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Abstract 

 

Ghrelin is a metabolic hormone released by the stomach at increased levels during times of 

fasting. It is known that ghrelin has suppressive effects on reproduction, for example by 

decreasing luteinizing hormone (LH) pulsatility. Whether it also inhibits the neuroendocrine 

control of ovulation is unknown. We set up three experiments to delve further into ghrelin‟s 

actions on the control of reproduction by the hypothalamus, the region of the brain critical for 

control of the reproductive axis. In the first experiment we established a protocol to abolish 

the preovulatory LH surge in mice by fasting them for 36 hours or treating with 20mg/kg 

ghrelin at 2 hourly intervals on the afternoon of the surge. We then examined whether 

restoration of ghrelin levels to a non-fasted state by using mice with a knocked-out ghrl gene, 

restoration of leptin levels by administration of 1mg leptin/kg in at ~12 hourly intervals, or 

restoration of both would restore the surge in the fasted mice. We found that neither ghrelin 

knockout or leptin replacement nor their combination was able to restore the surge in fasted 

mice, while ghrelin injections prior to the expected LH surge, given to fed control mice, were 

able to abolish the preovulatory LH surge. It is proposed that the effects of ghrl knockout and 

leptin replacement be re-examined in a shorter (and therefore more physiologically relevant) 

fast model. This suggests that ghrelin is sufficient but not necessary to inhibit the 

preovulatory LH surge in fasted mice. In the second experiment we attempted to 

systematically examine various potential signalling markers of ghrelin activity within the 

hypothalamus. We implanted intracerebroventricular (ICV) cannulae into two groups of 

Sprague-Dawley rats and administered 3nm ghrelin into one group, and vehicle only into the 

other group, and perfused the rats an hour later. The brains were then stained 

immunohistochemically for either phosphorylated extracellular signal-related kinase 1/2 

(pERK 1/2) or phosphorylated cAMP-response element-binding protein (pCREB). The series 

were then co-stained for either tyrosine hydroxylase (as a surrogate for anteroventral 

periventricular kisspeptin neurons), gonadotrophin-releasing hormone (GnRH), 

corticotrophin-releasing hormone (CRH), RF-amide related peptide 3 (RFRP-3), or 

kisspeptin. No change was found in CREB phosphorylation with ghrelin administration, but 

did find statistically significant decreases of ERK 1/2 phosphorylation in the arcuate nucleus 

(ARC), ventromedial hypothalamic nucleus (VMH), as well as the dorsomedial hypothalamic 
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nucleus (DMH). The significance of these findings are difficult to speculate, save to say that 

ERK 1/2 phosphorylation appears to be negatively regulated by ghrelin activity within the 

hypothalamus. For our third experiment, we proposed a model through which ghrelin 

decreases LH pulsatility, namely that it stimulates CRH neurons which then suppress arcuate 

kisspeptin neurons which are thought to drive the GnRH pulse generator in rodents. To test 

this hypothesised pathway 3nmol ghrelin with or without 27nmol of the CRH-R2 antagonist 

astressin-2B, the antagonist alone, or 5μg CRH alone was administered ICV into groups of 

Sprague-Dawley rats. LH levels in the blood were measured 1 hour later as well as Kiss1 

mRNA levels in the caudal and rostral hypothalami of the rats. Our results were statistically 

insignificant but trends in the LH levels suggest that CRH-R2 is a mediator of ghrelin‟s 

suppression of LH pulsatility. Overall, we have examined varying facets of ghrelin‟s 

neuroendocrine reproductive roles and found several interesting new additions to these.  
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Chapter 1- Introduction 

 

Humanity has known the link between energy balance and reproduction from before written 

history, shown by Palaeolithic figurines of fertility having a wide body shape. However in 

today‟s society there has been a trend towards the extremes of energy intake, with both an 

obesity epidemic and an anorexia nervosa endemic. Thus it is becoming increasingly 

important to understand the mechanisms through which these extremes could be affecting our 

reproductive capacity. Although the link is widely known, it is poorly understood. Ghrelin is 

a metabolic hormone that was only recently discovered, found to have increased levels during 

fasting, and only even more recently found to modulate the reproductive axis.  

The hypothalamic-pituitary-gonadal axis is the pathway through which reproduction is 

regulated. This begins at the hypothalamus with the gonadotrophin-releasing hormone 

(GnRH) neurons acting as the primary neuronal population that drives fertility, through to the 

pituitary gland with luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are 

secreted, which then act on the gonads to control their output of gametes and sex steroids.  

Ghrelin is commonly described as a „hunger hormone‟, with increased levels secreted during 

fasting. It is known that ghrelin suppresses the frequency of luteinizing hormone pulses 

released by the pituitary gland; however the mechanism for this effect is unknown. A 

literature review on the control of the reproductive axis by the hypothalamus and pituitary 

gland, as well as an overview of ghrelin, is presented in chapter 2. We undertook three main 

experiments to further elucidate the reproductive effects of ghrelin in the hypothalamus, each 

examining a different neuroendocrine aspect of the reproductive axis, and each using 

different experimental techniques. The aims of each experiment (numbered by experiment) 

were to: 

1. To test if the presence of ghrelin or a lack of leptin suppresses the pre-ovulatory LH 

surge.  

2. Examine ghrelin-induced phosphorylation of signalling pathway molecules that could 

be used as markers of ghrelin activity in various hypothalamic nuclei. In doing so, we 

hope to tease out pathways through which ghrelin functions are mediated, as well as 

to map out the hypothalamic sites of action of ghrelin. 
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3. To test if ghrelin‟s inhibition of LH pulse frequency occurs through a CRH-kisspeptin 

pathway 

Thus in this study we aim to extend the scope of knowledge of ghrelin on reproductive 

function.  
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Chapter 2 – Literature Review 

2.1 Introduction 

This project examines ghrelin‟s effect on the HPG axis. The principal regulator of the HPG 

axis is the GnRH neuronal population in the hypothalamus. These neurons are regulated by a 

plethora of other neurons and neuropeptides (the so-called „GnRH neuronal network‟), often 

indirectly and on each other, with only a few that actually synapse with the GnRH neurons 

directly. Thus it is important that these be described, as any effect ghrelin might have on the 

GnRH neuronal network may possibly act via one of these indirect pathways. This literature 

review will firstly describe various aspects of ghrelin and then the afferent control of GnRH 

neurons. 

2.2 Ghrelin 

2.2.1 Biology of ghrelin 

Ghrelin is a peptide hormone synthesised mainly in the X/A-like cells of the stomach which 

are largely located in the fundus. A smaller proportion (~30%) of circulating ghrelin is 

synthesised in the small intestine (Korbonits et al. 2004). Ghrelin is expressed in very small 

amounts in the pancreas, lung, kidney, lymphocytes, placenta, testis, and ovaries where it 

may act as an autocrine/paracrine factor (Castaneda et al. 2010). There are some reports that 

ghrelin is expressed in the hypothalamus but the results supporting this have been 

inconsistent and whether it is expressed there is disputed; it may be that any findings were in 

fact precursor-variants of ghrelin and not the acylated form (Hou et al. 2006; Furness et al. 

2011). Ghrelin increases food intake, acting directly on neuropeptide-Y and agouti-related 

peptide (NPY/AgRP) neurons. Ghrelin levels are high at times of fasting and this is 

associated with increased hunger, with levels decreasing following absorption of nutrients. 

Ghrelin levels rise preprandially, which suggests a role in food intake regulation (Cummings 

et al. 2001). The preprandial changes in ghrelin levels have found to be independent of 

nutritional status, and seem to a learned behaviour based on the pattern of meals (Drazen et 

al. 2006). Ghrelin has been described as important for food seeking behaviour (Cummings et 

al. 2004). Levels are higher in lean individuals than obese individuals (Korbonits et al. 2004; 

Castaneda et al. 2010) which suggests that increased ghrelin is not a key cause for obesity. 

Those with Prader-Willi syndrome, however, exhibit constantly elevated levels of ghrelin 

which may be the cause of their unremitting hunger.  
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Plasma ghrelin levels are decreased in response to somatostatin treatment and increased with 

cholinergic agonists while the effects of leptin, insulin, growth hormone (GH) and thyroid 

hormone are unclear, although insulin probably decreases ghrelin secretion (Castaneda et al. 

2010). Ghrelin levels also show a diurnal pattern with higher levels during the first part of the 

night followed by a decline at 0200-0400h (Korbonits et al. 2004). The half-life of ghrelin in 

mammals is reported to be 10-31 minutes. The ability of peripheral ghrelin to enter the brain 

through the blood-brain barrier has not been fully established. It is known that human acyl 

ghrelin can cross into the brain, although mouse acyl ghrelin, which differs by two amino 

acids, has a decreased ability to do so. The ability for ghrelin to cross is altered by factors 

such as obesity, serum triglyceride levels and fasting. In any case, the mechanism by which 

ghrelin does enter the brain is unknown (Banks et al. 2008; Castaneda et al. 2010). 

In regards to the reproductive axis, it is perhaps necessary to examine what is known about 

ghrelin levels during the reproductive cycle. Ghrelin secreting cells of the stomach express 

oestrogen receptor alpha (ERα) (Matsubara et al. 2004) although there appears to be 

conflicting evidence in regards to the effect of oestrogens on ghrelin (Lambrinoudaki et al. 

2008). For example, those administering oestrogen (often with the focus of the effect of 

hormone replacement therapy on ghrelin) find that it increases ghrelin levels (Kellokoski et 

al. 2005) while those that perform a gonadectomy (which would decrease oestrogen levels) 

find that this increases ghrelin levels, and administration of estradiol reverses this (Matsubara 

et al. 2004). The latter paper examined the response in female rats, which may be more 

relevant to this thesis compared to the other papers which were often based on data from 

post-menopausal women, and so it may be most useful to examine our results with the results 

of that paper in mind and consider oestrogen suppressive to ghrelin levels. 

2.2.2 Ghrelin synthesis and variants 

The ghrelin peptide is highly conserved across species, indicating its physiological 

importance. The ghrelin gene is located on the short arm of chromosome 3 at positions 25-26 

and is a 7.2kb region consisting of 6 exons, 4 of which (exons 1-4) code for the 117 amino 

acid peptide preproghrelin which produces two mature peptides. Within this precursor 

peptide, part of exon 1 codes for the signal peptide;  the remainder of exon 1 along with part 

of exon 2 code for the 28 amino acid peptide ghrelin; and the remainder of exon 2 with 3 and 

4 code for the C-terminal peptide, C-ghrelin, which contains the sequence for the 23 amino-

acid peptide obestatin (Seim et al. 2010). There are several variants of splicing of 

preproghrelin, and even preproghrelin itself has an exon 3-truncated form. Furthermore, once 
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ghrelin is transcribed there are several variations in octanoylation which lead to different 

molecules (e.g. acyl ghrelin and des-acyl ghrelin). The result is many possible molecules 

being produced by the ghrelin gene (ghrl). Acylated ghrelin is a 28-amino acid peptide with 

an n-octanoyl modification at Ser
3
. The acylation of ghrelin is performed by ghrelin o-

acyltransferase, which is part of the membrane-bound o-acyltransferase family and is 

primarily located in the stomach (Korbonits et al. 2004; Andrews 2011). The acylated form of 

ghrelin is thought to be the active form, with effects on GH release and energy balance, 

however other data increasingly suggests that the non-octanoylated form (des-acyl ghrelin) 

may have its own roles, such as cardioprotective effects (Korbonits et al. 2004). 

 

Figure 2.1 Synthesis of ghrelin. (a) shows splicing of preproghrelin, transcribed from exons 1-4, to give a signalling 

peptide (SP), ghrelin and C-ghrelin, which is then thought to be cleaved to produce obestatin. (b) Exon-3 deleted 

preproghrelin still contains exons 1 and 2 and is thus able to produce ghrelin;, but instead of C-ghrelin, a variant 

called Δ3D C-ghrelin is produced. Diagram taken from (Seim et al. 2010) 
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Figure 2.2 Variations in splicing and side chains of the ghrelin molecule. Taken from (Korbonits et al. 2004) 

The following are brief paragraphs on other molecules originating from the ghrelin gene. 

