is nestin-Cre mice that have significant 

background effects such as non-specific gene deletion and a metabolic 

phenotype (Harno et al. 2013). The influence of these effects has been 

overlooked in many studies that failed to include nestin-Cre mice as 

controls in nestin-Cre knockout experiments (Harno et al. 2013). As it is 

clearly important to analyse the effect of Cre expression and the 

contribution this has to outcomes measured in the study the control 

groups used in this thesis included a mixture of Cre-positive and Cre-

negative mice. The effect of Cre transgene insertion was analysed by 

comparing data of Cre-positive control mice with Cre-negative control 

mice (Giusti et al. 2014). In this way we could assess whether the presence 

of Cre is in any way altering the function of the Agrp gene. 
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2.7 Aims 

The overall aim of my thesis is to assess whether AgRP/NPY neurons in 

the ARC of the hypothalamus are involved in leptin-to-GnRH signalling. 

Previous research in the Anderson lab has demonstrated that leptin has an 

important role to play in the regulation of the HPG axis but leptin does 

not directly act on GnRH neurons themselves. Cre-LoxP transgenics will 

be used to manipulate LepR expression in the AgRP/NPY neuronal 

population so that I can assess the importance of these neurons for the 

leptin-mediated effects on reproductive function.  I have two specific 

aims: 

1. To test if leptin actions via AgRP/NPY neurons are required for 

normal fertility. Cre-loxP transgenics will be used to specifically 

delete LepRs from AgRP neurons, leaving LepRs intact in all 

other cells. This will allow me to see whether leptin signalling 

through AgRP neurons is required for puberty onset and 

fecundity. 

2. To test if leptin actions via AgRP/NPY neurons are sufficient for 

normal fertility. ‘Floxed-stop’ transgenic mice will be used to 

rescue LepRs specifically in AgRP neurons so that leptin 

signalling will only be able to occur through AgRP neurons. 

This will enable sufficiency of leptin signalling through AgRP 

neurons to be assessed. 
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3 Methods 

3.1 Animals 

All mice were obtained from the University of Otago animal breeding 

facility and housed at the Hercus unit. Animals were group housed and 

fed standard mice chow. Both food and water were available ad libitum 

and temperature and lighting were controlled, with the lights on a 

controlled light/dark cycle (lights on between 0630 and 1830 h) and 

temperature maintained at 22°C. The University of Otago Animal Ethics 

Committee approved all animal experimentation protocols. 

 

3.2 Genotyping 

3.2.1 Tissue lysis and extraction 

Tail tips from mice were digested overnight at 55°C in a solution 

containing 0.6ml of lysis buffer and 5µl of proteinase K (Roche 

Diagnostics, GmbH). Tubes containing tail tips were then inverted to 

check that the tail tip was no longer visible and that digestion was 

complete. Tubes were centrifuged for 10 minutes at RT and 5000xg 

causing undigested bone and fur to settle at the bottom of the tube. The 

supernatant, which contained the DNA extract, was poured off into 
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labelled tubes containing 0.6ml isopropanol for precipitation and tubes 

were inverted to mix. These tubes were centrifuged for 5 minutes at RT 

and 5000xg. The supernatant was then discarded and the pellet 

resuspended in 200µl TE buffer. DNA was dissolved by incubating 

overnight at 55°C. Tubes were vortexed before proceeding to PCR.  

3.2.2 Polymerase chain reaction (PCR) 

The PCR mastermix was prepared as per Table 3.1, with 2.5mM of MgCl 

added to the master mixture (Reddymix, Thermo Fisher Scientific) for 

AgRP Cre and LepR-Stopflox as per table 3.2. 

 

Table 3.1 PCR mastermix recipe 

Reagents µl/reaction 

2x Reddymix 12.5 

For. Primer (10µM) (dil. with H2O) 0.5 

Rev. Primer (10µM) (dil. with H2O) 0.5 

H2O 9.5 

 

23µl aliquots of this mastermix were transferred into PCR tubes and 2µl of 

tail DNA was added to the appropriate tubes. A negative control tube 

containing 2µl of distilled water, and two positive control tubes containing 

either 2µl of wt DNA or 2µl of mutant DNA were also included. Samples 

were run as follows: 95°C (3min), [95°C (30 seconds), XX°C (1 minute), 

72°C (45 seconds)]x35, 72°C (5 minutes), cool. (XX°C = annealing 

temperature specific to the primer used, see below). This reaction was 

performed in a thermocycling machine (Biometra Professional Basic 
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Thermocycler). Amplified samples then proceeded to agarose gel 

electrophoresis. 

 

Table 3.2 Specific primer and product information 

Mouse line Primers (5’ - 3’) Product Anneal. temp 

LEPR flox 

 

4: AATGAAAAAGTTGTTTTGGGACGA 

5: CAGGCTTGAGAACATGAACACAACAAC 

6: CTGATTTGATAGATGGTCTTGAG 

wt = 200 bp 

LoxP = 250 bp 

Het = 200bp, 

250bp 

 

59 °C  

 

LepR-

Stopflox 

 

Common: TGG CTT TTA AGC TCT GCA GTC 

wtRev: TAG GGC CAA ACC CAC ATT TA 

mutRev: CCC AAG GCC ATA CAA GTG TT 

loxP = 360bp 

wt = 522bp 

het = 522, 360 bp 

 

61°C 

 

AgRP-cre 

Common: GCT TCT TCA ATG CCT TTT GC 

wtRev: GTG TGT GGT TCC AGC ATG AC 

mutRev: GG AAC TGC TTC CTT CAC GA 

Cre = 280bp 

wt = 199bp 

het = 280, 199 bp 

 

60°C 

3.2.3 Agarose gel electrophoresis 

1.5% agarose gel was used. This was made by adding 1.2g of agarose 

(Roche Diagnostics, GmbH) to 80ml of TAE buffer and briefly bringing to 

the boil using a microwave. Once the agarose had dissolved, the solution 

was cooled to approximately 60°C and 2.4µl of ethidium bromide was 

added. This solution was mixed and poured into the gel tray with combs 

in place and allowed to set for at least 20 minutes. The gel was then 

transferred into an electrophoresis tank with the wells orientated at the 

negative end. The tank was filled with TAE buffer so that the gel was fully 

immersed. 5µl of DNA ladder (Invitrogen) with 50bp graduations was 

loaded into the first well and then 10µl of each DNA sample was loaded 

into the remaining wells. Leads were connected to the power pack and the 
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gel was run at 70-80V for approximately 40 minutes. The gel was then 

placed on an ultraviolet light source and photographs were taken using 

BioDocAnalyze software (BioDocAnalyze, Biometra).  

 

3.3 Metabolic measurements 

3.3.1 Body weight measurements 

The body weight of all experimental mice was measured every 2 weeks, 

beginning at 3-4 weeks of age. Female body weight was not measured 

during the fertility study as pregnancy nullified these measurements, but 

data was collected until breeding pairs were established and a final non-

pregnant body weight was recorded after completion of fecundity testing 

and before euthanasia.  

3.3.2 Food intake 

Food intake of all experimental mice was measured the week before 

animals were due to be perfused, with all female mice in a non-pregnant 

state. This was done by individually housing the mice and weighing the 

food hopper, then reweighing the food hopper 24 hours later providing a 

measurement of the amount of food consumed over a 24-hour period. 

3.3.3 Abdominal fat pad dissection and weight 

Once animals had been euthanized, either by decapitation (Experiment A) 

or perfusion (Experiment A/B) the abdominal fat pad was dissected out. 

All of the fat was removed from the abdominal cavity using toothed 

forceps and scissors, including retroperitoneal fat pads and the wet weight 
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was recorded. Values were expressed as a percentage of lean body weight 

(total body weight minus fat pad weight x100) for analysis. 

 

3.4 Reproductive physiology 

3.4.1 Puberty onset 

In female mice, puberty onset (P.O.) was measured based on the animal’s 

age at vaginal opening (V.O.) and first estrus as these events indicate 

puberty has occurred. Mice were monitored daily from 24 days of age. 

V.O. was confirmed by visual assessment and once this had occurred, 

daily examination of vaginal smears began until first estrus had occurred, 

which is a sign of onset of reproductive cycles. Vaginal smears were 

obtained between 0900h and 1000h until first estrous was observed. 

Smearing was done by lavage using a pipette tip loaded with 4µl of saline. 

The pipette was placed at the entrance of the vaginal canal and the saline 

was expelled. After five seconds the saline was aspirated back into the 

pipette and then expelled onto a glass slide.  Once dry, nuclei of the cells 

in the smears were histochemically stained with a drop of 0.05% toluidine 

blue and assessed under a light microscope (Olympus BH) at 100x 

magnification. 

 

Onset of male puberty was assessed based on preputial separation (P.S.) 

and date of first successful mating. P.S. occurs when the prepuce separates 

from the glans penis. This process is androgen dependent and occurs 

around the time of puberty. It is a widely used external sign of P.O. 

(Korenbrot, et al. 1977). P.S. was assessed by applying gentle pressure on 
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either side of the prepuce to see if the penis could be observed. Date of 

first successful mating was calculated by subtracting 21 days off the date 

of first litter birth, as this is the average gestation period in mice.  

3.4.2 Estrous cyclicity 

The estrous cycle of female mice was monitored by daily cytological 

examination of vaginal smears that were obtained as described in section 

3.5.1. over 10 consecutive days. A proestrus smear was defined as a smear 

characterised by round or oval nucleated cells with some cornified 

epithelial cells also usually visible. An estrus smear was usually thick, 

containing many cornified epithelial cells. Metestrus and diestrus are 

difficult to distinguish so were grouped together; both are characterised 

by the presence of small polymorphonuclear leukocytes, and nucleated or 

cornified epithelial cells also often present (Fig. 3.1). Average duration of 

the estrus cycle was calculated as the time between two proestrus phases.  

 

Figure 3.1 Representative smears of each stage of the mouse estrous cycle. (A), 
proestrus which is characterised by the presence of nucleated epithelial cells 
which may appear in clusters (B), estrus which is characterised by a 
predominance of cornified squamous epithelial cells and (C), metestrus/diestrus, 
the recovery phase when estrus changes in the reproductive tract subside, 
characterised by the presence of leukocytes (Plant and Zeleznik 2014). 

A B C
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3.4.3 Adult fecundity 

Experimental animals were paired with wt mice of the opposite sex to 

assess adult fecundity. Breeding pairs were checked for litters, and date of 

birth and litter size were noted when litters were found. The litters were 

culled by decapitation. Mice remained in breeding pairs for 80-100 days. 

Data collected gave measures of average number of litters, litter size and 

inter-litter interval. 

3.4.4 Reproductive organ weights 

In both Experiment A and B, the weight of reproductive organs were 

recorded in some animals. In Experiment A, uteri were collected from 

female mice and testis and seminal vesicles from male mice after 

decapitation, while for Experiment B collection occurred after perfusion. 

The reproductive organs were weighed to provide another measure of 

reproductive function (specifically estrogen and testosterone levels). In 

females the uterus was removed from the pelvic cavity and separated 

carefully from the cervix, adipose tissue and ovaries. The wet uterus 

weight was then recorded. In males the testes were found by pulling on 

the gonadal fat pads and the testes were then isolated from the 

surrounding tissue including the epididymis. The paired testes were then 

weighed. The seminal vesicles were also dissected out and weighed. 

Values were expressed as a percentage of lean body weight (total body 

weight minus fat pad weight x100) for analysis.  
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3.5 Surgical manipulations 

All surgeries were performed under 1-2.5% isoflurane and 70% oxygen 

anaesthesia. Standard aseptic techniques were used during the surgeries, 

with hibitane solution used for cleaning (5% chlorhexidine and 4% 

isopropyl alcohol, Sumitomo Pharmaceuticals C. Ltd.). All animals were 

given 0.05ml caprofen (Carprieve, Provet) subcutaneously before the skin 

incision was made as a long acting analgesic. Mice were monitored for 5 

days post-surgery and further pain relief was given as required based on 

the animals’ appearance and body weight. A recovery period of one week 

was allowed before any further experimentation occurred.  

3.5.1 Gonadectomy in males 

Mice were anesthetized and the hair on the dorsal surface of the animal 

was shaved. The skin was cleaned with hibitane solution and once no 

pedal reflex was detected, a 10-15mm incision was made in the skin 

approximately 1cm below the last rib. Blunt dissection was used to make a 

5-10mm opening in the abdominal wall and the testis was visualised by 

pulling gently on the gonadal fat pad. The testis was pulled through the 

opening and clamped with a hemostat. The fat pad below the hemostat 

was tied off to prevent bleeding (4.0 Vicryl, Softsilk sutures; Covidien, GS-

831) and the testis was removed. This process was repeated for the other 

testis. The abdominal wall was then sutured shut. The skin incision was 

closed using wound clips (MikRon Precision Inc., autoclips).  
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3.5.2 Testosterone implants 

Testosterone implants were used to assess steroid negative feedback 

pathways in male mice. To make the implant, 60mg of testosterone 

proprionate (Sigma #T1875) was measured out and 200µl of absolute 

ethanol was added to yield a final concentration of 300mg/ml. Once 

completely dissolved, 0.8ml of Silastic Medical grade A silicone adhesive 

(Dow Corning) was thoroughly mixed into the ethanol solution using a 

disposable scintillation vial and a spatula to get a final concentration of 

60mg/ml. This mixture was placed in a 2ml syringe and injected into 

Silastic tubing (Dow Corning #508-008; 1.57mm) using a 16-gauge needle. 

This was left to dry overnight and was cut into strips the following 

morning, 15mm for a 30-35g mouse, 20mm for a 36-44g mouse, 25mm for 

a 45-55g mouse and 30mm for a 56-60g mouse. Once anesthetised, a small 

skin incision was made on the back of the mouse and blunt dissection 

methods were used to create a subcutaneous pocket into which the 

implant was inserted. The skin incision was closed using wound clips. 

3.5.3 Ovariectomy in females 

At the conclusion of the fecundity study, female mice were unpaired from 

male wt animals and were housed with other female mice for 21 days to 

ensure they were in a non-pregnant state. Female mice were then 

bilaterally ovariectomised (OVX). Mice were anaesthetised, pain relief was 

given and a section of hair on the dorsal surface, approximately 1cm 

below the last rib was shaved. The skin was cleaned with hibitane solution 

and a midline incision approximately 1.5cm wide was made in the skin. A 

second incision approximately 0.5cm long was then made in the 

abdominal wall, 1.5cm lateral to the midline to expose the abdominal 
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cavity. The gonadal fat pad was gently pulled out and the ovary located. 

The ovary was clamped off with a hemostat and removed.  The muscle 

wall incision was sutured shut (4.0 Vicryl, Softsilk sutures; Covidien, GS-

831). This was then repeated for the contralateral side and the skin incision 

was then closed with wound clips (MikRon Precision Inc., autoclips). 

3.5.4 Estradiol implants and estradiol benzoate injections 

For the estradiol implants 2mg of estradiol 17β (SIGMA #E8875) was 

measured out and made to 1mg/ml with 2ml absolute ethanol. Once 

dissolved, 200µl of this solution was added to 1.8ml Silastic Medical grade 

A silicone adhesive (Dow Corning) giving a final concentration of 

0.1mg/ml. This was thoroughly mixed in a disposable weigh tray using a 

spatula and then placed into a 5 ml syringe and forced into Silastic tubing 

(Dow Corning #508-005; 1.02mm) via an 18 gauge needle. Once set, the 

tubing was cut into strips, 15mm for a 30-35g mouse, 20mm for a 36-44g 

mouse, 25mm for a 45-55g mouse and 30mm for a 56-60g mouse. Once 

anesthetised, a small skin incision was made on the back of the mouse and 

blunt dissection methods were used to create a subcutaneous pocket into 

which the implant was inserted. The skin incision was closed using 

wound clips. These implants produce low-dose (4-7pg/ml) negative 

feedback circulating estradiol levels in ovariectomised mice.  

 

For LH surge induction, mice were also given a subcutaneous injection of 

1µg/100µl estradiol benzoate (Sigma #E8515) in sesame oil per 20g BW 

mouse six days after estradiol implants were inserted. This was prepared 

by dissolving 1.5mg of estradiol benzoate in 15ml ethanol and then 

diluting an aliquot of this 10x in sesame oil. The LH surge is expected to 
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occur 12 hours after lights on the day following injection. This protocol 

works based on a 12 hours light, 12 hours dark cycle. 

3.5.5 Blood sampling 

Tail tip blood samples for LH assays were collected at several stages of the 

experiment. The tip (2-4mm) of the tail was cut using scissors and the tail 

was massaged to produce a drop of blood, which was collected with a 

pipette set to 5µl and placed in a tube containing 150µl of 0.1M Phosphate 

buffered saline (PBS). Once mixed, samples were immediately frozen on 

dry ice and then stored at -20°C until LH assays were performed. A 

further blood sample was taken so that testosterone levels (males) and 

estrogen levels (females) could be measured. Once animals were under 

anaesthesia the tail was massaged to release more blood (~50µl), which 

was collected in a heparinized capillary tube (Chase Scientific; CSE2501). 

These whole blood samples were centrifuged before freezing and were 

stored at -20oC until use.  

 

3.6 Animal euthanasia  

Mice were either perfused so that leptin-induced pSTAT3 signalling could 

be assessed in fixed brains or they were culled by decapitation so that 

fresh brains could be collected for qPCR (to be completed after this thesis). 

For perfusions, mice were fasted overnight (beginning at 1700 h) and the 

following morning a subcutaneous injection of leptin (1mg/kg) was 

administered. Perfusions were conducted 2 hours after leptin injection. 

Mice were anaesthetised with an injection of sodium pentobarbital (240 

mg/kg delivered intraperitoneally). Once the pedal withdrawal reflex was 
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absent, the heart was exposed, the atrium punctured and mice were 

transcardially perfused with 20mL of 4% paraformaldehyde in 0.1M 

phosphate buffer, pH 7.3. This was injected into the ventricle using a 25ml 

syringe and an 18-gauge needle.  

3.7 Hormone assays 

3.7.1 Testosterone assay 

Testosterone is a steroid hormone that is synthesized in the testes of male 

mice by Leydig cells. This androgen hormone exerts widespread effects on 

reproduction influencing sexual behaviour, and spermatogenesis. The 

Testosterone rat/mouse ELISA (Labor Diagnostika Nord GmBH) used was 

a competitive immunoassay that provided a quantitative measurement of 

testosterone in mouse plasma. An unknown amount of testosterone 

present in the sample and a defined amount of testosterone conjugated to 

horseradish peroxidase competed for the binding sites of testosterone 

antiserum that was coated to the wells of the microplate used. Due to the 

small amount of sample available, most of the samples were analysed in 

unicat, if enough plasma was available the sample was analysed in 

duplicate. Duplicated samples were used to calculate the intra-assay 

coefficient of variation.  

 

For the assay, 10µl of the calibrator and 10µl of sample were dispensed 

into the appropriate wells of the microplate along with 100µl of incubation 

buffer and 50µl of enzyme conjugate. The microplate was then incubated 

for 60 minutes on a shaker table. The contents of the plate were then 

discarded and the wells were washed 4 times with wash solution. 200µl of 
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substrate solution was dispensed into each well and the plate was 

incubated in the dark for 30 minutes. 50µl of stop solution was added to 

each well to stop the reaction and the absorbance of each well at 450nm 

was measured. A standard curve was constructed by plotting the mean 

absorbance obtained from each standard against its concentration. The 

concentration of testosterone in each sample was determined from the 

calibration curve.  

3.7.2 Estradiol ELISA 

The estradiol ELISA (Calbiotech, Inc E2 ELISA kit) works on the principle 

of competitive binding between estradiol E2, the most potent natural 

estrogen in the sample and E2 enzyme conjugate for a constant amount of 

anti-estradiol polyclonal antibody. For the ELISA, 25µl of standards, 

specimens and controls were loaded into the appropriate wells. 100µl of 

working reagent of estradiol enzyme conjugate was added to each well. 

The well plate was mixed on a shaker table for 20 seconds and was then 

incubated at room temperature for 120 minutes. The contents of the plate 

were then discarded and the wells were washed three times with 300µl of 

1X wash buffer. 100µl of TMB reagent was then added to each well and 

gently mixed for 10 seconds before being incubated at room temperature 

for 30 minutes. 50µl of stop solution was then added to each well to stop 

the reaction. This was mixed for 30 seconds until the blue colour had 

changed to yellow. Absorbances were read at 450nm with a microplate 

reader within 15 minutes of stopping the reaction. The mean absorbance 

value for each set of reference standards, controls and samples were 

calculated and a standard curve constructed. Mean absorbance values for 

each sample were used to determine the concentration of estradiol from 
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the standard curve. Values obtained from diluted samples were converted 

by applying the dilution factor (5µl in 150mL P.B.S) in the calculations.  

3.7.3 LH Sandwich ELISA 

On day one, the plate (Corning 96 Well Clear Flat Bottom Polystyrene 

High Bind Microplate, cat#9018) was coated with 50µl of bovine LHβ 

518B7 monoclonal Ab, the capture primary antibody (1:1000 in 1xPBS, 

obtained from Lillian E. Sibley at UC Davis) per well and then incubated 

overnight at 4oC. On day two the antibody was decanted and 200µl of 

blocking buffer (5% Skim Milk Powder-PBS-T) was added to each well. 

This was then incubated at RT for 2 hours in a humidified chamber on an 

orbital mixer at 40-50 rpm. All subsequent incubation was done under 

these conditions. The plate was then washed by decanting solutions and 

adding 200µl 0.05% PBS-Tween per well then decanting again. This 

washing process was repeated three times.  50µl of standard or sample 

was then loaded in the appropriate well in duplicate and incubated for 2 

hours. The plate was then washed again. 50µl of Rabbit polyclonal LH 

antibody AFP240580Rb, the detection primary antibody (1:10000 in 

blocking buffer, from AF Parlow mouse RIA kit) was then added to each 

well, and the plate was incubated for 90 minutes. The plate was then 

washed again and following this, 50µl of Polyclonal Goat Anti-Rabbit 

IgG/HRP antibody, the conjugated secondary antibody (1:1000 dilution in 

50% blocking buffer and 50% 1xPBS, DAKO Cytomation polyclonal Goat 

Anti-Rabbit IgG/HRP cat#P0448) was added to each well. The plate was 

then washed again and 100µl of OPD (1 tablet of OPD in 12 ml of citrate 

buffer and 6µl of 30% H2O2) was added. The plate was covered with 

aluminium foil to protect from light and incubated for 30 minutes. The 
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reaction was stopped by adding 50µl of 3M HCl per well. The plate was 

read at 490nm and 650nm using a standard absorbance plate reader.  

 

3.8 Immunohistochemistry (IHC) 

3.8.1 Perfusion, fixation and sectioning 

Mice were perfused as described in section 3.7. Perfused brains were 

dissected out and post-fixed for 1 hour at 4°C in the same fixative. Excised 

brains were then placed in a solution of 30% sucrose in 0.1M PBS 

overnight. The following day when brains had sunk in the sucrose 

solution, the brainstems were cut using a scalpel so that the brains had a 

flat base to stand on the sliding microtome stage. The brains were then 

frozen on the stage and 3 series of 50µm thick (Experiment A due to 

fragile tissue) or 30µm thick (Experiment B) coronal sections were cut on 

the sliding microtome (Leica SM2400, Leica Microsystems). Once cut, 

sections were immediately transferred into well plates containing 

cryoprotectant and were stored at -20°C.  

3.8.2 Antigen retrieval  

Prior to IHC for pSTAT3, antigen retrieval is required to reverse the 

formaldehyde-induced protein crosslinking and protein denaturation that 

occurs during fixation (Jiao, et al. 1999). High heat is used to break 

crosslinks that have formed between the pSTAT3 and other proteins in the 

fixed tissue. Brain sections were washed 3 times for 5 minutes each in 

0.05M Tris-buffered saline (TBS) with 1ml Triton-X (TX) added per L of 

TBS. Sections were then incubated in 1mM EDTA (pH 8.0) at 90°C in a 
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water bath for 15 minutes. This heating method allows precise control of 

temperature to enable effective antigen retrieval with minimal tissue 

damage (Jiao et al. 1999). Sections were then washed in TBS-TX 3 times for 

5 minutes each. 

3.8.3 Labelling  

Brain sections were then incubated for 30 minutes in 1% hydrogen 

peroxide (H2O2) to quench endogenous peroxidase activity. Tissues were 

washed 3 times for 5 minutes each in TBS-TX-Bovine serum albumin 

(BSA). Sections were then incubated for 24 hours at 4°C on a shaker table 

in primary antibody (1:1000 rabbit-anti-pSTAT3, Cell Signalling Ltd.) 

containing 2% normal goat serum (same species as secondary antibody 

host) in TBS-TX-BSA.      

 

Sections were then washed 3 times for 5 minutes each in TBS and 

incubated in 1ml per well biotinylated secondary antibody (1:1000 

biotinylated goat-anti-rabbit, Vector Labs) diluted in TBS for 1 hour on 

shaker table at room temperature.  

 

Sections were again washed 3 times for 5 minutes each in TBS and were 

then incubated for 1 hour in 1:100 Vector Elite ABC solution (an 

avidin:biotinylated enzyme complex; Vector Biolabs), which was stirred 

gently for 30 minutes  before use.  

 

Sections were washed three times for 5 minutes each in TBS before 

incubation in 3,3’-diaminobenzidine (DAB) solution for approximately 4 

minutes or when staining was judged adequate. The DAB solution was 
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nickel-enhanced for black staining (8mg Ni(NH4)2SO4/ml H2O). Sections 

were then washed in TBS. 

3.8.4 Mounting tissues for IHC 

Sections were mounted on gelatin-coated glass slides and were air-dried 

overnight. Sections were then dehydrated through a graduated series of 

alcohol (50%, 70%, 95% and 100%), rinsed twice in xylene and 

coverslipped with DPX mounting medium. Sections were visualised on an 

electron microscope (Olympus BX45) and immuno-labelled neurons were 

counted from the arcuate nucleus.  

3.8.5 Cell counting 

All images were analysed using ImageJ software (National Institutes of 

Health). Images were converted to greyscale and stained cells were then 

counted using a macro program, as shown in the setting instructions 

below.  

 

Table 3.3 Setting instructions for the macro used for cell counting 

run("8-bit"); 
run("Clear Outside"); 
run("Subtract Background...", "rolling=20 light"); 
run("Auto Threshold...", "method=Default white"); 
//run("Threshold..."); 
setThreshold(0, 214); 
//setThreshold(0, 214); 
run("Make Binary", "thresholded remaining black"); 
run("Watershed"); 
run("Analyze Particles...", "size=50-Infinity circularity=0.1-1.00 
show=Outlines display clear"); 
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To assess non-specific binding of the secondary antibody, a control sample 

that was not exposed to any primary antibody was used. No staining was 

observed in this tissue, which validates the antibody used. Furthermore, a 

separate group of fasted wt mice not treated with leptin showed very low 

levels of pSTAT3 staining in the hypothalamus. 

 

3.9 Analysis of GFP-expressing neurons in the ARC 

of AgRP-Cre dependant GFP mice 

Transgenic AgRP-Cre tau(τ)-green fluorescent protein (τGFP) mice, 

available from the University of Otago animal breeding facility, were used 

to validate the correct expression of Cre recombinase in the AgRP-Cre 

mice. Mice were perfused and fixed brains were embedded and then 

sliced into 30µm sections. Sections were mounted and coverslipped with 

Vectashield mounting medium (Vector Laboratories, Inc.) to preserve 

fluorescence. Coverslips were permanently sealed with nail polish and 

stored in a light protected slide storage box. Slides were then analysed 

under a fluorescence microscope (Olympus BX51). The subdivision of the 

ARC was based on the brain atlas (The Allen Mouse Brain Atlas). The 

presence of GFP in the ventral ARC of AgRP-Cre, τGFP mice indicates 

that Cre-mediated recombination did occur. It was therefore assumed that 

in AgRP-Cre, LepR flox or stop-flox mice, the LepR in the AgRP cells will 

be rendered non-functional.  
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3.10 Experiments 

3.10.1 Experiment A: Are leptin actions on AgRP/NPY neurons required 

for normal fertility? 