Des-acyl Ghrelin (des-ghrelin, unacylated ghrelin) 

This hormone appears in the serum in concentrations far higher than ghrelin (4:1 

concentration ratio) but cannot activate the classical growth hormone secretagogue receptor 

1a (GHSR1a) receptor. However it has been shown that desacyl ghrelin can mimick the 

inhibitory actions of ghrelin on LH. With the knowledge that desacyl ghrelin acts on a non-

GHSR1a receptor pathway, it is speculated that ghrelin may also work through the same, 

non-GHSR1a, pathway (Martini et al. 2006). It has also been found that desacyl ghrelin 

inhibits ghrelin‟s metabolic neuronal effects (Inhoff et al. 2008); which, when coupled with 

both peptides having similar LH effects, may indicate that the pathways through which 

ghrelin affects LH levels and food intake can operate independently of the GHSR1a receptor. 

C-Ghrelin 

C-ghrelin levels are found to be independent of serum ghrelin levels, suggesting it has its own 

independent control and thus presumably functions, however not much focus has been placed 

on these (Seim et al. 2010). 

Obestatin 

Obestatin is a 23 amino acid peptide which has a sequence identical to part of C-ghrelin and 

is thus thought to be a cleavage product of it. Obestatin is a functional peptide however its 
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function is unknown, although it is suspected to act in a autocrine/paracrine manner (Seim et 

al. 2010). Obestatin does not appear to have any effect on the HPG axis (Martini et al. 2006) 

2.2.3 Ghrelin receptor 

Ghrelin was identified after the discovery of its receptor, the GHSR receptor, four years 

earlier (Howard et al. 1996; Kojima et al. 1999). The receptor belongs to the rhodopsin-like 

seven-transmembrane domain receptor family. There are two splice variants of this receptor, 

types 1a and 1b. GHSR1a is the type which ghrelin binds to; and although GHSR-1b is 

considered non-functional, it is expressed in far higher levels in some tissues than GHSR1a 

and could potentially be a modulator of other G protein coupled receptors through 

heterodimerisation (Seims 2010). Indeed, it has been suggested that GHSR1b forms 

heterodimers with GHSR1a which can translate to the nucleus and thus GHSR1b could act as 

a dominant-negative mutant of GHSR1a (Leung et al. 2007). GHSR1a consists of 366 amino 

acids. It shows constitutive, ligand-independent activity (Holst et al. 2003). It is also rapidly 

internalised upon ghrelin ligand binding (Camina et al. 2004).  

There is some evidence for another, unknown, receptor that some of ghrelin‟s effects work 

through, such as its chronic, weight-increasing effects (Castaneda et al. 2010).  

2.2.4 Ghrelin receptor location 

The ghrelin receptor GHSR1a has been found in many tissues. These includes the 

somatotrophs in the pituitary gland, hypothalamic tissue as well as adrenal, thyroid, 

pancreatic, myocardial, splenic and testicular tissues (Korbonits et al. 2004). Also included 

are the thoracic, lumbar and sacral sections of the spinal cord, co-expressed with sympathetic 

and autonomic preganglionic neurons (Ferens et al. 2010). Within the rat hypothalamus, areas 

of relevance to this project that the receptor has been localised to are the anteroventral 

periventricular nucleus (AVPV), the arcuate nucleus (ARC), the lateral-mammilary nucleus 

(LM), the median preoptic nucleus (mPOA), the paraventricular nucleus (PVN) and the 

ventromedial nucleus (VMH) (Zigman et al. 2006). GHSR in the ARC is colocalised with 

NPY/AgRP neurons (presumably GHSR1a, mediating acylated ghrelin‟s effect) (Willesen et 

al. 1999), as well as growth hormone-releasing hormone (GHRH) neurons (Osterstock et al. 

2010). Other areas of the brain that the receptor has been found include the dentate gyrus and 

the CA2 and CA3 regions of the hippocampus, the substantia nigra, the ventral tegmental 

area, and the dorsal raphe nucleus. The receptor was not found in the cortex or the cerebellum 

(Guan et al. 1997). 
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Ghrelin‟s orexigenic and growth hormone releasing effects were reported to be mediated by 

the vagus nerve, which expresses GHSR1a (Date et al. 2002), however there has been 

conflicting evidence on this issue (Castaneda et al. 2010; Osterstock et al. 2010). 

2.2.5 GHSR1a signal transduction 

The intracellular signalling of GHSR1a has yet to be fully elucidated, however several known 

pathways have been implicated. The pathways ghrelin acts through are cell-specific. For 

example, GH release from pituitary cells is known to act via the G protein subunit Gαq11 and 

the inositol 1,4,5-trisphosphate (IP3) pathway to increase intracellular Ca
2+

,
 
which involves 

protein kinase C (PKC) and L-type calcium channels. Ghrelin‟s orexigenic effects and 

control of energy homeostasis in NPY neurons in the ARC are mediated through protein 

kinase A (PKA) and N-type calcium channels and not PKC or L-type calcium channels, both 

of which mediate other aspects of ghrelin signalling (Kohno et al. 2003; Castaneda et al. 

2010). It is thought that in NPY neurons, IP3 activates Ca
2+

 release from the endoplasmic 

reticulum which activates CaM-dependent protein kinase (CAMKK) which phosphorylates to 

activate AMP-activated protein kinase (AMPK). AMPK has downstream actions on 

mitochondrial activity in the cell which, when activated, up-regulates activity of the cell, as 

well as up-regulating certain transcription factors, such as cAMP response-element binding 

(CREB) that then change the activity of the NPY neurons (Andrews 2011). The idea that 

AMPK mediates ghrelin‟s orexigenic action has recently been challenged (Verhulst et al. 

2011), but this does go against a large volume of evidence suggesting otherwise (Andrews 

2011). AMPK is known to be a mediator of ghrelin‟s effect on β-oxidation in the VMH as 

well as vascular actions on endothelial cells, the latter also being mediated by the Akt 

pathway (Castaneda et al. 2010). Ghrelin is found to stimulate cell proliferation through other 

pathways, such as mitogen-activated protein kinase (MAPK) extracellular signal-regulated 

kinase (ERK) 1/2, again the Akt/phosphatidylinositol 3-kinase (PI3-K) pathway as well as 

through a tyrosine kinase-dependent pathway (Seim et al. 2010). Ghrelin‟s effect on LH is 

dependent on an intact nitric oxide pathway (Fernandez-Fernandez et al. 2007). It is also 

worth noting again that there is evidence that ghrelin acts through another, unknown receptor 

(Castaneda et al. 2010). 
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Figure 2.3 Various signalling pathway of ghrelin in different cell types. Taken from (Castaneda et al. 2010).  

 

2.3 The Hypothalamic-Pituitary-Gonadal (HPG) Axis 

This project focuses on ghrelin‟s actions on the HPG axis. The HPG axis is the endocrine 

framework through which reproduction can occur. It is the interplay of the hypothalamus, 

pituitary gland and the gonads in the regulation of reproductive function. The overarching 

control of the HPG axis occurs via the gonadotrophin-releasing hormone cells (GnRH cells), 

which reside mainly in the preoptic area of the hypothalamus. These cells release GnRH into 

the hypophyseal portal blood stream at the site of the median eminence, which travels a short 

distance to the pituitary gland and act on gonadotrophic cells to release LH and follicular 

stimulating hormone (FSH), the main hormones directly controlling the gonads. FSH in 

females develops follicles and in males it controls spermatogenesis. LH in females induces 

ovulation and in males causes the production of testosterone (Herbison 2006; Johnson 2007). 

 

2.3.1 The GnRH neuron 

Before discussing GnRH neurons it is important to note these are very heterogeneous 

neurons. (Herbison 2006) writes that “It seems that the only properties common to all GnRH 

neurons are that of GnRH biosynthesis and the presence of functional GABA [γ-aminobutyric 

acid] and glutamatergic inputs.” However all neurons that project to the median eminence are 
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hypophysiotrophic while those that do not have other, ill-defined actions. There are several 

other relatively common functionalities with regards to GnRH neurons. These include 

expression of immediate early genes at the time of the GnRH surge (c-fos in ~60% of GnRH 

cell bodies, which express at the time of the surge), with the presumption that those which do 

are involved in surge generation. These neurons are more likely to project outside the blood 

brain barrier; receive more galanin, kainite, and vasoactive intestinal polypeptide inputs than 

other GnRH neurons; to be more active in transcription of GnRH mRNA and more likely to 

co-express galanin (Herbison 2006). Within the GnRH neuronal population there is marked 

redundancy. This is shown by experiments in which a two-thirds loss of the number of GnRH 

neurons fails to disrupt fertility in male and female mice. Even with a 90% loss, male mice 

are still fertile although females are not. This suggests that before infertility is exhibited, a 

large percentage of the neurons may already be dysfunctional (Herbison et al. 2008). 

2.3.2 Location of the GnRH neuron 

GnRH neurons originate in the nasal placode and migrate to the forebrain (Wray 2001). This 

migration takes place during embryogenesis, in mice between E11-14.5 (Ebling and Cronin 

2000). The result of this migration is a continuum of GnRH neurons in the forebrain from the 

olfactory bulb to either side of the third ventricle, forming an inverted „Y‟. This continuum is 

present in all mammalian species, however there are species differences in where most GnRH 

neurons come to lie. In the sheep, rat and mouse, most GnRH soma are located at the rostral 

end of the continuum and are most numerous at the junction of the “inverted Y” near the 

organum vasculosum of the lamina terminalis (OVLT).  It is debatable as to whether GnRH 

somas lie in the more caudial ARC of the rat or mouse. A more even distribution of soma 

along the continuum is found in guinea pigs, monkeys and humans (Herbison 2006).  

GnRH neurons that secrete during the LH surge in rodents are located in the rostral preoptic 

area (rPOA) near the OVLT. No anatomical subpopulation has been identified in sheep or 

monkeys. The question also remains as to whether the same cluster of GnRH neurons 

involved in the surge are also involved in the generation of pulsatile secretion or negative 

feedback (Herbison 2008). 
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Figure 2.4 Location of the GnRH neurons. (Left) Sagittal section showing the GnRH continuum from the olfactory 

bulbs on the left to the hypothalamus above the optic chiasm (oc). (Right) The respective coronal sections sliced from 

the area shown in the left image. (ac) anterior commissure, (ms) medial septum, (vdbb) vertical limb of the diagonal 

band of Broca, (ovlt) organum vasculosum of the lamina terminals. Images taken from (Herbison 2006). 

2.3.3 Secretory pattern of GnRH 

Before puberty, GnRH secretion is low with pulses occurring once every 3-4 hours (Marshall 

et al. 1993). At puberty the adult pattern of GnRH pulses begins (described below). The 

mechanisms for activation of adult GnRH pulsatility are unknown, however several factors 

have been found to play a role. These include GABA, glutamate and kisspeptin. With GABA 

it is found that as the GnRH output rises, GABA levels drop. Also, premature discharge of 

GnRH can be elicited by down-regulation of GABA. Thus GABA is shown to have a 

suppressive role on GnRH secretion before puberty. Glutamate is elevated at the time of 

puberty and N-Methyl-D-aspartic acid (NMDA), a glutamate analogue, results in GnRH 

secretion and precocious puberty. Thus glutamate has a positive role on GnRH secretion at 

puberty. The kisspeptin gene Kiss1 rises at the time of puberty, and administration of 

exogenous kisspeptin activates GnRH secretion and advances puberty. Thus glutamate and 

kisspeptin increase at the time of puberty to initiate GnRH secretion while GABA is shown to 

suppress GnRH secretion before puberty and decreases around puberty. However the 

importance of each of these factors is unknown and only hint at part of the entire mechanism 

controlling the onset of adult GnRH pulsatility (Johnson 2007). Collectively, the GnRH 

neuron and its suite of modulatory inputs are referred to as the „GnRH neuronal network‟. 
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The adult pulsatility of GnRH is one every 40 to 80 minutes in the monkey, sheep and rat; 

with a longer interpulse interval in castrated animals (Herbison 2006). This release is the 

result of electrical stimulation at the nerve terminal located in the median eminence. The 

characteristics of the electrical stimulation alter the amplitude and frequency of GnRH 

release, with the finding that 5Hz was the minimum and 10Hz the most efficient for releasing 

the most GnRH per stimulus pulse (Herbison 2006). This pulsatility is intrinsic to GnRH 

cells, shown by the immortalised GT1 cells in vitro; however it is obvious that in vivo many 

afferent signals shape the pulsatility of GnRH and I attempt to describe some of these factors 

later.  