To test whether leptin signalling in AgRP/NPY neurons is required for 

fertility, transgenic mice that possessed a floxed Lepr gene were crossed 

with mice that expressed Cre recombinase selectively in AgRP/NPY 

neurons. For the former mouse line, LoxP sites were inserted in sites that 

flank LepR coding exon 17 as this region encodes a JAK docking site 

required for STAT3 signalling (McMinn, et al. 2005). Excision of exon 17 

by Cre recombinase results in the suppression of Lepr gene expression and 

deficient leptin signalling (Fig. 3.2). Offspring of these mice that are 

homozygous for LepR-flox and heterozygous/homozygous for AgRP-Cre 

should not express LepRs in AgRP/NPY neurons, but leptin signalling in 

all other neurons should remain intact. This allows testing of whether 

leptin actions in this population of neurons is required for fertility. To 

breed these mice, AgRP-Cre mice were first crossed with LepR-flox mice, 

then offspring that were heterozygous for both transgenes were crossed 

back to homozygous LepR-flox mice. Controls were littermate mice that 

harboured the LepR-flox mutation but did not express Cre. 
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Figure 3.2 Cre-mediated deletion of LepR from AgRP neurons. Shown in the 
first line of the figure is the Lepr gene with lox-P sites flanking exon 17, which is 
an important coding region of the gene. In mice expressing Cre recombinase in 
AgRP neurons, excision of exon 17 will occur resulting in a non-functional Lepr 
gene as shown in the bottom line of the figure. The diagram with arrows depicts 
the result of this. Arrows symbolise neuronal pathways linking leptin receptors 
to GnRH neurons and therefore reproductive outputs. Filled in arrows represent 
intact leptin signalling in while no leptin signalling can occur through the empty 
arrow representing AgRP neurons.  
 

Male and female mice were then evaluated for metabolic function (body 

weight, food intake and adiposity), P.O. and fecundity as described in 

sections 3.4 and 3.5. 
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3.10.2 Experiment B: Are leptin actions on AgRP/NPY neurons 

sufficient for normal fertility? 

To test whether leptin signalling in AgRP/NPY neurons is sufficient for 

fertility, transgenic mice that possessed a floxed stop codon upstream 

from exon 17 of the LepR gene, were crossed with AgRP-Cre mice.  

Because homozygotes of the former mouse line are infertile, breeding of 

the experimental animals had to be done from heterozygotes. When 

crossed with AgRP-Cre mice, a ‘rescue’ group that only expressed LepRs 

in AgRP/NPY neurons was generated as the Lepr gene in all other neurons 

contained the ‘stop flox’ sequence that prevents transcription.  

 

Three groups of mice were used, LepR-null (homozygous for LepR stop 

flox; negative for AgRP-Cre) animals that did not have any functional 

LepRs, animals with LepR ‘rescue’ in AgRP neurons (homozygous for 

LepR Stopflox; positive for AgRP-Cre), which only expressed leptin 

signalling through AgRP neurons, and LepR-intact controls (wt for LepR 

Figure 3.3 Cre-mediated ‘rescue’ of LepR only in AgRP neurons. Shown in the first line 
of the figure is the Lepr gene with a stop signal incorporated into it which prevents gene 
transcription. This stop signal is floxed by two lox-P sites. In mice expressing Cre 
recombinase in AgRP neurons this stop signal will be excised specifically from AgRP 
neurons. This results in animals that only have leptin signalling through AgRP neurons. 
This is depicted in the diagram with arrows, Arrows symbolise neuronal pathways 
linking leptin receptors to GnRH neurons. Empty arrows represent neuronal populations 
that lack leptin signalling while the filled in ‘AgRP’ arrow indicates that leptin signalling 
is only intact through this pathway.  
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stopflox, negative or positive for AgRP-Cre). A mixture of Cre-positive 

and Cre-negative control animals were used so that the effect of Cre alone 

could be assessed.  

 

All mice were then evaluated for metabolic function, puberty onset and 

fecundity as described in sections 3.4 and 3.5. Blood samples were also 

collected to assess steroid hormone levels, and gonadectomy surgeries 

were performed to look at the impact of leptin signalling in AgRP neurons 

on negative feedback pathways.    

3.11 Data analysis 

3.11.1 Statistical analysis 

All data are presented as mean ± the standard error of the mean (SEM). A 

p-value less than 0.05 (p<0.05) was considered a significant result. All 

analyses were conducted using GraphPad Prism (version 6) or in the case 

of chi-squared tests, the online calculator found at 

http://www.opus12.org/Chi-Square_Calculator.html was used. 

 

The two parametric tests used were student’s t-test and the ANOVA. 

Two-tailed unpaired t-tests were used to compare the differences between 

two groups, and a one-way ANOVA was used if there were more than 

two groups present. A repeated measures two-way ANOVA was used to 

compare changes over time, such as for body weight analysis. Holm-

Sidak’s multiple comparison test was used as a post hoc test for 

comparison if a significant result was found in the ANOVA. The two non-

parametric tests used were the Mann-Whitney U test (to compare two 
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groups) and the Kruskall-Wallis test (to compare more than two groups) 

followed by Dunn’s multiple comparison test. More conservative non-

parametric testing was done when sample sizes were less than n=10 as it 

could not be assumed that data was normally distributed, or when ordinal 

data was being analysed.  

3.11.2 Outliers 

Outliers were removed based on the results of Grubb’s test, also known as 

the extreme studentised deviate method, which determines whether a 

value is a significant outlier from the rest.  
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4 Results 

The results of this thesis are divided into three sections: Validation of the 

animal models used, results of Experiment A and results of Experiment B. 

An analysis of metabolic function, P.O. and fecundity is provided for 

animal models used in both Experiment A and B. Metabolic 

measurements are important for validating the models used as leptin 

signalling in AgRP neurons plays an important role in metabolism, and 

the existence of a comprehensive body of metabolic literature allows 

comparison of the data with previously published results. In Experiment 

A, an obese phenotype will help to confirm the genotype of experimental 

animals that lack leptin signalling in AgRP neurons. Similarly in 

Experiment B, the ‘rescue’ animals that only express LepRs in AgRP 

neurons should also exhibit an obese phenotype, as the full metabolic 

effects of leptin cannot be exerted. Results of puberty onset and fecundity 

are important for determining whether AgRP neurons are acting as a 

conduit for leptin-to-GnRH signalling. Because of the positive results 

found in the fecundity study for Experiment B, blood samples were taken 

to measure levels of steroid hormones, and gonadectomy (GDX) surgeries 

were performed to study steroid negative feedback effects on circulating 

LH concentration.  
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4.1 Validation of animal models 

4.1.1 Specificity of AgRP Cre 

The AgRP Cre x tau-green fluorescent protein (tau-GFP) reporter mouse 

has GFP expression in AgRP neurons caused by Cre mediated excision of 

the stop signal for GFP. This reporter of Cre activity is important for 

defining the specificity of Cre-mediated recombination and for validating 

the animal models used in this thesis. Fig 4.1. shows representative images 

from two AgRP-Cre x tau-GFP mice.  

GFP expression in the reporter animals was localised to the ventro-medial 

ARC, with virtually no fluorescence seen elsewhere in the hypothalamic 

sections studied. This pattern of expression closely matches that 

previously reported for Agrp mRNA (shown in the Allan Brain atlas at 

mouse.brain-map.org/experiment/ivt?id=72283799&popup+true) and 

Figure 4.1 Single-labelled immunofluorescence for AgRP Cre showing localisation to the 
ARC. Representative coronal sections of tau-GFP immunofluorescence in AgRP Cre-positive 
neurons of the ventro-medial ARC. Scale bar = 200µm.  
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AgRP immunohistochemistry using colchicine-treated rodents (Kloukina, 

et al. 2012). This indicates that these animals were appropriate to use in 

experiments assessing the necessity and sufficiency of leptin signalling 

through AgRP neurons, which are known to be located in the ARC. 

 

4.1.2 pSTAT3 staining 

pSTAT3 immunohistochemistry was used to detect the presence of any 

leptin-induced STAT3 phosphorylation, which is a functional indicator of 

leptin-responsive cells. For Experiment A, in AgRP-LepR KO mice LepRs 

are not present on AgRP neuron so leptin signalling cannot occur through 

this neuronal population. Images of the ventro-medial arcuate nucleus 

(vmARC) from AgRP-LepR KO mice should therefore show a smaller 

number of leptin responsive cells. Counting of pSTAT3 responsive cells 

was restricted to the vmARC as this corresponded to the location of AgRP 

neurons in Fig. 4.1. pSTAT3 responsive cells in the VMH were also 

counted as a control, because control and AgRP-LepR KO mice should 

have similar levels of leptin signalling in this area. Shown in Fig. 4.2 are 

representative photos of the vmARC and VMH of control (A) and AgRP-

LepR KO (B) mice. A small but significant decrease in pSTAT3 cell 

numbers was observed in the vmARC of AgRP-LepR KO mice compared 

to controls (p<0.005) but no difference was seen for the VMH. This 

indicates that leptin signalling has been reduced in the vmARC of AgRP-

LepR KO animals and this is likely due to lack LepRs on AgRP neurons.  
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Figure 4.2 Representative images of leptin-induced phosphorylated STAT3 (pSTAT3) 
signalling in ventro-medial ARC (vmARC) and VMH of control (A) and AgRP-LepR KO 
(B) animals, along with quantification of this (C). The ventromedial portion of the ARC 
was counted as this aligned with AgRP cell location in AgRP Cre images (Fig. 4.1). No 
difference in leptin-induced pSTAT3 immunoreactivity between control and KO groups 
was observed in the VMH but a significant difference was seen for the vmARC (*p<0.005). 
Control (n=7), AgRP-LepR KO (n=4), 3-4 sections analysed per animal. Data analysed using 
Mann-Whitney U test. Scale bar = 200µm. 
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In Experiment B, three groups were used. Shown in Fig. 4.3 are 

representative images from a LepR-null animal (A), LepR-rescue animal 

(B) and LepR-intact control animal (C). In LepR-null mice, no pSTAT3 

positive cells were visible (Fig. 4.3A), and this aligns with the expectation 

that LepR-null animals have no LepRs. In LepR-rescue mice, a group of 

leptin responsive cells in the vmARC were visible but no staining was 

seen in any other region examined (Fig. 4.3B). The number of cells counted 

in the vmARC of LepR-rescue mice was not significantly different from 

LepR-intact control animals, but was significantly greater than LepR-null 

animals (p<0.001). This suggests that the model used to restore leptin 

signalling specifically in AgRP neurons was successful. As expected, 

control animals had staining throughout the ARC and VMH (Fig. 4.3C). 

Staining in the VMH of control animals was significantly greater than both 

LepR-null and LepR-rescue groups (p<0.0001). Average cell counts are 

shown in Fig. 4.3D.  
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Figure 4.3 Representative images of leptin-induced pSTAT3 signalling in 
hypothalamic ARC and VMH of LepR-null (A), LepR-rescue in AgRP (B) and LepR-
intact controls (C) along with quantification of this (D). No pSTAT3 staining was 
observed in LepR-null animals. Staining in LepR-rescue animals was only seen in the 
ventro-medial ARC (vmARC) while LepR-intact control animals showed staining 
throughout both the vmARC and VMH. No significant difference in ARC cell counts 
between LepR-intact controls and LepR-rescue mice was observed. Cell counts were 
analysed using a one-way ANOVA (separate tests for vmARC and VMH) followed by 
post-hoc Holm-Sidak’s multiple comparison test, LepR-intact control (n=7), LepR-rescue 
in AgRP (n=8), LepR-null (n=8). 3-4 sections analysed per animal. Values shown are 
±SEM (*p<0.001, **p<0.0001). Scale bar = 200µm.  
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4.1.3 Analysis of metabolic function in Cre-positive mice compared to 

Cre-negative mice 

In some Cre-expressing mouse lines, such as Nestin Cre, the presence of 

Cre alters the function of the gene resulting in a phenotype irrespective of 

the presence of loxP (Giusti et al. 2014). The purpose of Fig. 4.4 was to 

assess the impact of Cre on AgRP gene function by looking at the 

metabolic phenotype of Cre-positive and Cre-negative mice and 

comparing the results of these two groups. The mice in fig. 4.4 are the 

control mice from Experiment B. Both male and female Cre-negative mice 

became slightly heavier than Cre-positive littermates (p<0.05). For males 

this became significant at 132 days of age (Fig. 4.4A), while for females this 

became significant at 62 days of age (Fig. 4.4C). Despite the significant 

difference in body weight of females prior to the fertility study, no 

significant difference was observed in final body weight measurements 

taken at the end of the fertility study (Fig. 4.4E). No significant difference 

in food intake was observed for either male or female groups (Fig. 4.4 B, 

D).  
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Figure 4.4 The effect of Cre expression on body weight in male (A) and female (C, E) 
mice and on food intake in male (B) and female (D) mice.  Cre-negative mice were 
significantly heavier than Cre-positive mice at day 132 in male mice and day 62 and 69 
in female mice. All groups had n=5. Body weight data in A and C was analysed using a 
repeated measures two-way ANOVA followed by post-hoc Holm-Sidak’s test for 
multiple comparisons, graphs B, D and E were analysed using Mann-Whitney test. 
Values are presented ±SEM (*p<0.05). 
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4.1.4 Puberty onset Cre vs non-Cre 

In male mice, P.O. was assessed by measuring age of first fertile mating 

and P.S., while in females P.O. was measured using age at V.O. and age of 

first estrus. There was no significant difference in the timing of P.O. for 

male or female Cre-positive mice when compared to Cre-negative 

littermates (Fig. 4.5).  

Figure 4.5 Puberty onset in male and female Cre-positive mice compared to Cre-
negative mice. Pubertal evaluation for male mice included age at preputial 
separation (P.S.) and age at first fertile mating (A). In females, vaginal opening (V.O.) 
and age at first estrus (B) was used to assess puberty onset. There was no statistically 
significant difference in age at puberty onset between the Cre-negative male (n=5) 
and Cre-positive male (n=5) groups, or between the Cre-negative female (n=5) and 
Cre-positive female (n=5) groups. Data presented is the mean age ±SEM. Mann 
Whitney U test used for analysis. 
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4.1.5 Fecundity of Cre-positive vs Cre-negative 

To assess adult fertility, fecundity in both males and females was studied 

along with female estrus cycles. Vaginal cytology was assessed for 28 days 

in female mice and no significant difference in the time spent in each 

phase of the estrous cycle was found (proestrus, estrus, metestrus and 

diestrus) when comparing Cre-positive and Cre-negative animals (Fig. 

4.6A).  Average length of the estrous cycle was not significantly different 

between these two groups (Fig. 4.6B). Fecundity was assessed by looking 

at litter frequency and litter size following pairing with wt mates for 80 

days (females) or 100 days (males). No significant difference in the 

fecundity of Cre-positive and Cre-negative male or female mice was found 

(Fig. 4.7). 

Figure 4.6 Summary of estrous cyclicity (A) and average length of estrous 
cycles (B) in Cre-positive female mice (n=5) compared to Cre-negative female 
mice (n=5). Values in (A) are mean frequency of occurrence over a 4-day period. 
Stage of the estrous cycle was determined by the predominant presence of 
leukocytes, cornified epithelial cells or nucleated epithelial cells. No statistically 
significant differences were found between the groups. No significant difference 
was found in the length of cycles. Estrous cyclicity was analysed using a one-way 
ANOVA. Cycle length was analysed using Mann-Whitney U test. Values are 
mean ±SEM. 
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Figure 4.7 Fecundity of male (A, B) and female (C, D) Cre-positive mice compared 
to Cre-negative mice. No significant difference in fecundity, measured by assessing 
litter frequency (A, C) and number of pups per litter (B, D), was observed. Mann 
Whitney U test used for analysis. Data presented is the mean age ±SEM, n=5 for all 
groups.  
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4.2 Experiment A – Are leptin actions on AgRP/NPY 

neurons required for normal fertility? 

4.2.1 Metabolic phenotype 

As reported previously (van de Wall et al. 2008), body weight of both male 

and female AgRP-LepR KO mice was slightly but significantly greater 

than control littermates (ANOVA main effects; p<0.05), and this was 

confirmed by post-hoc tests at a number of time points as shown in Fig. 

4.8. This effect was particularly apparent for female mice. Female AgRP-

LepR KO mice also had significantly heavier abdominal fat pads 

compared to the control group (p<0.05, Fig. 4.9B). Adiposity of male mice 

was not significantly different between the two groups (Fig. 4.9A). These 

results suggest that lack of leptin signalling in AgRP neurons may have a 

greater impact on metabolism in female animals than in males. These 

metabolic observations align with the well-characterised role of AgRP in 

metabolism and also validate the animal model used, as lack of leptin 

signalling in AgRP neurons would be expected to result in increased body 

weight. Fig 4.9 illustrates the average amount of food consumed by male 

and female control and AgRP-LepR KO animals over a 24-hour period. 

Consistent with a previous report (van de Wall et al. 2008), no significant 

difference was seen between the groups for either male or female mice 

suggesting that the slight obese phenotype of the KO mice was not caused 

by increased food intake. 
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Figure 4.8 The effect of AgRP-LepR KO on body weight in male (A) and female (B, C) mice. 
(A), body weight of AgRP-LepR KO male mice (n=9) compared to control males (n=9) measured 
every 2 weeks. A significant difference between groups was observed at the marked time 
points. (B), body weight of AgRP-LepR KO female (n=10) mice compared to control females 
(n=8) measured every 2 weeks before the fertility study. A significant difference between groups 
was observed at the marked time points. (C), final non-pregnant body weight of female mice 
measured after the fertility study at 190 days of age. A significant increase in KO females was 
observed. Body weight data was not collected for female groups during the fertility study. (A) 
and (B) were analysed using repeated measures two-way ANOVA followed by post-hoc Holm-
Sidak’s multiple comparison test, while data in (C) was analysed with an unpaired Student’s t-
test. All values are mean ±SEM (*p=0.05, **p=0.01, ***p=<0.001). 

A Male Body Weight 

B Female Body Weight C Final female Body Weight 



  82 

 

Figure 4.10 Food intake of male (A) and female (B) AgRP-LepR KO mice compared 
to controls over a 24 hour period.  Daily food intake was not significantly different 
for male (n=9) or female (n=10) AgRP-LepR KO mice compared to controls (male n=9, 
female n=8). Data was analysed using an unpaired Students t-test. Values are mean ± 
SEM.  
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Figure 4.9 Abdominal adiposity of male (A) and female (B) AgRP-LepR KO 
mice compared to controls. Fat pad weight was measured at the time of sacrifice 
and is presented as a percentage of lean body weight. No significant difference 
was seen between male AgRP-LepR KO mice (n=9) compared to male controls 
(n=9). There was a significant increase in the adiposity of AgRP-LepR KO females 
(n=7) compared to controls (n=5) (*p<0.05). Two-tailed Mann-Whitney U test was 
used for analysis. Values are mean ±SEM. 
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4.2.2 Puberty onset 

To assess P.O. in males, age of first fertile mating and age at P.S. were 

measured, while for females age at V.O. and age of first estrus were 

measured. No significant difference was seen in the onset of male puberty 

between control and AgRP-LepR KO groups (Fig. 4.11A). No significant 

difference in age at V.O. was observed between control and AgRP-LepR 

KO females (Fig. 4.11B), but onset of first estrus was significantly delayed 

in AgRP-LepR KO mice by 3.4±1.0 days compared to control littermates 

(Fig. 4.11C; p<0.05). 
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Figure 4.11 Puberty onset in male and female AgRP-LepR KO mice compared to controls. 
Pubertal evaluation for male mice included age at preputial separation (P.S.) and age at first 
fertile mating (A), and in females vaginal opening (V.O.) (B) and age at first estrus (C). 
There was no statistically significant difference in the age at puberty onset between the 
control (males n=9, females n=8) and KO groups (males n=9, females n=10) for P.S., age at 
first fertile mating or V.O. (C) Survival profile showing onset of first estrus in control (n=8) 
and AgRP-LepR KO (n=10) female mice. The mean age ±SEM at which first estrus occurred 
is plotted as a bar graph. A significant delay of 3.4±1.0 days was observed in the AgRP-LepR 
KO animals (*p<0.05). Mann Whitney U test used for analysis. Values in bar graphs are 
mean ±SEM. 
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positive nuclei in the NTS. No significant differences were found
between the GABA-specific knock-outs and controls (Fig. 1J); this
was expected because several studies have shown that the NTS LEPR
neurons are not GABAergic (Vong et al., 2011; Garfield et al., 2012).
The number of animals in the glutamate-specific LEPR knock-out
group was low; nevertheless, a trend toward a reduced pSTAT3 re-
sponse (albeit nonsignificant; n ! 2; t(8) ! 1.261, p ! 0.24) was
observed similar to what has been reported (Vong et al., 2011).

In vehicle-treated animals, the overnight fast was unable to
reduce pSTAT3 immunoreactivity to the same extent in the
GABA-specific LEPR knock-outs compared with the controls.
This phenomenon is likely the result of the high circulating leptin
found in these very obese animals (Fig. 2C).

The above-mentioned findings agree with previously described
distributions of Vgat and Vglut2 mRNA in the hypothalamus (Vong
et al., 2011), confirming that the LEPR deletions were indeed tar-
geted to neurons expressing Vgat and Vglut2. There appeared to be
very little overlap between the regions affected by GABA and gluta-
mate LEPR knock-out. The lateral hypothalamus was an exception;
both GABA- and glutamate-specific LEPR deletion reduced the
numbers of neurons able to respond to leptin here.

Disrupted body weight regulation in both GABA- and
glutamate-specific LEPR knock-out animals
Body weights of all knock-out and control groups were mea-
sured fortnightly. The genotype of the knock-outs had a

significant effect on body weight in females (two-way repeated-
measures ANOVA: F(2,32) ! 247.06, p " 0.001) and in males
(two-way repeated-measures ANOVA: F(2,26) ! 69.50, p "
0.001) compared with controls. As previously described, LEPR
knock-out from GABA neurons caused an obese phenotype
(Vong et al., 2011). Post hoc testing revealed that female
GABA-specific LEPR knock-out animals were significantly
heavier than littermate controls from the age of 4 weeks on-
wards (Fig. 2A), whereas for males a significantly greater body
weight was reached at 6 weeks of age (Fig. 2B). Glutamate-
specific LEPR knock-out caused a milder metabolic pheno-
type. Females were significantly heavier than their littermate
controls by 9 weeks of age (Fig. 2A). The males showed a
significant weight difference from 12 weeks of age compared
with control animals (Fig. 2B). These results are similar to the
body weights described by Vong et al. (2011), with the GABA-
specific knock-outs being notably heavier than the glutamate-
specific knock-out animals. Blood collected at the end of the
breeding studies showed that plasma leptin concentrations
were significantly elevated in both female and male GABA-
specific LEPR knock-outs (female: t(14) ! 16.46, p " 0.0001
and male: t(3) ! 9.85, p ! 0.0022; Fig. 2C). In glutamate-
specific knock-outs, a significant increase in leptin concentra-
tion was only evident in male animals (t(3) ! 4.56, p ! 0.02;
Fig. 2C).

Figure 3. Puberty onset in GABA- and glutamate-specific LEPR knock-out animals. A, In GABA-specific LEPR knock-out animals (gray bars; n !7–10), vaginal opening, first estrus, and male puberty onset
wereallsignificantlydelayedcomparedwiththeircontrol littermates(blackbars;n!7–10).B,Vaginalopening,firstestrus,andmalepubertyonsetalloccurredatthesametimeinglutamate-specificknock-out
animals (white bars; n!6 –9) compared with their control littermates (black bars; n!8 –9). C, Survival profiles showing puberty onset of female GABA-specific LEPR knock-out (gray lines) and control animals
(black lines). The percentage of mice showing vaginal opening (intermittent lines) and first estrus (continuous lines) is plotted for each time point. D, Puberty onset (date of first successful mating) profiles of male
GABA-specific knock-outs (gray line) and controls (black line) over time is plotted. VO, Vaginal opening. *p " 0.05. **p " 0.01. ***p " 0.001.
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positive nuclei in the NTS. No significant differences were found
between the GABA-specific knock-outs and controls (Fig. 1J); this
was expected because several studies have shown that the NTS LEPR
neurons are not GABAergic (Vong et al., 2011; Garfield et al., 2012).
The number of animals in the glutamate-specific LEPR knock-out
group was low; nevertheless, a trend toward a reduced pSTAT3 re-
sponse (albeit nonsignificant; n ! 2; t(8) ! 1.261, p ! 0.24) was
observed similar to what has been reported (Vong et al., 2011).

In vehicle-treated animals, the overnight fast was unable to
reduce pSTAT3 immunoreactivity to the same extent in the
GABA-specific LEPR knock-outs compared with the controls.
This phenomenon is likely the result of the high circulating leptin
found in these very obese animals (Fig. 2C).

The above-mentioned findings agree with previously described
distributions of Vgat and Vglut2 mRNA in the hypothalamus (Vong
et al., 2011), confirming that the LEPR deletions were indeed tar-
geted to neurons expressing Vgat and Vglut2. There appeared to be
very little overlap between the regions affected by GABA and gluta-
mate LEPR knock-out. The lateral hypothalamus was an exception;
both GABA- and glutamate-specific LEPR deletion reduced the
numbers of neurons able to respond to leptin here.

Disrupted body weight regulation in both GABA- and
glutamate-specific LEPR knock-out animals
Body weights of all knock-out and control groups were mea-
sured fortnightly. The genotype of the knock-outs had a

significant effect on body weight in females (two-way repeated-
measures ANOVA: F(2,32) ! 247.06, p " 0.001) and in males
(two-way repeated-measures ANOVA: F(2,26) ! 69.50, p "
0.001) compared with controls. As previously described, LEPR
knock-out from GABA neurons caused an obese phenotype
(Vong et al., 2011). Post hoc testing revealed that female
GABA-specific LEPR knock-out animals were significantly
heavier than littermate controls from the age of 4 weeks on-
wards (Fig. 2A), whereas for males a significantly greater body
weight was reached at 6 weeks of age (Fig. 2B). Glutamate-
specific LEPR knock-out caused a milder metabolic pheno-
type. Females were significantly heavier than their littermate
controls by 9 weeks of age (Fig. 2A). The males showed a
significant weight difference from 12 weeks of age compared
with control animals (Fig. 2B). These results are similar to the
body weights described by Vong et al. (2011), with the GABA-
specific knock-outs being notably heavier than the glutamate-
specific knock-out animals. Blood collected at the end of the
breeding studies showed that plasma leptin concentrations
were significantly elevated in both female and male GABA-
specific LEPR knock-outs (female: t(14) ! 16.46, p " 0.0001
and male: t(3) ! 9.85, p ! 0.0022; Fig. 2C). In glutamate-
specific knock-outs, a significant increase in leptin concentra-
tion was only evident in male animals (t(3) ! 4.56, p ! 0.02;
Fig. 2C).

Figure 3. Puberty onset in GABA- and glutamate-specific LEPR knock-out animals. A, In GABA-specific LEPR knock-out animals (gray bars; n !7–10), vaginal opening, first estrus, and male puberty onset
wereallsignificantlydelayedcomparedwiththeircontrol littermates(blackbars;n!7–10).B,Vaginalopening,firstestrus,andmalepubertyonsetalloccurredatthesametimeinglutamate-specificknock-out
animals (white bars; n!6 –9) compared with their control littermates (black bars; n!8 –9). C, Survival profiles showing puberty onset of female GABA-specific LEPR knock-out (gray lines) and control animals
(black lines). The percentage of mice showing vaginal opening (intermittent lines) and first estrus (continuous lines) is plotted for each time point. D, Puberty onset (date of first successful mating) profiles of male
GABA-specific knock-outs (gray line) and controls (black line) over time is plotted. VO, Vaginal opening. *p " 0.05. **p " 0.01. ***p " 0.001.
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4.2.3 Estrous cyclicity 

Analysis of vaginal cytology revealed no significant difference in the time 

spent in each phase of the estrous cycle between control and AgRP-LepR 

KO animals (Fig. 4.12A). The average length of the estrous cycle was not 

significantly different between the two groups (Fig. 4.12B). The similarity 

between estrous cyclicity profiles is demonstrated in Fig. 4.12C. 