The surge of LH that precedes and leads to ovulation is a direct consequence of a surge of 

GnRH. This is a result of a pattern of high frequency pulses culminating in a continuous 

secretion of GnRH. The surge of GnRH is a consequence of high oestrogen levels which, in 

rodents, must be coupled with the appropriate circadian signals. The mechanisms by which 

oestrogen does this are mentioned later in (2.3.5.1).  

 

2.3.4 Effects of GnRH: Control of gonadotrophins 

The main function of GnRH as the principal cell of the HPG axis is to control the 

gonadotroph cells of the anterior pituitary gland. Both GnRH and gonadotrophins are 

released in a pulsatile manner; about one every hour in humans, and are therefore termed 

circhorial pulses. This pulsatility remains in isolated (ex vivo) pituitaries and hypothalami of 

rhesus monkeys. Along with this, in vitro GnRH neurons exhibit pulsatility, showing that this 

is intrinsic to the neurons. However, it is likely that there is still an external source which 

modulates GnRH pulsatility and not just GnRH neurons themselves. The pulsatility of GnRH 

neurons is vital to the release of gonadotrophins. Removal of GnRH neurons and infusion of 

GnRH in pulses will restore gonadotrophin release, however a constant infusion will not. The 

mechanism for this inability to elicit secretion with constant infusion is thought to be caused 

by internalisation of GnRH receptors on gonadotrophs, which does not occur with pulsatile 

GnRH secretion/infusion (Johnson 2007). Faster pulses (every 30min) favours LH secretion 

while slower pulses (every 2-4hrs) favours FSH secretion (Bernard et al. 2010).  

2.3.5 Control of the GnRH neuron/HPG axis 

GnRH neurons do not function in isolation but are part of a wider GnRH neuronal network, 

the afferent neurons of which convey information to GnRH neurons about stress, 
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seasons/photoperiod, circulating steroid levels and more to modify activity accordingly. 

Although GnRH neurons release GnRH tonically ex vivo; disruption in kisspeptin signalling 

leads to infertility, indicating that the GnRH neurons require input in vivo (de Roux et al. 

2003).There are many extra-hypothalamic factors which affect the HPG axis, mostly relevant 

here are those which affect LH release, as it is often used as a surrogate marker of GnRH 

release. Accordingly, while I try to keep this section relevant to GnRH, I will also include 

information that is relevant but not specific to GnRH neurons; these will typically involve the 

control of LH at the level of the pituitary gland, which is not limited to the secretory response 

of LH to GnRH. 

There is a lack of hierarchical understanding of the neuronal control mechanisms involved in 

GnRH release; however the following factors have been placed somewhat loosely in order of 

(speculated) importance or, at least, recent interest. To reiterate what was said earlier, the 

following neuropeptide and pathways are important as possibilities by which ghrelin may act 

on the HPG axis. I will focus on ghrelin‟s effect at the level of the GnRH neuron as it is 

thought its effects predominate through this neuron, rather than at the level of the pituitary 

gland (Fernandez-Fernandez et al. 2005). 

2.3.5.1 Oestradiol (E2) 

Oestradiol is the most important signal controlling GnRH neurons, being the main feedback 

hormone from the gonads (but not the only, (Messinis 2006)). The negative feedback, which 

keeps LH and FSH at a basal pulsatile secretory pattern, is important in folliculogenesis, 

spermatogenesis and steroidogenesis. The positive feedback, which causes a surge in LH, is a 

result of the high estradiol released by the mature ovarian follicle and leads to ovulation 

(Maeda et al. 2010). In humans, both positive and negative feedback secretory patterns are 

found in the female, while in the male normally only the former is found, however a positive 

feedback surge in LH can occur with high doses of exogenously-administered estradiol in 

some species (Dorner et al. 1975). 

The mechanisms by which E2 has effects on GnRH neurons is still being mapped and as 

found below, many factors that control GnRH are described in terms of their ability to 

respond to oestrogenic signals. 

Positive feedback 
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The positive feedback of estradiol is a result of the high concentrations of it being released by 

the mature ovarian follicle just prior to ovulation. Leading up to this, the rising E2 level in the 

late follicular phase inhibits GnRH release but also increases sensitisation of the pituitary 

gland to GnRH (Ciechanowska et al. 2010). High levels of oestrogen (900pmol/L in humans 

(Stricker et al. 2006)) must be maintained for a prolonged period prior to the surge of GnRH; 

around 15 hours in rat, sheep and primate; however these levels do not have to be high at the 

time of the surge for it to occur (Herbison 1998). This prolonged early requirement suggests a 

classical, genomic mechanism by which oestradiol causes the positive feedback. This 

involves oestrogen receptor alpha (ERα, which is nuclear receptor) expressing neurons which 

project to GnRH neurons. ERα, but not ERβ activation is sufficient and necessary for the 

generation of the GnRH surge (Wintermantel et al. 2006; Herbison 2008). GnRH neurons 

themselves express ERβ receptors but not the ERα subtype, suggesting neurons acting on the 

GnRH neurons are responsible for mediating the oestrogenic response of GnRH neurons. 

Neurons in the AVPV are strongly implicated in being regulated by oestrogens to activate 

GnRH neurons. This is shown in studies which inflict lesions of the AVPV, studies which 

implant oestradiol, studies which examine ERα and ERβ expression as well as tract tracing 

studies. However there is also evidence in mice of neurons lying caudally adjacent to the 

AVPV: the preoptic division of the periventricular nucleus (PVpo) and the median preoptic 

nucleus (MEPO) that also play a role in the surge. These along with the AVPV form an 

anatomical continuum described as the rostral periventricular region of the third ventricle 

(RP3V) (Herbison 2008). The RP3V does not seem to play a role in the surge in sheep or 

monkeys; rather this is through the mediobasal hypothalamus (MBH) (Clarkson and Herbison 

2009). The main candidate neurons that are thought to be mediating the oestrogenic signals 

during positive feedback are the kisspeptin neurons of the RP3V, described later. 

The negative feedback effect 

The negative feedback of E2 on GnRH is maintained via ERα (Lindzey et al. 2006). Again, 

as there are no ERα receptors on GnRH neurons, this feedback mechanism must be mediated 

by other neurons acting on GnRH. It has been found that ARC kisspeptin neurons project to 

GnRH neurons in the rostral preoptic area (Yeo and Herbison 2011). As previously 

mentioned, while oestrogen up-regulates the positive-feedback kisspeptin neurons in the 

AVPV, the ARC kisspeptin neurons are down-regulated. Thus it is thought to be ARC 

kisspeptin neurons mediating the oestrogenic negative feedback on GnRH neurons 

(Castellano et al. 2010). Oestradiol inhibits the autoinhibitory mechanism of GABA neurons 
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in the mPOA (thus increasing GABA, which is predominantly inhibitory), suppressing GnRH 

(Dobson et al. 2003). 

 Pituitary gland effects 

Oestradiol has direct inhibitory effects on pituitary responsiveness to GnRH. This is thought 

to contribute to the differential response of LH and FSH to oestradiol (Shaw et al. 2010).  

2.3.5.2 Kisspeptin 

Kisspeptin has a direct action on GnRH neurons, which express GPR54, the kisspeptin 

receptor. Kisspeptin causes GnRH-dependent LH secretion even at very low peripherally-

administered levels. It also induces ovulation and, in rodents, advances puberty (Gottsch et al. 

2006). Mutations of the GPR54 receptor can lead to normosomic idiopathic 

hypogonadotrophic hypogonadism, which is characterised by GnRH deficiency (Seminara 

and Crowley 2008). Kisspeptin acts both directly on the pituitary gland and indirectly via 

GnRH neurons to increase LH and FSH. However, administering GnRH antagonists 

abolishes kisspeptins ability to cause secretion of LH and FSH, suggesting that the indirect 

pathway to GnRH is the dominant mechanism controlling gonadotrophin release (Dungan et 

al. 2006). Two areas of the rodent brain, the ARC and the AVPV abundantly express 

kisspeptin while in humans it is mainly expressed in the ARC (Li et al. 2010). (Clarkson and 

Herbison 2009) concisely put several criteria that kisspeptin in the AVPV meets to thus be 

considered the major mediator of oestrogenic signalling in positive feedback on the GnRH 

neurons. These comprise of being located in the RP3V, being sexually dimorphic, expressing 

ERα, being activated by oestrogen, projecting to and activating GnRH neurons. Oestradiol 

up-regulates kisspeptin (Kiss1) mRNA in the AVPV and down-regulates it in the ARC. The 

arcuate nucleus is similar in size in both males and females, while the AVPV is larger in 

females. It is thus thought that the AVPV neurons are the mediators of the positive feedback 

and preovulatory surge in females, while the ARC mediates negative feedback (Castellano et 

al. 2010). The issue of which level the ARC kisspeptin neurons affect GnRH – at the GnRH 

soma, ME or both – has yet to be resolved. It has been suggested that the ARC controls 

GnRH at the level of the median eminence (ME) (True et al. 2011), a conclusion suggested in 

other papers, and in this paper based off a finding of very few ARC kisspeptin fibres 

(identified immunohistochemically by colocalising kisspeptin and neurokinin B (NKB), 

discussed later) are found in the POA. Others have found that KNDy neurons (named after 

the expression of kisspeptin, neurokinin B and dynorphin coexpression) from the ARC do 
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project to the preoptic area (POA), presumably to directly control GnRH neurons (Lehman et 

al. 2010; Yeo and Herbison 2011). 

In rodents, E2 acts at the AVPV to induce the preovulatory surge, whereas in sheep and 

primates this probably occurs at the ARC (Lehman et al. 2010). 

Kisspeptin and the pituitary gland 

It has been found that kisspeptin can directly stimulate release of LH and GH from the 

anterior pituitary gland. It is also interesting to note that oestrogen sensitises the pituitary 

gland to kisspeptin (Luque et al. 2011). 

 Kisspeptin and metabolic status 

Kisspeptin expression in both the ARC and the AVPV is sensitive to changes in metabolic 

status and may be a causal mediator of suppression of the HPG axis in these states.  Diabetes, 

acute inflammatory challenge in anorexia, and administration of bacterial lipopolysaccharide 

(LPS, which causes metabolic stress and hypogonadotropism), all lead to a decrease in Kiss1 

mRNA expression in the hypothalamus (Castellano et al. 2010). 

2.3.5.3 KNDy neurons 

KNDy neurons are named after the co-localisation of the neuropeptides kisspeptin (discussed 

earlier), neurokinin B and dynorphin within these neurons and are only found projecting from 

the ARC. Each of these neuropeptides is shown to play a role in reproduction. KNDy cells 

are a major target for steroid feedback. In sheep 95% of these neurons express ERα and PR 

and 85% express the androgen receptor. As KNDy neurons are shown to have direct 

projections to GnRH neuronal cell bodies and terminals, they are set up to be a key mediator 

of the GnRH pulse generator (Lehman et al. 2010). 

Neurokinin B (NKB) 

Neurokinin B is coexpressed in the ARC with kisspeptin and dynorphin. NKB by itself is also 

expressed in several other nuclei in the hypothalamus, notably the next largest to the ARC 

being the bed nucleus of the stria terminalis (BNST), as well as being expressed in several 

other regions of the brain (True et al. 2011). In humans, a loss of the homologous genes that 

code for NKB and its receptor, NK3R (TAC3 and TAC3R) produces hypogonatotropic 

hypogonadism, indicating an important role of this neuropeptide in reproduction. NKB has a 

differential response on LH depending on the level of oestrogens. At high or low oestradiol 
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levels NKB inhibits LH whereas at physiological levels NKB stimulates LH release. Thus the 

NKB/NK3R signalling pathway appears to be an important mediator of E2 negative feedback 

on GnRH and LH, E2 seemingly able to alter the signalling on the pathway. NKB appears to 

be a mediator by which the KND neurons can act autosynaptically to regulate themselves, 

having NK3R receptors with NKB stimulating Kiss1 in these cells (Navarro et al. 2011). 

NKB has recently been shown to be a mediator of GnRH pulsatility (Kinsey-Jones et al. 

2012). The authors of this paper suggest that kisspeptin and NKB govern different 

modulatory pathways of GnRH pulsatility, and thus may work through separate pathways.  

Dynorphin 

Dynorphin is an endogenous opioid peptide (EOP) which appears to mediate the inhibitory 

feedback effect of progesterone on GnRH neurons in ewes and primates, however the role of 

it in rodents is less clear (Lehman et al. 2010). 

2.3.5.4 Progesterone 

Progesterone is produced by the corpus luteum after ovulation and, in humans, the first 8 

weeks of pregnancy, followed by the placenta after 8 weeks (Johnson 2007). Progesterone 

acts to decrease FSH and LH by two mechanisms. Firstly, during luteal phase, the high levels 

of progesterone enhance the negative feedback of oestradiol, decreasing secretion of FSH and 

LH. Secondly, progesterone blocks the positive feedback of oestradiol, thus preventing any 

surge during the luteal phase of the cycle when follicular growth is accompanied by an 

increase in oestradiol concentration. During the time of the preovulatory surge, oestradiol 

concentrations are high while progesterone, which would normally inhibit the effect of 

oestradiol on GnRH, is low (Johnson 2007). However the relationship between oestradiol and 

progesterone depends on temporality. That is if progesterone is given at the same time as 

oestradiol, the effect of oestradiol on GnRH is inhibited (no surge). However, with exposure 

to progesterone before any increase in oestradiol, such as during the follicular phase which 

follows the high-progesterone luteal phase, the effect of oestradiol on GnRH is augmented 

(augmented surge, perhaps due to a progesterone-dependent build-up of GnRH in the median 

eminence, (Evans et al. 1997)). The pathway by which progesterone can inhibit the activation 

of GnRH has been hypothesised as an inhibition on the oestradiol neuronal pathway 

(Ciechanowska et al. 2010). This hypothesis is supported by several findings. Firstly, c-Fos 

activation was not increased in both GnRH nor non-GnRH neurons in ewes given 

progesterone, suggesting that there is no separate inhibitory pathway that progesterone 
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activates and rather that it inhibits an activating pathway, and this has found to be the 

oestradiol-induced cellular activated cells in the preoptic area, lateral septum and arcuate 

nucleus (Richter et al. 2005). Secondly, inhibition of GnRH by progesterone is oestradiol 

dependent and limited to the „activation‟ stage of the surge (Ciechanowska et al. 2010). And 

finally, progesterone can directly inhibit the expression of oestrogen-induced genes in vitro 

(Meyer et al. 1989). This negative effect of GnRH by progesterone has been hypothesised to 

be mediated by β-endorphin (Dufourny et al. 2005). 

2.3.5.5 Hypothalamic-Pituitary-Adrenal (HPA) axis 

The HPA axis is the stress axis, with the main central regulators being corticotrophin-

releasing hormone (CRH) and arginine vasopressin (AVP), both released by the parvicellular 

neurons of the PVN. Activation of the HPA axis suppresses the HPG axis, highlighted by the 

clinical condition of stress-related amenorrhoea (Kalantaridou et al. 2010). 

Corticotrophin-releasing hormone (CRH) 

CRH is a principal hormone of the HPA axis and is predominately expressed in the PVN of 

the hypothalamus. Although ghrelin the ghrelin receptor is expressed in the PVN (Zigman et 

al. 2006), the PVN is probably not the nucleus responsible for CRH‟s suppression of LH 

(Hahn et al. 2003), and thus ghrelin probably has non-reproductive functions there. The PVN 

neurons release CRH into the portal blood to stimulate the release of adrenocorticotrophic 

hormone (ACTH) from the anterior pituitary gland which then stimulates the secretion of 

cortisol from the adrenal glands. CRH decreases GnRH release and thus LH release (Petraglia 

et al. 1987). The next major region known to express CRH is the bed nucleus of the stria 

terminalis (BNST) which lies along the lateral ventricles. It sends projections into the 

hypothalamus, as well as to noradrenergic neurons in the brainstem. This nucleus is known to 

be involved in mediating psychogenic stress (e.g. restraint) induced suppression of LH 

secretion (Li et al. 2011). The BNST sends projections to the noradrenergic nucleus the locus 

coeruleus (LC, also known to mediate psychogenic stress-induced LH suppression) which 

projects to GABA neurons in the mPOA (Mitchell et al. 2005; Li et al. 2010). Thus there is, 

as shown in Fig. 2.5, a hypothesised BNST > LC > mPOA GABA > GnRH pathway (Li et al. 

2011).  Other CRH from unknown origins are thought to act indirectly on GnRH neurons to 

mediate the other forms of stress-induced LH suppression (e.g. hypoglycaemia or 

lipopolysaccharide-induced). CRH axons synapse with GnRH neurons, which express both 

corticotrophin-releasing hormone receptor subtypes, CRH-R1 and CRH-R2, in the mPOA 
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(Jasoni et al. 2005; Li et al. 2010). Agonising CRH-R2 decreases LH pulse frequency, an 

effect reversed by CRH-R2 antagonists (Li et al. 2005). Along with this, stimulation of CRH 

neurones activates GABA and opioid neurones in the mPOA which reduces GnRH cell 

recruitment, and ultimately GnRH pulse frequency (Dobson et al. 2003). Naloxone, an opioid 

antagonist, reverses the inhibitory effect that CRH has on LH in rats and humans (Petraglia et 

al. 1987; Barbarino et al. 1989). CRH decreases kisspeptin and kisspeptin receptor (Kiss1 and 

Kiss1r, respectively) mRNA in both the mPOA and ARC (Kinsey-Jones et al. 2009). All of 

this suggests that stress effects on GnRH neurons may be mediated directly onto GnRH 

neurons, or indirectly via GABA, opioid or kisspeptin neurons (see the left half of Fig. 2.5). 

GnRH also seems to have an effect on CRH, suggesting reciprocal control such that when 

CRH increases, GnRH decreases, further increasing CRH (Umathe et al. 2008). The paper 

did not examine the neuroanatomical foundation for such a mechanism.  

There are two main CRH receptors; CRH-R1 and CRH-R2. These receptors have different 

distributions in the brain as well as different functions. CRH-R1 predominates in the pituitary 

gland, brainstem, cerebellum, amygdala and cortex while CRH-R2 is more prevalent in 

subcortical regions, including the lateral septum and ventromedial nucleus of the 

hypothalamus and moderate levels in other hypothalamic nuclei (Li et al. 2006). CRH-R1 is 

thought to be the receptor mediating the stress response of CRH on the HPA axis. 

Specifically, CRH is 15 times more CRH-R1 selective, which is found on pituitary gland 

corticotrophs and mediates stress related release of ACTH (Rivier et al. 2003). There is 

crossover and complexity in which receptor is responsible for HPA acting on the HPG axis. It 

is thought that there is a functional antagonism between the two receptors, with CRH-R1 

increasing anxiety and CRH-R2 decreasing it (Reyes et al. 2001). CRH-R2 is considered to 

be a mediator of the stress-coping response; mice with CRH-R2 knocked out, when stressed, 

show increased levels of ACTH and corticosterone. Li et al divided the effect of stress on 

suppression of LH pulsatility into three groups according to the cause. These were (i) 

restraint-induced, (ii) hypoglycaemia-induced and (iii) LPS stress-induced. They found that 

while CRH-R2 mediates all three types of LH suppression (that is, blockage of this receptor 

reversed the suppression), CRH-R1 only mediates restraint-induced suppression of LH. So it 

is seen that at the same time as mediating stress-coping abilities, CRH-R2 mediates stress-

induced suppression of the GnRH pulse generator (Li et al. 2010). 
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Figure 2.5 Possible mechanisms by which CRH acts on GnRH neurons (Li et al. 2010). 

Evidence is mounting of a CRH- and kisspeptin-mediated pathway between ghrelin and LH. 

It has already been speculated that CRH‟s down-regulation of LH is mediated by kisspeptin 

with CRH decreasing LH pulsatility, in line with the effect of ghrelin on LH (Li et al. 2010). 

Nevertheless, CRH antagonists block the effect of ghrelin on LH in the rhesus monkey 

(Vulliemoz et al. 2008). Ghrelin administration down-regulates Kiss1 mRNA in the mPOA 

(Forbes et al. 2009). CRH administration is also known to down-regulate Kiss1 mRNA in the 

rat (Kinsey-Jones et al. 2009). Putting all this together gives the figure shown below.  
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Figure 2.6 Proposed pathway by which ghrelin suppresses pulsatile LH.  

We therefore hypothesise that ghrelin‟s suppressive effect on LH pulses is mediated by CRH 

and kisspeptin, the latter being downstream of the former. 

Arginine vasopressin (AVP) 

AVP is similarly released by LPS and hypoglycaemic stress. The effect of AVP on LH 

secretion is inconsistent between species. In the monkey LH pulse frequency is decreased 

which suggests a GnRH frequency change, whereas in rats the pulse amplitude decreases 

which has been hypothesised to be a result of an increase in GnRH pulse frequency leading to 

failed LH secretion in the pituitary gland (Li et al. 2010). 

Cortisol 

Although cortisol does not affect GnRH neurons directly (Breen and Karsch 2004) it is 

important to describe it here as ghrelin‟s effect in lowering LH could be at least partially 

mediated through it. Previous work to that has shown that, in sheep, the interaction of the 

HPA axis on the HPG axis is the result of cortisol acting on the pituitary gland to lower LH 

+ 

+ 

- 

+ 
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pulse amplitude (but not frequency) by lowering LH responsiveness to GnRH (Breen and 

Karsch 2004). Ghrelin administration increases cortisol levels (Vulliemoz et al. 2004). 

2.3.5.6 Neuropeptide Y (NPY)/Agouti-related Protein (AgRP) 

NPY and AgRP are coexpressed in neurons in the ARC. Both are peptides involved in 

stimulating food intake and are increased in expression during fasting. NPY stimulates food 

intake and promotes weight gain, through receptors Y1 and Y5, of which Y5 is also 

expressed on GnRH neurons and Y1 is found in close apposition to GnRH cells bodies in the 

preoptic area. AgRP antagonise melanocortin receptors 3 and 4, which normally decrease 

food intake (Hahn et al. 1998; Gamba and Pralong 2006). Ghrelin increases expression of 

these neuropeptides, the main mechanism for ghrelin‟s orexigenic action, while leptin 

decreases expression. NPY neurons project to CRH neurons in the paraventricular nucleus 

(Li et al. 2000) and AgRP increases cortisol levels. 

The effect of NPY on GnRH and LH depends on the steroid environment. In oestrogen-

primed rats, NPY is stimulatory, while in ovariectomised (OVX) rats it is inhibitory (Xu et al. 

2000). NPY and AgRP both decrease LH pulse frequency when injected 

intracerebroventricularly (ICV) into OVX rhesus monkeys (Vulliemoz et al. 2005). NPY 

antibodies suppress the LH secretion in steroid-primed ovariectomised rats, an effect that was 

reversed by nalaxone, an opioid antagonist, but not by blockage of CRH receptors with α-

helical CRH-(9-14). This suggests a connection between NPY and β-endorphin neurons in 

control of GnRH neurons (Xu et al. 1993). However there are variations in LH response to 

NPY/AgRP between species and modes of administration such as the finding that AgRP 

increases LH frequency in intact rats (Vulliemoz et al. 2005). NPY seems to have an 

important augmentative role in LH surge generation. In NPY-knockout mice the LH surge 

levels were approximately 50% of the wild-type levels. Some of this can be attributed to a 

decreased LH responsiveness to GnRH, as LH responsiveness to administration of GnRH in 

the knockout mice was diminished compared to wild-type mice (Xu et al. 2000).  