 

4.2.4 Fecundity of AgRP-LepR KO animals 

Fecundity of adult mice was assessed by litter frequency, number of pups 

per litter and inter-litter interval over 80 days (females) or 100 days 

(males).  None of these measures differed between the two groups for 

either males or females (Fig. 4.13). 
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Figure 4.12 Summary (A) and representative examples (C) of estrous cyclicity and length of 
estrous cycles (B) in control and AgRP-LepR KO mice. Values in (A) are mean (± SEM) 
frequency of occurrence over a 10-day period. Stage of the estrous cycle was determined by the 
predominant presence of leukocytes, cornified epithelial cells or nucleated epithelial cells. No 
statistically significant differences were found between the control (n=8) and KO (n=10) groups. 
No significant difference was found for length of estrous cycle (B).  Values in (B) are mean ± SEM. 
Estrous cyclicity was analysed using an unpaired Students t-test at each cycle stage. Cycle length 
was analysed using an unpaired student’s t-test. P, proestrus; E, estrus; M, metestrus; D, diestrus. 
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Figure 4.13 Fecundity in control and AgRP-LepR KO mice over 100 days. There were no 
statistically significant differences in the litter frequency (A), litter size (B) or inter-litter 
interval (C) between the control (males n=9, females n=8) and KO (males n=9, females, 
n=10) groups. Data was analysed using unpaired Students t-test. Values are mean ±SEM. 
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Reproductive function was also assessed by measuring the weight of 

reproductive organs. Testes and seminal vesicle weight provides an 

indicator of testosterone status while uterine weights act as an indicator of 

circulating estradiol concentrations. No significant difference was 

observed in the weight of reproductive organs for either male or female 

mice (Fig. 4.14).  

A Male reproductive organs 

Figure 4.14 Reproductive organ weights of control and AgRP-LepR KO male and 
female mice. (A), Paired testes weight, seminal vesicle weight (control n=9; KO n=9) 
and (B), uterus weight (control n=8; KO n=10) all expressed as a percentage of lean 
body weight. No significant differences were seen in the weight of reproductive 
organs between male or female AgRP-LepR KO mice and their controls. Data as 
analysed using unpaired Student’s t-test. Values are mean ±SEM. 
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4.3 Experiment B – Are leptin actions on AgRP/NPY 

neurons sufficient for normal fertility?  

It is well documented in the literature that LepR-null mice are obese due 

to lack of leptin signalling. Consistent with this, Fig. 4.15 shows that LepR-

null male and female mice were significantly heavier than LepR control 

animals (p<0.0001 (male) p<0.0005 (female)) and post-hoc tests showed 

this occurred from 34 days of age. LepR-rescue mice only express LepR in 

AgRP neurons. This means that they will also be metabolically 

compromised by lack of intact leptin signalling. This was demonstrated by 

their obesity compared to LepR-intact control animals (p<0005). LepR-

rescue animals were also found to be significantly heavier than controls 

from 34 days of age (Fig. 4.16). LepR-rescue male mice were also found to 

be significantly heavier than LepR-null male mice (p<0.0001) and post-hoc 

tests showed this occurred from 41 days of age. Abdominal adiposity of 

LepR-null animals was also significantly increased in male and female 

mice compared to LepR-intact controls (p<0.05). Leptin actions through 

AgRP neurons plays an important role in metabolism so the presence of 

leptin signalling through this population (as in LepR-rescue animals) may 

partially ameliorate the obesity observed when mice are totally deficient 

of LepRs. In male mice a significant reduction in body weight of LepR-

rescue animals compared to LepR-null was observed from 41 days of age 

(p<0.0001). This is another indicator that the model used to restore LepRs 

in AgRP neurons has been successful. No such difference was observed in 

female animals.  
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4.3.1 Metabolic phenotype 
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Figure 4.15 The effect of LepR-rescue in AgRP neurons on body weight compared to 
LepR-intact controls and LepR-null mice. (A), body weight of LepR-rescue male mice 
(n=10) compared to control (n=10) and null (n=11) males measured every 2 weeks. A 
significant difference between LepR-null and LepR-rescue groups was observed from 41 
days of age as indicated (***p<.0001). A significant increase was also seen for both LepR-
null and LepR-rescue groups when compared to LepR-intact control animals from 34 
days of age (#p<.0001). (B), body weight of LepR-rescue female mice (n=11) compared to 
control (n=10) and LepR-null (n=5) female mice measured every 2 weeks before the 
fertility study. No significant difference in the body weight between LepR-null and 
LepR-rescue groups was observed at any of the time points measured. Both LepR-null 
and LepR-rescue groups were significantly heavier than LepR-intact controls from 34 
days of age (**p<.0005). (C), final non-pregnant body weight of female mice measured 
after the fertility study at 190 days of age. A significant increase was observed between 
both LepR-null and LepR-rescue groups when compared to LepR-intact control mice 
(*p<0.01). No significant difference between LepR-null and LepR-rescue groups was 
observed. Body weight data was not collected for female groups during the fertility 
study. (A) and (B) were analysed using both a two-way ANOVA and a repeated 
measures two-way ANOVA followed by post-hoc Holm-Sidak’s test for multiple 
comparisons (C) Mann-Whitney U test. All values are mean ±SEM.  
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Figure 4.16 Abdominal adiposity of male (A) and female (B) LepR-rescue in AgRP 
mice compared to LepR-null mice and LepR-intact controls. Fat pad weight was 
measured at the time of sacrifice and is presented as a percentage of lean body weight. 
(A) LepR-null (n=8) animals had significantly heavier abdominal fat pads compared to 
LepR-intact controls (n=9), *p<0.05. No significant difference in adiposity between LepR-
rescue (n=8) and LepR-null or LepR-intact controls was observed. (B) both LepR-null 
(n=5) and LepR-rescue (n=11) groups had significantly increased abdominal fat pads 
compared to LepR-intact control animals (n=9), *p<0.05, **p<0.001. No significant 
difference between LepR-null and LepR-rescue groups was observed. Male adiposity 
was analysed using a one-way ANOVA followed by Holm-Sidak’s test for multiple 
comparisons, while female data was analysed using the non-parametric Kruskal-Wallis 
test followed by Dunn’s test for multiple comparisons due to smaller sample size. 
Values are mean ±SEM. 

A Male adiposity B Female adiposity 

0

1

2

3

4

5

A
bd

om
in

al
 fa

t (
%

 le
an

 B
W

)

*

LepR null LepR rescue
in AgRP

LepR intact
controls

0

2

4

6

8

10

12

A
bd

om
in

al
 fa

t (
%

 le
an

 B
W

)

*
**

LepR null LepR rescue
in AgRP

LepR intact
controls



  93 

4.3.2 Food intake 

Food intake results for male animals showed that both LepR-null 

(p<0.0001) and LepR-rescue (p<0.05) animals consumed significantly more 

food than LepR-intact controls over a 24-hour period (Fig. 4.17A). This 

was not observed for female mice (Fig. 4.17B). There was no significant 

difference between LepR-null and rescue mice for either sex. 

Figure 4.17 Food intake of male (A) and female (B) LepR-rescue in AgRP mice compared 
to LepR-intact control and LepR-null animals over a 24 hour period. (A) daily food intake 
was significantly different when LepR-intact control (n=10) males were compared to both 
LepR-null (n=11) and LepR-rescue (n=10) groups (*p<0.005, **p<0.0001). (B) daily food 
intake was not significantly different between any of the female groups, control (n=10), 
rescue (n=10), null (n=5). Male data was analysed using a one-way ANOVA followed by 
Holm-Sidak’s test for multiple comparison. Female data was analysed using the non-
parametric Kruskal-Wallis test due to smaller sample size followed by Dunn’s multiple 
comparisons test. Values are mean ±SEM. 
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4.3.3 Puberty onset  

A significant delay in P.S. of male mice was observed for both LepR-null 

(p<0.0001) and LepR-rescue (p<0.001) mice when compared to LepR-intact 

controls (Fig. 4.18A). While LepR-rescue mice were significantly delayed 

compared to control animals, P.S. in this group happened significantly 

earlier than the LepR-null group (p<0.05) indicating that the presence of 

leptin signalling in AgRP neurons reduced the delay in P.O. experienced 

by LepR-null mice. Time to first litter was also significantly delayed for 

LepR-null mice compared to LepR-intact controls (p<0.05), but no such 

delay occurred for LepR-rescue animals (Fig. 4.18B). This again indicates 

that the presence of LepRs on AgRP neurons helped to normalise P.O. in 

males.  

 

For female mice, V.O. in LepR-null mice was significantly delayed when 

compared to both LepR-intact controls (p<0.01) and LepR-rescue (p<0.05) 

mice (Fig. 4.18C). V.O. in LepR-rescue animals was not significantly 

different from LepR-intact control animals. First estrus data also show a 

positive effect of leptin signalling through AgRP neurons. LepR-null 

animals did not undergo first estrus during the monitoring period while 

LepR-rescue animals did (Fig. 4.18D). While first estrus in LepR-rescue 

mice was delayed compared to LepR-intact controls (p<0.001), the 

presence of leptin signalling solely through AgRP neurons restored first 

estrus in these animals. These data suggest that the presence of leptin 

signalling in AgRP neurons is sufficient to normalise P.O. in these mice. 
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Figure 4.18 Puberty onset in male and female LepR-rescue in AgRP mice compared to 
LepR-intact control and LepR-null mice. Pubertal evaluation for male mice included 
age at preputial separation (P.S.) (A) and age at first fertile mating (B). for male mice, a 
significant difference in age at P.S. was found between all of the groups, LepR-null 
(n=11), LepR-rescue (n=10), LepR-intact control (n=10). A significant delay in time to first 
litter was observed for LepR-null mice  (n=6) when compared to LepR-intact controls 
(n=10). Time to first litter for LepR-rescue male mice (n=10) was not significantly 
different from either LepR-null or LepR-intact control groups. In female mice puberty 
onset was measured by assessing age at vaginal opening (V.O.) (C) and first estrous (D). 
V.O. in LepR-null mice (n=5) was significantly delayed when compared to both LepR-
rescue (n=10) and LepR-intact control animals (n=10). V.O. in LepR-rescue animals was 
not significantly different from control animals. LepR-null females did not undergo first 
estrus. First estrus occurred in LepR-rescue mice but this was significantly delayed 
compared to LepR-intact control animals. Male puberty data was assessing using a one-
way ANOVA followed by Holm-Sidak’s test for multiple comparisons. Female V.O. data 
was analysed using the non-parametric Kruskal-Wallis test due to small sample size 
followed by Dunn’s test for multiple comparisons, first estrus data was analysed using 
an unpaired Student’s t-test. Values are mean ±SEM, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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4.3.4 Estrus cyclicity 

LepR-null mice did not undergo first estrus and showed no evidence of 

cycling (Fig. 4.19C); rather they remained in a constant diestrus like state. 

LepR-rescue mice did undergo cycling (Fig. 4.19D), showing cycling 

patterns that were not significantly different from control animals in terms 

of cycle length or frequency of cycle stages (Fig. 4.19 A, B, E). 

 

4.3.5 Fecundity 

Fecundity of adult mice was measured by assessing litter frequency and 

average number of pups. In this experiment inter-litter interval is not a 

valid measurement for assessing fecundity as the majority of null animals, 

and some of the rescue animals only had one litter. Measuring inter-litter 

interval would therefore only take into account the most fertile animals. 

Males were left in breeding pairs for 100 days, while females were paired 

for 80 days. This was due to welfare considerations; LepR-null and LepR-

rescue female mice were prone to dystocia complications because of their 

obesity. Wt female mice paired with LepR-null males produced 

significantly fewer litters over the study period compared to both LepR-

rescue and LepR-intact control groups (p<0.001). LepR-rescue animals had 

a litter frequency similar to that of LepR control animals (Fig. 4.20A). No 

significant difference in the number of pups was found between any of the 

male groups (Fig. 4.20C). LepR-null female mice also produced 

significantly fewer litters than LepR-intact control animals (p<0.01; Fig. 

4.20B). Surprisingly, two out of the five LepR-null females produced a 

single litter. This group was not included in the graph showing number of 

pups/litter as there was not enough data to make this comparison useful. 
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It was found that LepR control animals had significantly larger litters 

when compared to LepR-rescue mice (p<0.01, Fig. 4.20D).  

 

Reproductive organ weights were also measured to assess fecundity. 

LepR-rescue males had significantly heavier seminal vesicles compared to 

LepR-null animals (p<0.01; Fig. 4.21A), but none of the other groups were 

significantly different from each other. No difference in the uterus weight 

of female groups was observed (Fig. 4.21). 
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Figure 4.19 Summary (A) and representative examples (C-E) of estrus cyclicity and length of 
estrous cycles (B) in LepR-rescue in AgRP, LepR-intact controls and LepR-null mice. Values in 
(A) are mean (± SEM) frequency of occurrence over a 4-day period. Stage of the estrous cycle was 
determined by the predominant presence of leukocytes, cornified epithelial cells or nucleated 
epithelial cells. No statistically significant differences were found between the control (n=10) and 
rescue (n=10) groups. LepR-null mice (n=5) showed lack of cycling remaining in a constant 
diestrus like state, *p<0.001, **p<0.0001. In (B) LepR-null females did not enter reproductive 
cycling. No significant difference was found in the length of cycles of LepR-rescue and LepR-
intact control mice. P, proestrus; E, estrus; M, metestrus; D, diestrus. Estrous cyclicity was 
analysed using a one-way ANOVA at each cycle stage followed by Holm-Sidak’s post-hoc test. 
Cycle length was analysed using an unpaired student’s t-test. Values are mean ±SEM. 