It is interesting then that while NPY has a stimulatory role on GnRH and LH release; the 

fasted state, which upregulates NPY expression, has negative effects on the reproductive axis. 

Clearly then NPY and AgRP have complex interactions with the HPG axis, which appear to 

be largely stimulatory. It is interesting then that ghrelin, which activates NPY/AgRP neurons, 

is inhibitory to the HPG axis; this suggests its inhibitory effects on GnRH is mediated 

through a pathway alternative to one involving NPY/AgRP neurons. 
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2.3.5.7 Leptin 

Leptin is a satiety signal secreted by and proportional to adipose tissue (Considine et al. 

1996). Ghrelin is often described as the counterpart hormone to leptin. Leptin acts centrally 

as a permissive factor for reproductive function. Congenital leptin deficiency is associated 

with hypogonadotrophic hypogonadism and infertility (Gamba and Pralong 2006). 

Intracerebroventricular injection of leptin antibodies causes rats to lose LH pulsatility as well 

as stopping the estrous cycle in anestrous (Carro et al. 1997). The action of leptin on the 

GnRH neurons is indirect (Quennell et al. 2009). Leptin and insulin directly signal to 

NPY/AgRP as well as POMC neurons in the ARC and this nucleus is thought to be the where 

leptin and insulin exerts their reproductive effects (Smith et al. 2010). Leptin was found not 

to induce signal transducer and activator of transcription 3 (STAT3), a signalling molecule of 

leptin, expression in kisspeptin neurons, although previous studies had shown ARC 

kisspeptin neurons express the leptin receptor and leptin downregulates kisspeptin mRNA in 

the ARC (Castellano et al. 2010). This suggests that leptin acts through upstream neurons that 

then act on kisspeptin (True et al. 2011). Recently it was shown that while leptin is a 

permissive factor of reproduction, it is unlikely that hypoleptinaemia is the critical signal for 

LH and ARC Kiss1 inhibition during negative energy balance.  

2.3.5.8 Insulin 

It is widely known that insulin controls glucose homeostasis but it is also part of the long-

term signalling of satiety to the central nervous system. In a similar manner to leptin, insulin 

is proportional to body fat stores and deficiency of it increases food intake (Bagdade et al. 

1967; Schwartz et al. 2000). This is thought to work through inhibition of NPY neurons. 

Insulin has a stimulatory effect on LH secretion. Mice with the receptor knocked out show 

hypogonadism secondary to impaired GnRH secretion. This is likely mediated directly on 

GnRH neurons, involving the MAPK/Erk 1/2 pathway (rather than the PI3 kinase pathway) 

(Gamba and Pralong 2006).  

2.3.5.9 RFRP-3 

RFamide-related peptide 3 (RFRP-3) neurons in humans, mice and hamsters are located in 

the dorsomedial hypothalamic nucleus (DMH) and in rats in the DMH as well as surrounding 

the VMH. RFRP terminal fibres form close appositions with GnRH cells in humans, 

suggesting functional interaction, and direct application of RFRP to GnRH cells decreases 

firing rate in a certain subpopulation (Ducret et al. 2009; Tsutsui et al. 2010). It has been 

shown that RFRP neurons in the dorsomedial region of the human hypothalamus project into 
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the infundibulum and terminate in the external layer of the median eminence (Ubuka et al. 

2009), but this is disputed in other species (Rizwan et al. 2009). RFRP-3 inhibits GnRH 

neuronal firing as well as decreasing LH responsiveness to GnRH (Smith and Clarke 2010). 

RFRP-3 mediates the positive feedback of E2 on GnRH neurons (Anderson et al. 2009). 

RFRP-3 may also be a mediator of circadian rhythms on the HPG axis (Khan and Kauffman 

2011).  

2.3.5.10 Opioids 

Levels of endogenous opioids vary in the different phases of the estrous cycle. A single dose 

of morphine injected the day of proestrous in the mPOA and ME-ARC, but not various extra-

hypothalamic loci, inhibited ovulation in cycling female rats. The μ-opioid morphine 

decreases serum LH at the time of the surge and this was reversed by naloxone, its antagonist. 

There was no effect on FSH release (Sharma et al. 2000). β-endorphin is one of the main 

hypothalamic opioid peptides and is expressed predominantly in the ARC. It stimulates the μ-

opioid receptor, which has been implicated as an important opioid receptor in the control of 

gonadotrophin release (Maggi et al. 1991). Β-endorphin is a potent inhibitor of the GnRH 

pulse generator and is able to suppress LH pulses in humans (Li et al. 2010). There appears to 

be a basal inhibitory tone on GnRH neurons which is then decreased at the time of LH surge 

(Herbison 1998). Β-endorphin appears to act indirectly on GnRH neurons (Herbison 1998; 

Wayne and Kuwahara 2006). As mentioned earlier CRH decreases LH levels, an effect that 

was reversed by prior administration of naloxone. This suggests that μ-opioids mediate the 

action of CRH on GnRH neurons (Petraglia et al. 1987; Barbarino et al. 1989). It has been 

hypothesised with some evidence that the inhibitory effect of progesterone on GnRH neurons 

is mediated through β-endorphin neurons projecting from the ARC to the preoptic area 

(Herbison 1998). A percentage of neurons projecting in this manner colocalise β-endorphin 

and the progesterone receptor (Dufourny et al. 2005). β-endorphin may also inhibit the 

release of noradrenaline, which is stimulatory to GnRH. Thus as β-endorphin decreases at the 

time of proestrous this allows for the NE levels to rise and contribute to the positive feedback 

on GnRH neurons (Herbison 1998). To summarise, it appears that β-endorphin maintains a 

tonic inhibitory role on GnRH neurons and noradrenaline release, modulated by such factors 

as progesterone and CRH and is then decreased at the time of the proestrous to allow for the 

surge in GnRH and subsequently LH.  
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2.3.5.11 GABAergic neurons 

There is a large body of evidence to suggest that GABA neurons located in the preoptic area 

play a large, apparently inhibitory role in vivo on GnRH neurons (Li et al. 2010). GABA 

appears to act directly on GnRH neurons, with terminals near GnRH neurons containing 

GABA and the GnRH neurons expressing the GABAA receptor (Dobson et al. 2003); 

however this is complex and can be both excitatory and inhibitory, and depends on the 

chloride state of the GnRH neuron and thus the activity of other afferents to the neuron 

(Herbison and Moenter 2011). These GABA neurons appear to be oestrogen sensitive, all of 

which synapse with GnRH that have oestrogen receptors (Dobson et al. 2003), and may 

mediate some of the negative feedback from oestrogen on GnRH neurons (Herbison 1998). 

Along with mediating oestrogenic effects, GABA mediates some of the luteal inhibitory 

effect of progesterone on GnRH. During early follicular phase, when declining progesterone 

would release inhibition of GnRH neurons, oestradiol inhibits the autoinhibitory mechanism 

of GABA neurons, thus the increased levels of GABA are maintained in the mPOA which 

suppresses GnRH (Dobson et al. 2003). Thus the inhibition of GABA at the time of the surge 

is important, and appears to be caused by a number of factors including oestrogen, 

progesterone and possibly circadian inputs in the rat (Herbison 1998). The method by which 

oestrogen causes a dis-inhibition of GABA on GnRH is unclear, as oestrogen seems to 

normally be stimulatory to the preoptic GABAergic neurons (Herbison 2008).  The mPOA 

GABA neurons also co-express glutamate, described below (Ottem et al. 2004). As 

mentioned in the HPA axis section, GABA mediates the inhibitory, psychogenic-induced, 

effect of CRH from the BNST and LC on GnRH neurons (Li et al. 2010).  

2.3.5.12 Glutamate 

Glutamate is necessary for the LH surge to occur and the level of glutamate near GnRH cell 

bodies increases at the time of the surge. It appears that these neurons originate from the 

AVPV and are co-expressed with GABA. Thus at the time of the surge oestrogen appears to 

increase the glutamate levels in these cells while decreasing the GABA levels (Ottem et al. 

2004; Herbison 2008). 

2.3.5.13 Noradrenergic neurons 

Norepinephrine (NE) is a major neurotransmitter that controls GnRH and LH secretion that 

projects from various nuclei in the brainstem to the mPOA to directly act on GnRH neurons 

expressing noradrenergic receptors. There is a slight species variation as to which nuclei 

project to the GnRH neurons in the mPOA, but collectively there are three possible nuclei: 
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The A1 cell group in the ventrolateral medulla (which projects in sheep and rats), the A2 cell 

group in the nucleus of the tractus solitarius (projecting in mice and rats) and the A6 cell 

group in the LC (projecting in mice and sheep). The functional implication of this variation is 

unknown however does not seem to be important as NE appears to have the same functional 

characteristics between species. For example oestrogenic response is the same in the A1-A2 

difference between rats and sheep (Campbell and Herbison 2007). NE has been described as 

a „permissive‟ factor within the GnRH neuronal network (Herbison 1997) and variation 

above or below a set range will prevent the LH surge from occurring (Han and Herbison 

2008); thus any large effects on NE neurons, either stimulatory or inhibitory, will result in an 

inhibition of the HPG axis. This is a result of the convoluted way in which NE signals to 

GnRH via several pathways. Noradrenergic neurons project to the GnRH neurons directly 

and cause hyperpolarisation which would be suppressive of GnRH release, but is speculated 

to be overridden by the extra-GnRH effects of NE to result in the permissive nature of NE on 

GnRH release (Han and Herbison 2008). The extra-GnRH projections include to GABA 

neurons of the mPOA as well as to the CRH neurons in the PVN (Li et al. 2010). Figure 2.5 

is worth looking at to understand the integration of NE, CRH, GABA and GnRH.  

The locus coeruleus (LC) is a prominent noradrenergic brain stem nucleus and is implicated 

in mediating part of the suppression of LH by CRH. It was found that intracoerulear 

administration of a CRH antagonist completely blocked restraint-induced LH suppression, 

but not hypoglycaemic-induced LH suppression (Mitchell et al. 2005). Ghrelin is also 

relevant to NE; it is involved in hedonistic reward eating, which has been shown to be 

mediated through catecholinergic pathways (Chuang et al. 2011). 

2.3.5.14 Serotonin 

Serotonin of the raphe nucleus in the brainstem projects to the mPOA and enhances GnRH 

secretion (and has been found to stimulate gonadotrophin release (Gouveia and Franci 

2004)). Administration of CRH inhibits serotonin release, and so serotonergic neurons may 

be an intermediary between the stress axis and the HPG axis (Dobson et al. 2003). 

2.3.515 Neurotensin 

Neurotensin is expressed in the AVPV and increases the LH surge in rats and mice, and it is 

speculated that oestrogen acts on neurotensin-expressing neurons to help activate GnRH 

neurons during the surge. GnRH neurons express the neurotensin receptor (Herbison 2008; 

Dungan Lemko et al. 2010).  
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2.3.5.16 Orexin 

Orexin A and orexin B (also known as hypocretin 1 and 2, respectively) are a pair of 

neurotransmitters expressed in the lateral hypothalamus (Martynska et al. 2006) derived from 

the same precursor. These neuropeptides increase food intake as well as have effects on the 

reproductive system, specifically they decrease LH frequency in intact rats (Kiyokawa et al. 

2011). However in steroid primed, OVX rats, orexins increase LH pulse frequency 

(Martynska et al. 2006). This suggests and has indeed been found that orexins play a role in 

generating the LH surge at proestrous when oestradiol levels are high (Kohsaka et al. 2001). 

The neuroanatomical basis for this mechanism has not been established. The mechanism by 

which orexin A suppresses LH is partially mediated by NPY (acting through the Y1 

receptor), Urocortin II (through CRH-R2) and β-endorphin (Irahara et al. 2001; Iwasa et al. 

2007; Kiyokawa et al. 2011). GnRH neurons also express orexin receptor 1 and thus may be 

directly affected (unknown yet as to whether this effect is stimulatory or inhibitory) by 

orexins (Smith et al. 2010). Although not directly relevant to this project, I include this 

information on orexin due to its salient similarities and differences in function with ghrelin 

regarding food intake and reproduction. 