LepR null

LepR rescue in AgRP

P 

E 

P 

E 

P 

E 

P E M/D
0

1

2

3

4

5

Fr
eq

ue
nc

y 
of

 o
cc

ur
en

ce
 / 

4d

LepR null
LepR rescue in AgRP
LepR intact controls

*
**

0

2

4

6

8

C
yc

le
 le

ng
th

 (d
ay

s)

N
o 

cy
cl

ic
ity

 o
bs

er
ve

d 

C  

D  

M/D 

M/D 

M/D 

A Estrous cyclicity 

B Cycle length 

Days

LepR intact control

E



  99 

 

Figure 4.20 Fecundity of LepR-rescue in AgRP compared to LepR-null and LepR-intact 
controls. (A) Number of litters produced over 100 days by male LepR-null (n= 11), LepR-
rescue (n=10) and LepR-intact controls (n=10). Wild type females paired with LepR-null 
males produced significantly fewer litters when compared to LepR-rescue mice and LepR-
intact controls (**p<0.0001). There was no significant difference in the number of litters sired 
by LepR-rescue and LepR control males. (B) number of litters produced over 80 days by 
female LepR-null (n=5), LepR-rescue (n=11) and LepR-intact controls (n=10). LepR-null mice 
produced significantly fewer litters than LepR-intact controls (*p<0.01). No significant 
difference was observed when LepR-rescue mice were compared with LepR-null and LepR-
intact control animals. (C) average number of pups per litter for male animals. No 
significant difference was found between any of the groups. (D) average number of pups 
per litter for female mice.  LepR-rescue mice had smaller litters when compared to LepR-
intact controls (*p<0.01). Male data was analysed using a one-way ANOVA followed by 
Holm-Sidak’s test for multiple comparisons, female litter frequency was analysed using the 
non-parametric Kruskal-Wallis test due to small sample size followed by Dunn’s test for 
multiple comparisons, while female number of pups was assessed using an unpaired 
student’s t-test. Values are mean ±SEM.    
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B Female uterus weight A Male seminal vesicle weight 

Figure 4.21 Reproductive organ weights as a percentage of lean body weight for 
LepR-rescue in AgRP compared to LepR-null and LepR-intact controls. (A) seminal 
vesicle weight of male LepR-null (n=8), LepR-rescue (n=8) and LepR-intact controls 
(n=9). Seminal vesicle weights of LepR-null animals were significantly lighter than 
LepR-rescue animals (*p<0.01), but no significant difference was found between LepR-
null and LepR-intact controls, or LepR-rescue and LepR-intact controls. (B) uterus 
weight of LepR-null (n=5), LepR-rescue (n=11) and LepR-intact controls (n=8) all 
expressed as a percentage of lean body weight. No significant differences were seen in 
the uterus weights of female groups. Male data was analysed using a one-way 
ANOVA followed by Holm-Sidak’s test for multiple comparisons, while female data 
was analysed using non-parametric Kruskal-Wallis test due to small sample size 
followed by Dunn’s test for multiple comparisons. Values are mean ±SEM.    
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4.3.6 Hormone data 

Sex steroid and gonadotrophin assays were used to see what effect LepR-

rescue in AgRP neurons has on negative feedback pathways compared to 

LepR-null and LepR-intact controls. In males and females respectively, 

plasma testosterone and estradiol levels were not significantly different 

between the groups (Figs. 4.22 and 4.23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 Plasma testosterone concentration in LepR-null (n=11), LepR-
rescue (n=10) and LepR-intact control (n=9) male mice from blood samples 
taken pre-castration. No significant differences in testosterone levels were 
found between any of the groups. Data was analysed using a one-way 
ANOVA. Values are mean ±SEM.    
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Measurements of LH concentration in plasma blood samples were used to 

assess the effect of gonadectomy and subsequent steroid replacement on 

negative feedback pathways. In the LepR-intact control animal LH levels 

are expected to increase in the gonadectomised state because negative 

feedback has been removed. When a steroid implant is inserted LH levels 

are expected to decrease again as negative feedback pathways are re-

established. The expected pattern of LH concentrations was observed for 

LepR-intact control male animals as shown in Fig. 4.24. (LH concentration 

in GDX controls significantly higher than intact and GDX + implant states, 

p<0.01). This effect was not observed for either LepR-null or LepR-rescue 

animals, as in the GDX state both of these groups had significantly 

reduced LH levels when compared to LepR-intact controls (p<0.05) and 

the level did not change significantly across three sampling times (Fig. 

4.24). Variably high levels were observed in the GDX + implant state; this 

Estradiol concentration  

Figure 4.23 Plasma estradiol concentration in LepR-null (n=4), LepR-rescue 
(n=5) and LepR-intact controls (n=5) from blood samples taken pre-
ovariectomy. No significant differences were found between any of the groups. 
Analysed using Kruskal-Wallis test. Values are mean ±SEM.    
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may have been due to difficulties experienced in retaining the implants in 

these mice due to their stretched and relatively fragile skin, and reduction 

in group size due to some animals not surviving the gonadectomy 

surgery. 

 

For female LepR-intact control mice, there was a non-significant trend 

towards an elevated blood LH concentration in the GDX state relative to 

both the ovary intact (p=0.08) and GDX + implant states (p=0.11) but the 

low groups size (n=7) and variable LH concentrations limited the power of 

the analysis (Fig. 4.25). While LepR-null female mice appeared to have low 

blood LH levels relative to both other groups, the very small number of 

animals with a full data set (n=3) precluded any confident assessment of 

significant effects of gonadectomy or estrogen replacement or between 

group differences (Fig. 4.25). In the LepR-rescue female group, a 

significant increase in LH levels was found when comparing the intact 

state to the GDX state, and a significant decrease when comparing the 

GDX state to the GDX + implant state (p<0.0001). When compared to 

LepR-null and LepR-intact control groups, the rescue group had 

significantly increased LH levels in the GDX state (p<0.01). Despite 

interesting results in the LepR-rescue group, low animal numbers limited 

the power of the analysis as one of the LH ELISA runs failed and there 

was insufficient sample to repeat it. 
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Figure 4.24 Plasma LH concentration in male mice in the intact state, gonadectomised (GDX) 
state and GDX plus implant (testosterone) state. No significant difference between the three 
groups was found in the intact state and the GDX + implant state. In the GDX state LepR-null 
and LepR-rescue males had significantly reduced LH levels when compared to LepR-intact 
controls (*p<0.05). When comparing LH concentrations within the groups, LepR-null and 
LepR-rescue mice did not experienced a significant increase in LH concentration in the GDX 
state, and no significant reduction in LH concentration occurred when the implant was added. 
LepR-intact control animals experienced a significant increase in LH levels after GDX and a 
significant reduction when given an implant (#p<0.01). LepR-null n=8, LepR-rescue n=7, LepR 
control n=7. Analysed using a repeated measures two-way ANOVA followed by Holm-Sidak’s 
test for multiple comparisons. Values are mean ±SEM.    

Intac
t

GDX

GDX + 
im

plan
t

0

2

4

6

8

Pl
as

m
a 

LH
 c

on
c.

 (n
g/

m
l)

LepR null
LepR rescue in AgRP
LepR intact controls

*
#

Male LH concentration   



  105 

 

Figure 4.25 Plasma LH concentration in female mice in the intact state, gonadectomised 
state and GDX + implant (estradiol) state. No significant difference between the three 
groups was found in the intact or GDX + implant states. In the GDX state, LepR-rescue 
females had significantly higher LH concentration values compared to both LepR-null and 
LepR-rescue animals (*p<0.01). When comparing LH concentrations within the groups, no 
differences were observed within the LepR-null or LepR-intact control groups but a 
significant increase in LH concentration was observed for LepR-rescue animals when 
comparing the intact state to the GDX state and a significant reduction in levels was 
observed when comparing the GDX state to the GDX + implant state (#p<0.0001). LepR-null 
n=4, LepR-rescue n=6, LepR control n=7. Analysed using a repeated measures two-way 
ANOVA. Values are mean ±SEM.    
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On the day following estradiol benzoate injections in GDX + implant 

females, three blood samples were taken at 1800, 1830 and 1900h (lights 

out at 1845h). This was done in an attempt to identify the preovulatory-

like LH surge in these animals and to see if the presence of leptin 

signalling in AgRP neurons was sufficient to restore the LH surge, which 

was not expected to occur in LepR-null mice. Unfortunately, results of this 

experiment were highly variable and no significant differences between or 

within the three groups were found except for a small but significant 

increase in plasma LH concentration in the LepR-rescue group at 1900h 

when compared to levels in this group at the previous two time points 

(p<0.01). 

 
A Females LH surge  

Figure 4.26 Plasma LH concentration in female GDX + implant mice at three time points, 
(1800, 1830 and 1900h) on the day following estradiol benzoate injections. There were no 
significant differences in LH concentrations between the groups. In the LepR-rescue group a 
significant increase in LH concentration occurred at 1900h when compared to the previous 
two time points (*p<0.01). Analysed using a repeated measures two-way ANOVA followed 
by post-hoc Holm-Sidak’s multiple comparison test. Values are mean ±SEM.    
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5  Discussion 

Experimental evidence from the Anderson lab and others has 

demonstrated that while leptin plays an important role in modulating the 

activity of the GnRH neuronal network, leptin does not act directly on this 

neuronal population (Quennell et al. 2009). As discussed in Chapter 2, 

literature suggests that there are a number of possible signalling molecules 

that may be acting as conduits between leptin and GnRH, such as the 

neurotransmitters NO, GABA, and glutamate or neuropeptides NPY, 

AgRP, CART, POMC, and GALP. Many of these molecules are 

synthesised by neurons whose soma reside in the ARC, which is known to 

be an important area of the hypothalamus for relaying leptin’s metabolic 

effects. Further experiments have narrowed down the pool of candidate 

neuronal populations that are required for leptin to GnRH signalling so 

that we now know that these neurons are likely to co-express GABA 

rather than glutamate (Zuure et al. 2013).  

 

The aim of this study was to characterise the importance of LepR 

signalling through AgRP/NPY neurons for the functioning of the GnRH 

neuronal network. To assess this, two research questions were posed, 

firstly whether leptin signalling through AgRP neurons is required for 

fertility, and secondly whether leptin signalling through AgRP neurons is 

sufficient for fertility.  
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By specifically deleting LepRs only from AgRP neurons I have shown that 

leptin signalling through this population is required for normal P.O. in 

female mice but it not required for normal fecundity in either males or 

females. By removing LepRs from all neurons except for AgRP neurons I 

showed that leptin signalling through this population is sufficient for both 

normal P.O. and fecundity in both sexes.  

 

5.1 Validation of LepR-Cre model 

To assess whether Cre recombinase expression was specific to AgRP 

neurons, pSTAT3 signalling was evaluated as this acts as a functional 

indicator of the number of leptin-responsive cells present in the brain. 

Because it is technically difficult to specifically stain for pSTAT3 in AgRP 

neurons, the pSTAT3 positive cells could not be colocalised specifically 

with AgRP neurons. Nevertheless, the location of AgRP neurons within 

the ARC was evaluated by looking at brain sections containing the ARC 

from AgRP-GFP mice. In these reporter animals AgRP neurons fluoresce 

green and are easily visualised. AgRP neurons were clearly evident in the 

ventro-medial portion of the ARC (vmARC) and based on this, only the 

vmARC was counted. pSTAT3 stained cells in the VMH were also counted 

as an internal control as there should be no LepR deletion in this area of 

the brain for Experiment A, while only controls would show any staining 

here for Experiment B. 

 

As expected, no significant difference in pSTAT3 staining of the VMH was 

observed between the two groups in Experiment A. When cells in only the 
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vmARC were counted, significantly less pSTAT3 staining was observed in 

AgRP-LepR KO animals (Fig. 4.2). This indicates that the animal model 

used has been successful in preventing leptin signalling in this region, and 

presumably specifically in the AgRP neuronal population. In Experiment 

B, LepR-null animals should be completely void of LepRs and indeed this 

is what I found (Fig. 4.3). LepR-rescue animals should only express leptin 

signalling through AgRP neurons so I expected to see staining only in the 

vmARC. Again, this is what I observed, as shown in Fig 4.3. As expected, 

LepR-intact control animals exhibited strong staining throughout the ARC 

and VMH. These results clearly show that the transgenic model used for 

Experiment B successfully led to LepR-rescue in a vmARC population of 

cells; presumably AgRP neurons. The major limitation of these 

conclusions is that I could not stain for leptin-responsiveness specifically 

in AgRP neurons. Other cell populations in this region are also leptin 

responsive (e.g. GALP (Takatsu, et al. 2001), and POMC (Mu ̈nzberg, et al. 

2003)) so some pSTAT3 staining would be expected to remain even after 

AgRP neuron-specific LepR deletion. An attempt to specifically stain for 

leptin signalling in AgRP neurons was made using 48 hour fasted mice to 

up-regulate NPY expression (White and Kershaw 1990), but the NPY-

immunoreactive cytoplasm was not readily distinguishable from the 

pSTAT3-stained nuclei. 

 

Had time permitted, it would have helped in validating the AgRP-Cre 

model to measure levels of Agrp mRNA using quantitative PCR (qPCR). 

This could have strengthened the animal model validation provided by 

the pSTAT3 immunohistochemistry. It would also have been useful to 

look at mRNA levels of another metabolically relevant peptide produced 
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in the ARC, such as Pomc, as a control. qPCR will be completed on stored 

tissue once this thesis has been submitted.  

 

The methods used to generate transgenic animals in this thesis relied on 

the removal of LepRs early in development. Ablation of LepRs during 

embryonic development may allow adaptation to occur as the pathways 

controlling fertility are intertwined and rely on the concerted action of 

multiple neurons. This may have resulted in changes in neuronal wiring 

and neurochemical signalling to compensate for the loss of LepRs. For 

example, other types of leptin-responsive neurons may develop critical or 

sufficient roles to compensate where previously they may have been only 

minor players. Such developmental compensation may mask or alter the 

predicted phenotype. This is an important consideration for this thesis as 

reproduction and metabolism are highly conserved and protected 

functions so it is reasonable to assume some sort of compensation 

occurred. In support of this are results from a study conducted by Luquet 

and colleagues who assessed the necessity of AgRP/NPY neurons for 

feeding in adult mice compared to neonates (Luquet, et al. 2005). They 

found that neonatal ablation of AgRP/NPY neurons resulted in minimal 

effects on food consumption or body weight, while their ablation in 

adulthood resulted in rapid starvation (Luquet et al. 2005). To some 

extent, the reciprocal approaches of Experiment’s A and B help to reveal 

roles that might otherwise be masked by network-based compensatory 

mechanisms. A role that was compensated for in a knockout experiment 

would be expected to be apparent or even exacerbated in a ‘rescue’ 

experiment, where all other leptin-GnRH pathways are absent. 
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The Cre-loxP system provides a powerful tool for genetic studies and 

genome manipulation but the effects attributed to gene deletion might be 

obscured by side effects secondary to the insertion of Cre recombinase or 

Cre activity (Giusti et al. 2014). A good example of this is the Nestin-Cre 

mouse, which is commonly used to restrict genetic modifications to the 

CNS. It was found that mice expressing the Cre transgene showed a 

strong impairment in the acquisition of conditioned fear (Giusti et al. 

2014). Furthermore, these mice have also been shown to exhibit a >10% 

lighter body weight compared to non-Cre littermates (Giusti et al. 2014; 

Karaca and Maechler 2014). Other reports have shown that Cre activity 

can cause toxicity, which may lead to chromosomal abnormalities, 

abnormal cell cycle progression and apoptosis (Janbandhu, et al. 2014; 

Loonstra, et al. 2001).  

 

In many cases, the potential effects of Cre are neither controlled for nor 

reported and this is a major downfall of this technology. In my thesis, the 

metabolic and reproductive differences between Cre-positive and Cre-

negative mice that were wt for any ‘flox’ genotype were assessed. 

Interestingly a significant metabolic phenotype was observed with both 

male and female Cre-positive mice displaying significantly reduced body 

weights compared to Cre-negative littermates (Fig. 4.4). While these 

effects were relatively minor, it should be noted that they may have 

diminished the body weight difference between groups in Experiment A 

and exacerbated the difference for Experiment B. Female Cre-positive 

mice also had a significantly decreased food intake compared to Cre-

negative animals, but this was not observed for male mice. Importantly, 

no significant differences were observed for any of the measures used to 

assess reproductive function (Fig. 4.5, 4.6). The control groups used in my 
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thesis included a mixture of Cre-positive and Cre-negative mice so the 

effects of Cre are less likely to influence my results.  

 

5.2 Metabolic effects of LepR-AgRP signalling 

AgRP acts as an antagonist to the melanocortin receptor to promote 

feeding, while overexpression of NPY is associated with hyperphagia and 

obesity (Sheffer-Babila et al. 2013). Leptin inhibits the activity of 

AgRP/NPY neurons (van de Wall et al. 2008). Deficient leptin signalling 

would therefore be expected to result in elevated levels of AgRP and NPY 

leading to hyperphagia and increased body weight. This aligns with the 

body weight phenotype observed in the animals used in Experiment A. 

Both male and female mice that lacked leptin signalling in AgRP neurons 

showed significantly increased body weight compared to control 

littermates; although the difference was relatively minor and no difference 

in food intake was observed compared to controls (Fig. 4.7, 4.9). Food 

intake experiments were conducted over a 24 hour period and mice were 

not given time to get used to single housing conditions. It may be that 

observing food intake for a longer time period would lead to the expected 

hyperphagia in AgRP-LepR KO animals becoming more apparent. The 

metabolic effects of AgRP-LepR KO that I observed in these animals is 

confirmed by results found by other researchers using this model such as 

van de Wall et al. who showed that LepR deletion from AgRP neurons 

results in increased body weight (van de Wall et al. 2008).  

 

In Experiment B, both LepR-null and LepR-rescue male and females were 

significantly heavier than control littermates (Fig. 4.14). This phenotype 
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was apparent from 27 days of age. In the rescue group, leptin signalling in 

AgRP neurons may be expected to lead to a slight reduction in body 

weight. Such a difference was not observed for female mice, but the small 

number of mice in the LepR-null group may have masked this effect. By 

contrast male LepR-rescue mice were slightly lighter than null animals, as 

can be clearly seen in panel A of Fig. 4.14. This is indicative of the role 

played by AgRP and NPY in metabolism and also helps to confirm 

genotyping results. Following on from the significant body weight 

phenotype observed, abdominal fat weight was partially rescued in male 

mice with restored leptin signalling in AgRP neurons however, daily food 

intake in male LepR-null and LepR-rescue mice was similarly increased 

compared to control animals. No such trend was observed for food intake 

in female animals (Fig. 4.16). Collectively these variable and relatively 

minor effects reinforce data from others (van de Wall et al. 2008) showing 

that leptin signalling via AgRP neurons has a small effect on body weight.  

 

Female AgRP-LepR KO mice used in Experiment A showed a greater 

increase in body weight and also had significantly increased fat pad 

weights (Fig. 4.15). Perhaps the more pronounced metabolic phenotype 

observed in female mice is related to the fact that reproduction in females 

requires a substantial amount of energy and is more metabolically 

demanding compared to males. The sex differences emphasise the need to 

measure metabolic effects in both males and females; a thing rarely done 

in the overwhelmingly male data dominated body weight field. It should 

also be noted that it was not possible to collect accurate body weights 

while the animals were pregnant, so this limits the amount of data 

available for female animals.  
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Obesity is a state of chronic, low-grade inflammation (Wellen and 

Hotamisligil 2003). Xu et al. generated a number of genetically obese 

mouse models such as ob/ob and db/db to study the inflammatory effects of 

obesity in mice. They found that many of the significantly up-regulated 

genes in obese mice are genes involved with macrophages or 

inflammation (Xu, et al. 2003). It is important to consider the impact of the 

obese phenotype on results, such as how the release of pro-inflammatory 

cytokines may influence the reproductive system independently of leptin 

but there are no comprehensive studies available on this topic. Obesity 

may also influence the sexual behaviour of mice. It is possible that 

increased body weight induced by AgRP-LepR KO might contribute to 

alterations in fertility but it has been shown in two separate experiments 

that fertility can be maintained in obese mice without reducing body 

weight by impairing STAT3 signalling through the LepR. This resulted in 

an obese but fertile mouse (Bates et al. 2003; Singireddy et al. 2013). The 

AgRP neuron LepR rescue mice in Experiment B provide another example 

of a mouse model that is essentially fully fertile while being markedly 

obese. 

 

5.3 Effects of LepR-AgRP signalling on puberty 

onset 

When I looked at the requirement of leptin signalling in AgRP neurons for 

puberty onset in Experiment A, I found no significant impact of LepR 

deletion from AgRP neurons in male mice. For female mice, a significant 

delay in onset of first estrus of 3.4±1.0 days was observed (Fig. 4.10). This 
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is an interesting result as it indicates that lack of leptin signalling through 

AgRP neurons is acting as a barrier for puberty onset in female mice, but 

that this can be overcome so that reproductive function in adults is 

normal. One possible explanation for this could be that redundant 

pathways such as PMV glutamatergic neurons (Elias and Purohit 2013) or 

preoptic NO synthase neurons (Bellefontaine, et al. 2014) eventually 

compensate for lack of leptin signalling in AgRP neurons. The presence of 

such redundancies ensures survival of the species if one pathway becomes 

compromised. This is why two questions were posed in this thesis. In the 

second questions I was able to largely overcome the issues of 

developmental compensation and redundancy by testing if leptin 

signalling is sufficient to allow fecundity in a rescue experiment where 

LepRs are only expressed in AgRP neurons.  

 

Experiment B showed that the rescue of LepRs in AgRP neurons is 

sufficient to allow normal P.O.  In male mice, P.S. was significantly 

delayed by 9.8 days in LepR-null animals when compared to control 

animals (Fig. 4.17). Despite this delay, these animals that were completely 

devoid of leptin signalling were still able to undergo puberty and in some 

cases (54.5%, 6/11) go on to sire litters. Of the six LepR-null males that 

sired a litter, the time to first litter was delayed by 20 days when 

compared to control males. In contrast to this, rescue males displayed 

normal P.S. and normal time to first litter when compared to control 

littermates.  

 

In female mice, V.O. was significantly delayed by 11.4 days in LepR-null 

animals when compared to control animals and first estrus did not occur 

(Fig. 4.17). This is in contrast with the female rescue group who had 
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normal V.O. compared to controls and who did undergo first estrus, 

although this was delayed by 11.2 days compared to the control group. 

Both V.O. and onset of estrous cycles are indicative of elevated estrogen 

levels and therefore ovarian follicle growth. Presumably this was able to 

proceed sufficiently to drive V.O. at the normal time in the LepR-rescue 

mice, but the highly coordinated neuroendocrine changes needed for 

ovulation and cyclicity were slower to develop than in controls. This delay 

is unlikely to be a side effect of obesity, since early onset obesity is often 

associated with early puberty (Bohlen, et al. 2016). Despite this significant 

delay in time to first estrus, it is remarkable that the presence of leptin 

signalling solely in AgRP neurons is sufficient to restore onset of estrus 

cycles in these animals. This clearly indicates that leptin signalling 

through AgRP neurons is sufficient for P.O. in mice.  

 

5.4 Effects of LepR-AgRP signalling on adult 

fertility 

Assessing estrous cyclicity gives a good indication of reproductive 

function in female mice. In Experiment A, no differences in cyclicity were 

observed between control and AgRP-LepR KO mice (Fig. 4.11). This again 

suggests that compensatory mechanisms may be at play, as a delay in the 

onset of first estrous was observed for these animals. While it seems that 

leptin signalling through AgRP neurons is not required for normal estrous 

cyclicity, I was able to show in Experiment B that leptin signalling through 

AgRP neurons is sufficient for normal reproductive cycles. Estrous 

cyclicity results were not significantly different between LepR-intact 
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control and LepR-rescue female animals indicating an apparently 

complete rescue of estrus cycles. In contrast, LepR-null animals did not 

show any signs of cycling, remaining in a diestrus like state for the 

duration of vaginal smearing (Fig. 4.18). This highlights why it is so 

valuable to have the two questions; removal of LepRs only in AgRP 

neurons did not result in a significant change in estrous cyclicity 

suggesting these neurons are not critically involved in maintaining estrous 

cyclicity but when LepRs are only expressed in AgRP neurons estrous 

cyclicity is restored.  

 

Fecundity results from Experiment A suggests that leptin signalling 

through AgRP neurons is not required for fecundity, but this does not rule 

out a role for this pathway. In Experiment B significant differences in 

fecundity were observed in both male and female experimental groups 

indicating that while leptin signalling in AgRP neurons is not required for 

fertility, leptin signalling through this population certainly has a role to 

play in reproductive function and is sufficient to maintain fecundity in the 

absence of all other leptin signalling pathways.  

 

Male LepR-rescue animals displayed fecundity levels similar to control 

littermates and significantly improved compared to LepR-null mice. 

Female LepR-rescue animals displayed improved fertility compared to 

LepR-null animals with 100% (11/11) producing at least one litter, and 45% 

(5/11) of these going on to produce a further litter or two (Fig. 4.19). 

Despite the improvement in fecundity, no significant difference between 

LepR-rescue and LepR-null female animals was observed when data was 

analysed using a Chi-squared analysis, due to the low group size of the 

LepR-null group. Because these animals are obese, the fecundity study 
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had to be terminated after 80 days, which is earlier than would normally 

be seen in this type of study. This is because the obese animals were at risk 

of dystocia, and they did not have developed milk glands so pups that 

were not culled within a few hours of birth died from starvation. During 

the study pregnant mice were closely monitored and checked twice daily, 

but if pups were born at night they were likely to starve. Therefore it was 

not ethically appropriate to carry the study on for longer than 80 days. If I 

had been able to continue to collect data, or if the LepR-null group was 

larger, a significant result may have been observed.   

 

While LepR-null female animals did not undergo first estrus, some of 

these obese mice (40%, 2/5) did become pregnant and give birth to one 

litter during the fecundity study. It may be that cycles were absent during 

the period of vaginal smearing, or that cycling was occurring but not 

overtly enough to be picked up from vaginal epithelial cell changes. Male 

pheromones greatly improve cycling in female mice (Nichols and Chevins 

1981), so the addition of male bedding to female cages may help in the 

future to identify any evidence of cycling in LepR-null animals. Once 

female null animals had been placed in breeding pairs with males, cycling 

would likely have improved allowing puberty and reproduction to occur 

in some animals (Nichols and Chevins 1981). Some of my LepR-null males 

were also able to sire a litter or two. The eventual fertility of LepR-null 

mice suggests that leptin signalling to GnRH neurons is not an absolute 

requirement for fertility. One explanation is that redundant pathways that 

do not require leptin are in place to make sure that the reproductive 

system can still function even when leptin signalling is absent. Overall this 

particular observation suggests that leptin may not be as critical for 

reproductive function as we previously thought (Quennell et al. 2009), but 
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it is still very important. An alternative explanation for the fertility of 

LepR-null mice is that LepR KO is not complete in this mouse line. This is 

supported by the more profound infertility exhibited by some other lines 

(ob/ob and db/db) with deficient leptin signalling (Goumenou et al. 2003). 

 

Many female animals across both experiments showed inconsistent cycle 

patterns, with some animals remaining in diestrus for several days in a 

row. There are a number of external stimuli that have been documented to 

influence the estrous cycle of a mouse, for example the presence of male 

pheromones synchronise female cycles and produce shorter more regular 

cycles (Campbell, et al. 1976; Whitten 1958; Whitten 1956). The female 

mice used in this thesis were group housed for the duration of vaginal 

smearing. It has been shown that female pheromones cause suppression 

and lengthening of the cycle in grouped mice (Champlin 1971; 

Vandenbergh 2006; Whitten 1956) and the suppressive effects can be 

attenuated by isolating females or exposing them to a male (Aron 1979; 

Whitten 1956). This may be why some mice that were grouped together 

spent longer than expected in a metestrus/diestrus like state. Another 

possibility is that these mice were in a state known as pseudopregnancy, 

which occurs when the uterine cervix is stimulated and the pituitary gland 

releases prolactin, a hormone which rescues the corpus luteum and causes 

the luteal phase to be extended (Smith, et al. 1975). In cases of 

pseudopregnancy the corpus luteum can remain for 12-14 days, which is 

consistent with what I saw in some animals (Plant and Zeleznik 2014).  