2.3.5.17 Circadian control of GnRH secretion 

The suprachiasmatic nucleus (SCN) is the nuclei responsible for circadian rhythms. This is 

entrained via light from the eyes and transmitted to the SCN through retinohypothalamic 

tract. The SCN projects axons to the arcuate nucleus and appear to integrate the oestrogen 

control of GnRH and a circadian rhythm. It is unknown as to whether there is a circadian 

GnRH surge which is amplified by oestrogen, or whether the SCN leads to a transient 

increase in sensitivity of GnRH to oestrogen at the appropriate time. However this control is 

far more important in rodents than primates, for whom the circadian rhythm appears to 

contribute very little to the timing of ovulation (Johnson 2007). In rodents the GnRH/LH 

surge will only occur when the rising oestrogen and circadian clock signals coincide. The 

connection between the SCN and GnRH neurons appears to be both direct, with vasoactive 

intestinal peptide as the neurotransmitter, and indirect. Rodent ERα-expressing neurons in the 

AVPV receive direct connections from the SCN and thus are suggested as integrating 

circadian and oestrogen inputs (Herbison 2008). These neurons are thought to be kisspeptin 

neurons (Vida et al. 2010). RFRP-3 neurons are also hypothesised to be mediators between 

the SCN and GnRH neurons (Khan and Kauffman 2011). 
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2.3.5.18 Summary 

In the above section I have outlined the various factors involved in the network control of 

GnRH secretion. To collate all this into a diagram or summary would be almost impossible 

due to the complexity of what we currently know and that this is, currently, incomplete. 

However, there are generalities regarding this network that we can state, and refer to the 

above paragraphs for specifics when needed. There are direct connections which systems 

such as the HPA axis, metabolic status and circadian timing work through. Direct, 

stimulatory connections on GnRH neurons include kisspeptin neurons of both the AVPV and 

ARC, RFRP3 neurons of the DMH, serotonin neurons of the raphe nucleus and, in some 

circumstances, GABA neurons of the mPOA. Inhibitory direct inputs to the GnRH neurons 

include GABA neurons of the mPOA, and β-endorphin of the ARC. Currently, our focus of 

knowledge on these direct inputs is largely found to be around the kisspeptin neurons and 

GABA neurons. Oestrogen appears to be largely mediated through these neurons, with a 

differential role between the AVPV and ARC kisspeptin neurons to control the positive and 

negative feedback of GnRH secretion. What we know about the HPA axis acting on the HPG 

axis is centred on the kisspeptin and GABA neurons as well and, with the inclusion of β-

endorphin neurons and serotonin neurons, with the overall inhibitory role on GnRH secretion. 

Metabolic status appears to be initially controlled through the NPY/AgRP neurons of the 

ARC, which then project to the β-endorphin neurons in the same nucleus. However, it is 

difficult to speculate the role of NPY/AgRP in GnRH secretion due to its complexity. We 

have proposed another mechanism through which metabolic status may play a role in 

controlling GnRH secretion, namely through modulation of CRH neurons and subsequent 

kisspeptin neural modulation; thus we suggest an overlap between the HPA axis and 

signalling of metabolic status in regards to the control of GnRH secretion. 

 

2.4 Effects of ghrelin 

In this section I will detail the effects of ghrelin relevant to this project, be they related or 

unrelated to the HPG axis.  

2.4.1 Non-HPG axis effects of ghrelin 

Here I include non-HPG axis effects of ghrelin that are relevant to this project. The 

orexigenic actions are discussed as they are mediated through the ARC - the nucleus where 

the speculated GnRH pulse-generator KNDy neurons are located - so that we do not wrongly 
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confuse any orexigenic effects of ghrelin as reproductive effects. Because our third 

experiment involves the HPA axis, we include a brief discussion of ghrelin on this axis. 

Although not discussed here, it is important to note that ghrelin‟s strong orexigenic effects 

are mediated directly by growth hormone releasing hormone cells in the arcuate (Osterstock 

et al. 2010). 

Orexigenic effects 

Ghrelin initiates food intake by activating NPY/AgRP neurons in the ARC, which express 

GHSR1a. These neurons project to and stimulate melanocortin receptor 4 expressing neurons 

in the PVN through NPY agonising Y1 and Y5 receptors on these neurons, by secreting 

GABA to inhibit the POMC neurons of the ARC which would otherwise be inhibiting the 

MC4R neurons, as well as through the antagonistic effect of AgRP released in the PVN on 

the inhibitory αMSH on the MC4R neurons. The MC4R neurons project to various locations 

in the brain and brainstem to coordinate feeding, energy homeostasis and adiposity; the up-

regulation of these neurons being a result and cause of ghrelin‟s effects (Andrews 2011).  

Ghrelin and the HPA axis 

Ghrelin has effects on the stress axis. Mainly reported to be anxiogenic, it also appears to 

have some anxiolytic properties; this may depend on the temporality of measurement. 

(Andrews 2011). The author of this paper also noted the importance of elucidating this as 

ghrelin has been linked to depression in human subjects. It has been found that by inhibiting 

cortisol-releasing hormone (CRH) ghrelin‟s effect on the LH pulsatility is inhibited, 

suggesting that the effect of ghrelin on the HPG axis works through the HPA axis (Vulliemoz 

et al. 2008). GHSR1a is expressed in the PVN, the site of CRH production, suggesting a 

ghrelin ability to control of these neurons (Zigman et al. 2006). However the neurons in this 

nucleus are not responsible for the reproductive facet of CRH actions; this is by CRH located 

in an unknown nucleus (Hahn et al. 2003). Other areas of the brain may be responsible for 

ghrelin‟s effect on the stress axis, such as the dorsal raphe nucleus (Andrews 2011).  

2.4.2 HPG axis effects of ghrelin 

Puberty and pregnancy 

Ghrelin has a definite role in the reproductive axis in pubertal development and pregnancy. 

Chronic ghrelin administration partially prevented puberty onset in male, but not female, rats. 

Also, ghrelin administration during the first half of pregnancy reduced the size of litters, 
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without affecting percent success of pregnancies or gestational length (Fernandez-Fernandez 

et al. 2005). 

GnRH secretion 

Ghrelin decreases GnRH pusatility in vitro (Lebrethon et al. 2007). 

LH and FSH 

There is a differential response of LH and FSH levels to ghrelin depending on ovarian inputs 

as well as whether the experiment is an in vivo or in vitro study. It is well established that in 

vivo ghrelin results in a decrease in both FSH and LH levels (Martini et al. 2006; Wang et al. 

2011); however this is a summation of an apparently complex set of results. For example, 

ghrelin increases LH and FSH release in vitro, but this appears to be overcome by the 

aforementioned decrease in GnRH pulse frequency. This effect was also absent in oestrous 

and after ovariectomy and failed to restore with oestrogen replacement, suggesting a non-

oestrogen ovarian factor modulates this effect (Fernandez-Fernandez et al. 2005). In vivo 

studies have found that ghrelin decreases the pulse frequency, but not the amplitude, of LH 

secretion, which again suggests a largely GnRH mediated effect (Vulliemoz et al. 2004). The 

decrease is smaller for FSH than LH; this may either be due to FSH not being as dependent 

on GnRH for release (Kluge 2009), or due to ghrelin differentially altering the response of the 

gonadotrophs to GnRH with an inhibited LH response and an increased FSH response (Tena-

Sempere 2008). 

Testosterone 

GHSR1a is expressed in the gonads, mainly in Sertoli and Leydig cells, primary 

spermatocytes and secondary spermatocytes. 0.3nmol intracerebroventricular ICV ghrelin, 

but not higher doses of 1 and 3nmol, inhibited the secretion of testosterone. This effect did 

not appear to be direct on the Leydig cells. LH stimulates testosterone release and the authors 

suggested that this decrease may be mediated by ghrelin-decreased LH, however the dose 

responses of LH and testosterone were not consistently proportional (Wang et al. 2011). 

Ghrelin mRNA is expressed in Leydig cells to an unknown functional role (Tena-Sempere et 

al. 2002). 

Kiss1 mRNA 
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Fasting as well as administration of ghrelin decreases the expression of Kiss1 mRNA levels 

in the mPOA (Forbes et al. 2009). (This effect also occurs after exposure to other stressors, 

e.g. lipopolysaccharide or restraint (Kinsey-Jones et al. 2009). 

Puberty and Gestation 

Ghrelin does not affect the timing of puberty in rodents. It does, however, decrease the 

average litter size, without altering the number of successful pregnancies or gestation time 

(Fernandez-Fernandez et al. 2005). 
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Chapter 3 – Methodology 

3.1 Methods and Materials 

3.1.1 Animals 

For experiment 1 described in chapter 4 the mice were global ghrl-gene knockout C57/B6 

mice acquired from Dr. Mark Sleeman and Dr. Zane Andrews, described in (Wortley et al. 

2004). Mice were housed in the University of Otago animal facility under controlled 

conditions of lighting (lights on 0500 – 1700) and temperature (22 plus or minus 1°C). Food 

and water was provided ad libitum for all groups up until day 6 following the ovariectomies, 

after which time the appropriate groups were fasted. Mice were housed 10 mice per cage 

before surgery and experiments began when mice were at least 6 weeks old. After 

ovariectomy the mice were housed two to a cage.  

For experiment 2 described in chapter 5 the female Sprague-Dawley rats of approximately 10 

weeks of age were group housed (n=8 per cage) at the University of Otago animal facility 

under controlled conditions of lighting (lights on 0640 - 1840) and temperature (22 plus or 

minus 1°C). Food and water were provided ad libitum. After ovariectomy the rats were 

individually housed under the same conditions as when group housed albeit with a hollow 

cube toy. All experimental protocols were approved by the University of Otago Animal 

Ethics Committee. 

3.1.2 Preparation for overiectomy 

The surgical area was disinfected with hibitane before surgery. Once the animals were 

anaesthetised the fur around the area of incision was shaved and disinfected using habitane. 

The animals‟ eyes had mineral oil dropped onto to prevent drying during surgery. Instruments 

were soaked in Vetsep (Ethical Agents Ltd, NZ) before use and between surgeries on 

individual animals. A plastic drape with a hole cut in (space for the incision site) was placed 

on the animal to prevent desterilization of the incision site. The drape was washed before and 

between surgeries in Vetstep. Gloves were worn at all times and aseptic techniques were 

employed. 

3.1.3 Inhalation anaesthesia and pain relief 

Both rat and mice were anaesthetised by use of inhaled halothane and oxygen (1L/min). Mice 

were anaesthetised at 4% halothane until they could not stand at which time the halothane 



33 

 

was reduced to 1% throughout the surgery. Rats were similar except the initial dose was 5% 

halothane then reduced to 2% throughout the surgery. Animals were injected with Norocarp 

(Norbrook, NZ) subcutaneously 0.05mL at 50mg/mL for rats and 0.05mL at 5mg/mL for 

mice for pain prophylaxis. Surgery was started once the animals showed a loss of pedal 

withdrawal. A drop of lidocaine (Lopaine 2%; Ethical Agents Ltd, NZ) was placed over the 

suture site of the muscle wall in mice. 

3.1.4 Mouse ovariectomy procedure 

One incision site was made in mouse ovariectomies. This was a transverse 1.5cm-wide cut 

1cm below halfway between the head and base of the tail of the mouse. As mention above 

this area was shaved and disinfected prior to incision. Incision was made by lifting the skin of 

the area, separating skin from the deeper muscle wall, and cutting with a pair of scissors. 

Superficial fascia was usually cut with this however if not was itself raised and incised. 

Approximately 1cm lateral to both sides of the vertebrae at this level underneath a muscular 

wall lays a visibly whitened (adipose tissue) area in which the ovaries, themselves sometimes 

visible from above the muscular layer, are embedded. The muscular area covering this 

whitened area, ideally that which covered a visible ovary, was lifted up slightly using forceps 

and a small (3mm) incision was made using scissors. One pair of forceps was used to hold a 

flap of this incision while another pair pulled out the adipose and hopefully ovary with it. 

Once found, the ovary was lifted up and a haemostat was placed 2mm below to crush the 

arteries and prevent bleeding following release. The ovary was then scraped off using the 

scissors. The remaining adipose was returned to below the muscle wall and the muscle wall 

was sutured using one suture. As mentioned above, a drop of lidocaine was then placed on 

the suture site. The procedure was then repeated in the same skin incision for the remaining 

ovary. A mouse oestradiol implant was then placed subcutaneously superior to the skin 

incision site and the skin incision was clamped shut using staples (Usually 2 staples). Mice 

were then removed from the gas, weighed, and placed in a warmed cage (using a heating 

pad). 

The mouse oestradiol capsule was a silicone-rubber capsule, 1.0mm internal diameter and 

2.1mm external diameter (Dow Corning, MI) which was filled with medical-grade silicone 

rubber adhesive (Dow Corning, MI) containing 17β-oestradiol (0.1mg/mL adhesive; Sigma-

Aldrich, St Louis, MO). The capsules were cut into 1cm long strips, which would contain 

1μg oestradiol. This method had previously been used by our lab (Quennell et al. 2009). 
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3.1.5 Mouse injections of ghrelin, leptin, saline or oestradiol benzoate 

Mice were subcutaneously injected using a 27 gauge needle (except for oestradiol benzoate 

injections, which used a 23 gauge) attached to a 1mL syringe aimed at the area just medial to 

the attachment of the hind limbs to the body, where there is an excess of skin. 

 

Figure 3.1: Subcutaneous injections in mice. The dotted line marks where the hindlegs attach to the body. 

3.1.6 Mouse perfusion and drawing of final blood sample 

Mice were injected with 0.2mL sodium pentobarbitone (300mg/mL Pentobarb 300; Provet, 

NZ) with sodium heparin (25,000IU/5mL; Pfizer, USA) and left until pedal withdrawal reflex 

disappeared. Perfusions were done on a tray in a fume cupboard. A transverse incision was 

cut on the abdomen of the mice using scissors and the skin separated by pulling each end of 

the cut, exposing the anterior abdominal wall. The wall was lifted up using forceps, 

separating it from the viscera, and cut. Then by cutting the anterior abdominal wall superiorly 

and to the right, piercing the diaphragm, the right anterior chest wall is reached and cut 

(anywhere lateral enough that it does not pierce the heart). While holding the chest wall up 

the diaphragm is cut from right to left and then the left side of the anterior chest wall is cut 

(lateral to the heart). The anterior chest wall is now only attached superiorly, and is thus 

reflected superiorly and held in place by a pair of forceps, exposing the heart. To draw up the 

final blood sample a 1mL syringe with a 27 gauge needle which had been heparinised was 

inserted into the right atrium at a low angle and blood was slowly drawn. Usually around .2-

.4mL was drawn. If no blood was needed the atrium is still pierced using the perfusion 

syringe to allow and exit for fluid. To perfuse, 20mL of 4% paraformaldehyde was injected 

into the heart (aiming for the left ventricle). The mouse should stretch out and stiffen, if this 

does not happen then a further 10mL is injected. The mouse is then decapitated and the brain 

removed. To remove the brain small scissors are used to cut a vertical line along the middle 

of the top of the skull to a few millimetres from the nose, and the skin peeled back. Then the 
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skull is cut along the surface of the skull lateral to the brain starting from the sides of the 

exposed brainstem. Once this has reached the level of the eyes, the two blades of the scissors 

are placed in each eye socket and drawn together to cut the skull in between then. The skull is 

then lifted up from one side and removed. The front of the brain is then lifted up exposing the 

two optic nerves deep in the skull cavity. The optic nerves are cut, and brain is dropped into a 

container of paraformaldehyde. 

3.1.7 Rat ovariectomy procedure 

Rat ovariectomy required two incisions on either flank, each to reach one ovary, and a further 

incision on the superior part of the back for inserting the oestradiol implant. These areas were 

shaved and disinfected before incision. The lateral incisions were made with the rat lying on 

its side. The incision was made 1cm below the bottom of the ribs and halfway between the 

anterior and posterior (between belly and back) part of the rat. The skin was incised by lifting 

it up and making a 1.5cm transverse cut using a pair of scissors. Deep to this was the 

superficial fascia with a few millimetres of fat which was separated using scissors. Deep to 

that is a muscle wall which was lifted up using a pair of forceps and scissors was used to 

pierce and, opening the scissors, create an opening in the muscle wall (this method minimises 

tissue damage compared to a cut) into the abdominal cavity. Then while one pair of forceps 

held the muscle wall opening open, another pair was used to reach in and grab the adipose 

which lay posterior to the organs. The adipose was pulled out of the rat, hopefully containing 

an ovary (if not it was put back and another bit brought out). The ovary then had a small 

haemostat clamped 2mm below it and a large haemostat directly-1mm clamped below that. 

Twisting the small haemostat removed the ovary. A suture is then wound around the 

adipose/uterine tube directly below the large haemostat and used to clamp the arteries. The 

haemostat is removed and the tissue returned to the abdominal cavity. One suture is made 

joining the muscle layer opening together. The superficial fascia is left cut while the skin is 

stapled shut using 2 staples. The rat was then flipped onto its other side and the procedure 

repeated for the remaining ovary. Then a 3mm incision was made in the middle of the 

transverse plane of the back 2cm below the ears by lifting up the skin and cutting with a pair 

of scissors. Using a small pair of scissors a pocket was opened underneath the skin in which a 

rat oestradiol implant (described below) was placed. The incision was then stapled using one 

staple. The rats were removed from the gas, weighed and placed in individual cages.  
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The rat oestradiol capsule was a silicone-rubber capsule, 1.57mm internal diameter and 

3.18mm external diameter (Dow Corning, MI) cut into 35mm long strips. These were filled 

with sesame oil containing 17β-oestradiol (100μg/mL sesame oil; Sigma-Aldrich, St Louis, 

MO) and capped at either end using medical-grade silicone rubber adhesive (Dow Corning, 

MI). We chose this dose as an intermediary between the surge-inducing dose (200μg/mL; 

(Quennell et al. 2010)) and the di-oestrous-equivalent dose (20μg/mL; (Li et al. 2009)). We 

did this in order to boost the kisspeptin levels, which are responsive to oestradiol levels, in 

the AVPV in order to make our experiment more sensitive to detecting any suppression of 

kisspeptin. 

3.1.8 Vaginal smearing of rats 

To identify what stage of the oestrous cycle rats were before administration of drugs and 

perfusion they were smeared and the vaginal epithelia examined. To do this a wet cotton bud 

was inserted while holding the rat‟s tail upwards by the base of it and gently rotated. The 

scrapings were smeared onto a microscope slide and stained using toluidine blue. These were 

examined at 10x and the rat classified as either di-/met-oestrous, proestrous or oestrous. 

Di/met-oestrous is characterised by the presence of polymorphonuclear cells (leukocytes). 

Proestrous is characterised by the presence of mainly nucleated cells, while in oestrous the 

majority of cells are cornified (identified by a lack of nuclear material). 

3.1.9 Intracerebroventricular implantation in rats 

3.1.9.1 Inhalation anaesthesia and pain relief 

Rats were deeply anaesthetised using 5% halothane with oxygen (1L/min) until loss of 

righting reflex was found, whereupon the halothane was turned down to 2.5% until the 

earbars were in position and then the halothane turned down to 2% for the duration of the 

surgery. A drop of mineral oil was placed on the rat‟s eyes, and another drop was usually 

placed some time later, during the surgery. The rat was shaved using a hair clipper without an 

attachment. The area shaved was a 1cm-wide strip beginning 1cm caudal to the ears and 

running up to between the eyes, effectively shaving the top of the skull and upper neck. Rats 

received a 0.05mL subcutaneous injection of Norocarp, a non-steroidal anti-inflammatory, 

for prophylactic pain relief. 

3.1.9.2 Fixation in stereotaxic device 

Non-rupture ear bars were used to securely position the rat‟s head for surgery. The first, 

fixed, tip was placed in the rat‟s ear canal and the other tip was then slid into the other ear 
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canal. This was adjusted until the head could not move laterally, but was able to move 

dorsoventrally. The rat was then brought over to the stereotaxic frame. The upper incisors 

were placed in the bite bar, which was adjusted so the rat‟s head was horizontal, and the 

horizontal bars of the frame placed in the sockets of the ear bar to keep it secure. 

3.1.9.3 Preparation for surgery 

A habitane-doused piece of cotton gauze was used to sterilise the skin of the shaved region, 

swabbing three times with different parts of the gauze. A plastic drape with a 2cmx2cm hole, 

which had been placed in Vetsep before and between individual surgeries was placed over the 

rat and anchored using holes in the drape wrapped over the knobs of the stereotaxic frame. 

Surgery was not commenced if the animal showed a positive pedal withdrawal reflex, in 

which case the halothane would be increased until the reflex was lost and the halothane 

returned to 2%. 

3.1.9.4 Incision of scalp, visualisation of bregma 

A single cut was made using a 20 (details) scalpel blade from between the eyes to between 

the ears. While holding the skin aside using tweezers, the underlying fascia was scraped to 

the side, off the skull, using the scalpel blade. This revealed the bregma, the point of 

intersection of the coronal and sagittal sutures, which divide the open area into quadrants 

(Figure 3.2). The bregma was judged as the point of intersection of the red outline of the 

coronal and saggital sutures. If this was not easily visible, a sterile cotton tip bud was rubbed 

over the approximate area, which would make the bregma apparent. 

 

Figure 3.2: Rat skull outline for ICV cannulation. Red outline shows approximate visible area within skin 

incision. Note the four quadrants divided by the coronal and sagittal sutures. Figure adapted from (Cetin et al. 

2006). 
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3.1.9.5 Insertion of anchoring screws 

Using a dental drill, small holes were drilled in the right rostral, right caudal, and left caudal 

quadrants of the skull. These were placed far enough away from the sutures to avoid 

penetrating the superior sagittal sinus, but close enough to be useful for anchoring the dental 

acrylic, the result usually being the holes made about 2mm away from either suture. Pressure 

on the drill was applied so that the drill bit just penetrated the skull and did not damage 

underlying brain tissue. Small dental screw anchors which had been placed in vetsep during 

the surgery, were screwed into the holes. 

3.1.9.6 Insertion of guide-cannula 

A dental drill using a rounded-tip drill bit was used to drill a hole in the skull for the guide-

cannula. Care was taken to not damage underlying brain tissue, however dura was needed to 

be penetrated for access to the lateral ventricle. The hole was positioned 1.35mm arbitrarily 

to the left of the bregma and the guide-cannula was lowered into the hole using the 

stereotaxic arm so that it lay at the stereotaxic coordinates of AP = 0, ML = +1.35, DV = +3. 

3.1.8.7 Application of dental acrylic 

Self-curing acrylic denture repair material (Vertex, Netherlands) which came as a 

liquid/powder separation that was mixed together on application was used to form the cap. It 

was formed in layers by administering powder around the cannulae and over the screws using 

a plastic pipette to form a mound approximately 0.5cm high. Using a separate pipette, the 

liquid was administered dropwise onto the powder (causing the mound to decrease in height) 

until all the powder had been wet. This was given a few minutes to set and then the next layer 

applied. Usually 3 layers would be applied, until the cannula was judged to be covered 

enough (halfway up the plastic, threaded part of the cannula). At this point the pressure on the 

cannula by the stereotaxic arm was released, and the arm gently guided upwards, leaving the 

cannula in position. As the liquid is an irritant, a cotton tip bud was used to protect the eyes 

during this process. Also, a small spatula was used to better demarcate the edges of the cap, 

and prevent it setting too close to the eye. The cap was screwed onto the cannula a few 

minutes after the rat had been put in its cage, ensuring the skullcap was hard enough to 

withstand the torsion. 