 

Levels of sex steroid hormones in plasma samples taken from animals in 

Experiment B before the GDX surgery were used to assess the effect of 

leptin signalling through AgRP neurons on negative feedback pathways. 
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No significant differences between the three groups were seen for 

testosterone levels in male mice. Based on the reduced fecundity of LepR-

null males, I might have expected testosterone levels to be reduced in this 

group but the results I found are consistent with what has been found in 

other papers and perhaps indicates that metabolic status is not so critical 

for reproduction in male mice (Cohen, et al. 2001). Indeed it has been 

shown that men have significantly lower serum leptin levels when 

compared to women despite having the same body mass index (Ostlund 

Jr, et al. 1996). I also did not find a significant difference in levels of 

plasma estradiol between the three female groups which is unexpected as 

it has previously been shown that plasma estradiol levels in ob/ob female 

mice are significantly reduced compared to wt mice (Cohen et al. 2001). 

The small group sizes may have limited the accuracy of this data so 

repeating this with more animals would give more valuable results. 

 

LH patterns in control males were as expected, with levels significantly 

increasing in the GDX state. No such increase was seen in LepR-null or 

LepR-rescue animals. Because some animals did not survive the surgery, 

group sizes were low for this analysis. The fragile skin of LepR-null and 

LepR-rescue animals also made it difficult to retain implants so delivery of 

testosterone in the GDX + implant state may have been impaired, and this 

may explain the large variability seen in the data (Fig. 2.24). In female 

mice, removal of the ovaries disrupts negative feedback pathways 

resulting in a slow increase in LH levels on the days following 

ovariectomy (Plant and Zeleznik 2014). The expected increase in LH levels 

in the GDX state did not occur in control females. This may be due to 

small group size or stress induced inhibition of LH secretion 

(Kalantaridou, et al. 2004). As expected, LepR-null animals did not show 
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any significant difference between the states but with only 3 animals in 

this group these results are not very meaningful. In the LepR-rescue group 

levels did increase. If we had seen similarly increased levels in controls 

this would have been an exciting result but as the results stand, no 

significant conclusions can be drawn from my findings. LH levels during 

the surge experiment were highly variable and no significant conclusions 

can be drawn from this data. More animals are currently being bred to 

increase the size of groups used but results from these will not be ready 

for inclusion in my thesis.  

 

5.5 Possible mechanisms by which AgRP/NPY 

neurons convey leptin signalling to GnRH 

neurons 

The results of my thesis demonstrate that AgRP/NPY neurons are 

involved in the transmission of information from leptin-to-GnRH neurons. 

AgRP and NPY inhibit the pulsatile release of LH (Catzeflis, et al. 1993; 

Vulliémoz, et al. 2005) and it seems that one mechanism by which leptin 

signalling deficiency leads to infertility is through overexpression of AgRP 

and NPY which leads to the suppression of GnRH release. This is 

supported by research showing that fertility is restored in female ob/ob 

mice with deletion of Npy or its receptor (Erickson, et al. 1996; Sainsbury 

et al. 2002). It is important to note that in addition to direct actions of 

AgRP and NPY on GnRH neurons (Roa and Herbison 2012), AgRP is also 

a potent antagonist of the stimulatory effects of αMSH on the MC4R 

(Butler and Cone 2002). 
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Israel et al. have recently shown that modulation of melanocortin 

signalling in female db/db mice either through ablation of AgRP, or 

heterozygosity of MC4R is able to restore pubertal maturation and fertility 

(Israel, et al. 2012). These findings are particularly interesting as they show 

restoration of sexual maturation and fertility without altering the obese 

and diabetic phenotype of female db/db mice. While ablation of MC4R 

signalling or impairments in POMC do not seem to affect P.O. or cause 

infertility (Butler and Cone 2002), activation of MC4Rs has been shown to 

increase c-FOS expression and increase the action potential firing rate of 

GnRH neurons (Israel et al. 2012). Israel et al. have also shown that GnRH 

neurons in the preoptic area express MC4R using immunohistochemistry 

and single-cell RT-PCR. From these results they have proposed a model 

whereby Agrp and Mc4r are acting upstream of the reproductive axis to 

exert antagonistic actions on reproductive function, potentially via the 

modulation of melanocortin receptors on GnRH neurons (Israel et al. 

2012). Based on these findings it is possible that modulating melanocortin 

signalling with AgRP antagonists or MC4R agonists may lead to 

improvements in fertility in women that present with obesity and leptin 

resistance.  

 
Another mechanism that may contribute towards reproductive control by 

AgRP/NPY neurons is the potential inhibitory role exerted on kisspeptin 

neurons. Backholer et al. have shown that MCH can stimulate 

reproduction by activating kisspeptin neurons in the preoptic area of the 

ewe (Backholer, et al. 2010). In conditions of leptin deficiency, increased 

levels of AgRP and NPY may inhibit the communication between POMC 

neurons (which produce MCH) and kisspeptin expressing neurons 
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leading to the suppression of the reproductive axis. Further to this, 

double-label fluorescent immunohistochemistry has shown that reciprocal 

connections exist between kisspeptin, AgRP/NPY and POMC neurons 

(Backholer et al. 2010). 

 

The inhibition of GnRH by AgRP/NPY neurons may be partly mediated 

by KNDy neurons. KNDy neurons, a subset of kisspeptin expressing cells 

in the ARC, contribute to the release of GnRH and pubertal maturation in 

both humans and rodents (Lehman et al. 2010). When LepRs are 

specifically deleted from KNDy neurons, no reproductive failure is 

apparent (Donato Jr et al. 2011b) so a direct action of leptin on this 

population is not required for reproduction. Sheffer-Babila et al. have 

suggested that the infertility of LepR KO mice may be partly mediated by 

KNDy inhibition by AgRP (Sheffer-Babila et al. 2013). In LepR KO mice 

with AgRP/NPY neuron ablation, Nkb mRNA is significantly up regulated 

(Sheffer-Babila et al. 2013). This indicates that alongside the direct 

regulation of GnRH by AgRP/NPY, the regulation of KNDy neurons by 

AgRP/NPY may be an important mechanism for leptin’s effects on the 

reproductive axis. NKB may therefore act as an important intermediary 

for coordinating leptin-to-GnRH signalling through AgRP/NPY neurons. 

 

A network between the AgRP/NPY, POMC and KNDy neuronal 

populations is likely to be a key mechanism involved in the coordination 

of metabolism and reproduction. This possibility is illustrated in Fig. 5.1. 
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Figure 5.1 Network of LepR-expressing neurons that may be involved in the 
regulation of reproduction by AgRP/NPY neurons. Yellow arrows indicate 
inhibitory projections, black arrows stimulatory projections. Adapted from 
(Israel and Chua 2010). 



  125 

6 Conclusions and future 

directions 

Because leptin acts through more than one pathway there are still 

experiments that could be done, for example an experiment looking at 

leptin actions through GALP neurons. It would be ideal to develop genetic 

strategies to selectively ablate LepR from the neurons of interest in 

adulthood so no developmental compensation can occur, as there seem to 

be many redundant pathways in place to preserve reproductive function. 

Such strategies typically involve the use of inducible Cre recombinase 

genes that are linked to a modified steroid receptor. This keeps the gene in 

the cytoplasm until activated by a potent synthetic steroid such as 

tamoxifen, after which it translocates to the nucleus where it is able to be 

expressed. (Feil, et al. 2009; Mähönen, et al. 2004; Pfeifer, et al. 2001; Silver 

and Livingston 2001). There is no currently available inducible AgRP-Cre. 

Pharmacological stimulation or inhibition of AgRP/NPY neurons could be 

explored using designer receptor exclusively activated by designer drugs 

(DREADDs). It could be possible to measure acute effects of AgRP/NPY 

on LH by altering the activity of these neurons using DREADD 

technology.  
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I will also be revisiting negative feedback results by increasing animal 

numbers. With the small animal numbers I currently have it is hard to 

show any meaningful comparison and a potentially significant effect 

might be missed. It would also be interesting to assess the relevance of my 

findings in physiological settings. It has been shown that animals on a 

high fat diet become leptin resistant and infertile. The consumption of a 

high fat diet leads to hypothalamic up regulation of suppressor of 

cyctokine signalling 3 (SOCS3), a molecule that acts as a feedback inhibitor 

of leptin signalling (Munzberg et al. 2004). Up regulation of SOCS3 may be 

a mechanism by which animals on a high fat diet develop central leptin 

resistance (Munzberg et al. 2004). A recently published paper by the 

Anderson lab used neuron-specific SOCS3 knockout mice on a high fat 

diet to investigate whether SOCS3 is involved in hypothalamic leptin 

resistance and infertility associated with high caloric intake (McEwen et al. 

2016). Results show that deletion of SOCS3 is protective against infertility 

and leptin-resistance associated with a high fat diet in the mPOA, AVPV 

and ARC of female mice (McEwen et al. 2016). An experiment that would 

follow on from those in this thesis would be to test if leptin resistance in 

AgRP neurons leads to infertility, for example knockout SOCS3 from 

AgRP neurons in a group of mice on a high fat diet and assess whether 

this has a protective effect on fertility.  

 

We are at last nearing the end of a decade-long search by the Anderson lab 

to figure out the neuronal pathway by which leptin controls reproductive 

function. The pathways controlling reproduction in the brain are complex 

and intertwined. Control of the neuroendocrine reproductive axis by 

leptin is unlikely to be mediated by a single population of LepR 

expressing neurons but instead is controlled by the concerted action of 
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multiple neurons (Louis et al. 2011). My results provide us with conclusive 

new insights into the pathophysiology of reproduction under conditions 

of altered metabolic hormone input. Further research in this area will 

inform therapeutic approaches used for infertility, for example it may one 

day be possible to use gene therapy tools to enhance leptin signalling 

specifically in AgRP neurons for couples suffering from infertility due to 

central leptin resistance. The prospect of this is something that would not 

have been considered a few years ago.  
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Appendices 

6.1 Recipes 

Citrate Buffer (0.1 M, pH 5.0) 

To make 1L in ddH2O: 

• Combine 10.3g of citric acid monohydrate and 18.16g of 
sodium phosphate (Na2HPO4.2H2O).  

• Make up to 1L with distilled water 
• Adjust pH to 5.0 

 

Cryoprotectant 

To make 1L: 

• Combine 300g sucrose, 10g PVP, 300mL ethylene glycol 
dissolved in 500mL 0.1M PO4 buffer 

• Make up to 1L with distilled water 
 

Diaminobenzidine (DAB, 0.05%) 

To make 20mL: 

• Add 1 tablet DAB and 1 tablet urea to 20mL of distilled 
water and dissolve 

• Use immediately for IHC staining 
 

EDTA (0.5 M, pH 8.0) 

  To make 250mL 

• Add 46.525g EDTA to 150mL milli-Q water 
• Adjust pH with NaOH to 8.0 
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• Make up the 250 mL with milli-Q water 
 

Lysis buffer (pH 8.5) 

• Add 12.11g Tris base, 1.86g EDTA, 2g SDS and 11.68g NaCl 
to 500mL of distilled water and dissolve 

• Make up to 1L with distilled water 
• Adjust pH to 8.5 

 

30% Sucrose 

To make 100mL 

• Dissolve 30g of sucrose in 100ml of 1xPBS 
 

4% PFA (pH 7.3)  

To make 500mL 

• Measure 250mL of 0.2M P.B. and set aside 
• Measure 250mL of ddH2O and heat to ~55oC 
• Weigh out 20g PFA and add to heated ddH2O 
• Add 5-6 drops of 10M NaOH 
• Leave to dissolve with a stirring rod for ~10 minutes, do not 

heat above 60 oC 
• Once dissolved, cool solution and filter before adding to 

0.2M P.B. 
• Adjust pH to 7.4 

 

Phosphate buffer (PB, pH 7.3) 

To make 100mL 0.2M PB 

• Combine 32mL dibasic and 8mL monobasic solutions (i.e. 
4:1 ratio) 

• Add 60mL milli-Q water 
 

• To make up 1L of 0.5M dibasic (disodium hydrogen 
phosphate) weight out 89g disodium phosphate 
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(Na2HPO4.2H2O; molecular weight of 177.99) and make up 
to 1L with milli-Q water 

• To make up 500mL of 0.5M monobasic (sodium 
dihydrogen phosphate) weight out 39g of sodium 
dihydrogen phosphate (NaH2PO4.2H2O; molecular weight 
156.01) and make to 500mL with milli-Q water 

 

Phosphate Buffered Saline (PBS, pH 7.3, 0.1M): 

To make 2L of 10x PBS 

• Add 163.4g NaCl, 27.6g NaH2PO4.2H2O and 35.6g of Na-
2HPO4.2H2O to 2L of distilled water 

• Adjust pH to 7.3 
 

Phosphate Buffered Saline-Tween20 (PBS-T) 

• 1xPBS-Tween20 (0.1M PBS, 0.05% Tween20, pH 7.4) 
• Add 250µl Tween20 for 500ml 1xPBS 
• Readjust pH to 7.4 as Tween20 will affect pH. Store at RT.  

 

Tris-acetate EDTA (TAE) buffer (pH 7.2) 

 To make 1L of 10x TAE buffer 

• Add 48.4g of Tris base, 11.4mL of glacial acetic acid and 
3.7g of EDTA to 800mL of distilled water 

• Adjust pH to 7.2 
• Make up to 1L with distilled water 

 

Tris-buffered saline (TBS, pH 7.8, 0.05M) 

To make 2L of 10x TBS 

• Add 12.12g of Trizma HCl, 2.78g Trizma base, 17.4g of 
NaCl to 2L of distilled water 

• Adjust pH to 7.8  
 

TBS-TX - Add 1mL of Triton-X to 1xTBS 
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6.3      Flowchart of methods 