3.1.10 Administration of drugs ICV 

Drugs were administered ICV using a Hamilton syringe with 0.5mm-diameter PE tubing with 

an internal cannula inserted into the other end which is then inserted into the cannulae. The 
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tube with the internal cannula attached was flushed with saline first and then the opposite end 

connected to the end of the Hamilton syringe. To administer drugs the syringe would draw up 

0.5μL of air and then the drug would be drawn up. This was done to form a bubble in 

between the saline and drug. The internal cannula was then inserted into the cannula of the 

rat, and the drug injected. 

3.1.11 Decapitation and acquisition of rat brain 

For experiment 3, rats were decapitated using a rodent guillotine and a final trunk sample was 

collected immediately following into non-heparinised test tubes. The brain was extracted by 

using bone cutters to make a large, transverse cut posterior to the occipital lobes, which 

exposed the caudal end of the brain (approximately at the level of the cerebellum). The bone 

cutters were then used to cut both sides of the parietal and subsequent frontal bone along the 

superolateral angle rostrally until reaching the level of the eyes. Then an incision was made in 

the skull between the eyes, at which point the top of the skull could be removed to expose the 

brain. Using scissors, the olfactory lobes were cut to allow the brain to be lifted up from the 

rostral side, allowing the deep optic nerves to be cut and the brain tilted out of the cranium 

and onto tinfoil on dry ice. 

3.1.12 Rat perfusion 

For experiment 2, rats were perfused using 4% paraformaldehyde one hour following ghrelin 

or saline infusion. The rats were deeply anaesthetised with 0.2mL sodium pentobarbitone 

(300mg/mL; National Veterinary Supplies, Auckland) with 0.2mL heparin sodium 

(5000I.U./mL; CP Pharmaceuticals Ltd, UK). The rat was transferred to the fume cupboard 

and the pedal withdrawal reflex was checked. The heart was exposed by opening the 

abdominal cavity, cutting the diaphragm transversely and the lateral aspect of the ribs in 

order to lift the anterior chest wall superiorly. The right atrium was cut. A large needle was 

inserted through the apex and into the left ventricle of the heart. Approximately 50mL of 

heparinised saline was infused followed by approximately 200mL of paraformaldehyde. The 

head was removed using large scissors and the brain extracted and placed in 4% 

paraformaldehyde and stored at 4°C. 

3.1.13 Storage of samples (tissue/blood/sera) 

For experiment 1, mice blood to be RIA-assayed was drawn into a heparinised syringe and 

then transferred into a 1.7mL microtube. The blood was centrifuged on the day of collection 

and the sera drawn to be stored at 20°C. Mice brains were immediately put into 4% 
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paraformaldehyde following collection. The brains were put into 30% sucrose overnight at 

4°C and then put into cryoprotectant to be stored at -20°C. 

For experiment 2, rat brains were put into 4% paraformaldehyde overnight  and then into 

30% sucrose overnight. The brains were then sliced to 40μm thick using a cryostat and the 

slices divided into 4 series. The first series went into wells containing TBS to be used shortly 

after, while the remaining 3 series were put into wells containing cryoprotectant and stored at 

-20°C 

For experiment 3, rat blood was drawn into a non-heparinised test tube and stored at 4(C). 

The following day the blood was centrifuged and the sera extracted and stored at -20°C. Rat 

brains were initially placed on in an individual piece of tinfoil on a container of dry ice. 

These were then transferred into -80°C freezers.  

3.1.14 Quantification of serum ghrelin using ghrelin ELISA kit 

A Rat/Mouse ghrelin (active) ELISA kit (Millipore) was used to measure the serum acyl-

ghrelin of mice to the manufacturer‟s instructions. The protocol for this kit preserved the 

acylated ghrelin using Pefabloc and acidification. 

3.1.14 Quantification of LH using radioimmunoassay (RIA) 

To quantify LH levels in mice and rats samples of sera were put into a radioimmunoassay 

with antibodies for LH. A standard curve was generated each run using a known 

concentration of LH which underwent serial dilutions to which the samples were compared. 

3.1.14.1 Radioiodination 

To produce the 
125

I-rLH required for the radioimmunoassay a radioiodination was performed. 

To do this we used a column filled with Sephadex and flushed with 5% BSA buffer and 

0.05M PO4 buffer. 25μL 0.5M PO4 buffer is added to 20μg of rat pituitary gland LH 

(NIDDK-RP3). We then add 5μ 
125

I solution to the vial. 0.05M PO4 buffer is added to each 

vial containing chloramine T (10mg, add 10mL 0.05M phosphate buffer within 5mins of use) 

and sodium metabisulphite (50mg, add 10mL 0.05M phosphate buffer within 5mins of use). 

20μL ChT is added to the vial, vortexed gently and left for 60s. Then 20μL sodium 

metabisulphite is added to the vial, gently vortexed and left for 15 seconds. 100μL BSA 

buffer is then added to the vial and gently vortexed. 

50μL dextran blue dye is added to the column and allowed to drain in slightly. Then the 

contents in the vial are added to the column, allowed to drain, followed by ~30mL BSA 
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buffer using a cistern attachment at the top of the column. We collect and count the drops 

coming out the bottom when the dye is at the bottom (an indicator that the iodinated hormone 

is also) in groups of 6, and keep the vial with the highest counts (usually in the 

millions/minute). This is then diluted down using RIA buffer to give a final count of 5-8000 

cpm/50μL and normal rabbit serum (NRS) is added at 1:500.  

3.1.14.2 Radioimmunoassay 

The standard curve was generated each run by serial diluting a known concentration of LH 

from 50ng/mL down to 0.195ng/mL in 2-fold dilutions, totalling 9 samples. Triplicate 

measurements of total counts (only the tracer), non-specific binding (no 1° antibody) and 

blanks (25μL RIA buffer as the „sample) were included. Duplicate low, medium and high-

level LH quality control samples were also included. Samples of 25μL were run. On day 1 

tubes were numbered and 25μL of RIA buffer, standard samples and samples were put into 

the appropriate tubes (Table 3.4). Following this, 100μL of RIA buffer was put into the non-

specific binding tubes, while 100μL of 1:300k rabbit anti-LH (in RIA buffer) was put into the 

appropriate tubes. Later that day or the following day, 50μL of iodinated LH was put into all 

tubes. The time between inclusion of the non-labelled and labelled primary antibody was 

done with the idea that this would increase sensitivity of the assay by giving the non-labelled 

antibody‟s a „head-start‟ in binding. The tubes were then incubated at 4°C overnight. Then 

50μL goat anti-rabbit was put into all tubes except the total counts and all tubes were 

incubated overnight. The following day all tubes except the total counts had 1mL PEG buffer 

put in them, centrifuged at 3500rpm at 4°C and then decanted. These tubes were left upside-

down to dry for an hour after which all tubes were counted using a Wizard 1470 Gamma 

Counter (Perkin Elmer, USA). 
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 Day 1   Later 

that day 

 Day 2  Day 3   

Total 

counts x3 

   50μL 

125I-

rLH in 

1:500 

NRS 

      

Non-

specific 

binding 

x3 

25μL 

(mice) 

50μL 

(rats) RIA 

buffer 

100μL 

RIA 

buffer 

 50μL 

125I-

rLH in 

1:500 

NRS 

 50μL 

1:50K 

goat α 

rabbit 

  1 ml 

5% 

PEG.  

  

Blank x3 25μL 

(mice) 

50μL 

(rats) RIA 

buffer 

100μL 

1:300k 

anti-

rLH 

In
cu

b
at

e 
o
v
er

n
ig

h
t 

at
 4

°C
 

50μL 

125I-

rLH in 

1:500 

NRS 

O
/N

 a
t 

4
°C

 

50μL 

1:50K 

goat α 

rabbit 

O
/N

 a
t 

4
°C

 

 1 ml 

5% 

PEG. 

S
p
in

 @
 3

5
0
0
rp

m
 

an
d
 4

°C
 

C
o
u
n
t 

Standard 

x3 each 

25μL 

(mice) 

50μL 

(rats)  

standard 

100μL 

1:300k 

anti-

rLH 

 50μL 

125I-

rLH in 

1:500 

NRS 

 50μL 

1:50K 

goat α 

rabbit 

  1 ml 

5% 

PEG.  

  

Quality 

controls 

2x each 

25μL 

(mice) 

50μL 

(rats)  QC 

100μL 

1:300k 

anti-

rLH 

 50μL 

125I-

rLH in 

1:500 

NRS 

 50μL 

1:50K 

goat α 

rabbit 

  1 ml 

5% 

PEG.  

  

Samples 

x2 each 

25μL 

(mice) 

50μL 

(rats)  

samples 

100μL 

1:300k 

anti-

rLH 

 50μL 

125I-

rLH in 

1:500 

NRS 

 50μL 

1:50K 

goat α 

rabbit 

  1 ml 

5% 

PEG.  

  

Table 3.1 LH radioimmunoassay protocol. 
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3.1.15 Quantification of Kiss1 mRNA using PCR 

A two-step RT-PCR was performed to analyse the amount of mRNA in the rat sample. The 

first step was to extract and reverse-transcribe the mRNA into cDNA which would then be 

quantified. 

3.1.15.1 Extraction of RNA 

Tissue samples were put into 1.7mL microtubes containing 1mL TRIzol reagent (Invitrogen, 

USA) and homogenised using a TissueLyser II (Qiagen, Germany). 200uL chloroform was 

then added and the mixture was vortexed and centrifuged to separate the aqueous phase 

containing the RNA, which was pipetted out. An equal volume of 70% ethanol was added to 

this and the resulting solution purified using an RNeasy Mini Kit (Qiagen) to the 

manufacturer‟s instructions. Benches were wiped with RNase prior to use and gloves were 

used and changed regularly to avoid contamination with our RNA.  

3.1.15.2 Determination of RNA concentration of samples 

To produce samples of equal RNA amounts, the pre-RT samples were measured in a 

spectrophotometer (Nanodrop 2000, Thermo-Fisher Scientific Inc., NZ), giving 

concentrations in ng/μL. 1μL of each sample was placed in the receptacle of the Nanodrop 

and analysed. The machine was blanked every 5 samples. Duplicates were taken, however 

this was only done to check accuracy of the first reading as the second reading of the same 

sample invariably gives a higher reading. Occasionally samples were rechecked later for 

validity, and always gave a valid reading. Anterior samples usually were in the range of 600-

1000ng/μL while posterior samples were anywhere from 150-500ng/μL. The amount of 

sample that then underwent reverse transcription totalled 1000ng of RNA which was made up 

to 7μL using RNase free H2O. 

3.1.15.3 DNase treatment and reverse transcription of RNA to cDNA 

Samples were DNase treated by adding 1uL RNaseOUT (Invitrogen), 1uL of Promega RQ1 

DNase and 1uL of Promega RQ1 DNase buffer (Promega Corporation, USA). This was then 

incubated at 37°C for 30mins. The samples were primed by adding 1uL dNTP (Invitrogen) 

and 1uL random hexamers (50uM; Applied Biosystems, USA). After this the samples were 

reverse transcribed by adding 4uL RT buffer (Invitrogen), 1uL DTT (0.1M, Invitrogen), 1uL 

RNAseOUT (Invitrogen), 1uL SuperscriptIII (Invitrogen) to each sample (the RT-negative 

had 1uL H2O added instead of the SuperscriptIII) and were run in a PCR at 25°C for 5min, 

50°C for 50min and 70°C for 15min. Samples were usually stored overnight, at -20°C.  
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3.1.15.4 Quantification of RNA 

A mastermix for each gene was made up and consisted of (per sample): 10μL 2xSYBR Green 

(Applied Biosystems), 6μL H2O and 1 μL each of the forward and reverse primer (described 

below, diluted in rnase free water to a working concentration of 6μM). This was added to all 

of the the appropriate wells of the plate and then 2μL of each sample was added. For control 

purposes at the end of each plate we included two sets of duplicates, both of which had the 

mastermix (all bar the sample) and instead of the sample one set had rnase-free H2O added 

while the other had a non-reverse-transcribed mRNA sample added (RT negative). Once 

these had all been added the plate sealer was pressed onto the plate and spun down briefly in 

a centrifuge. The plate was then run in a Lightcycler (Roche, Sweden) and the data analysed 

in the (software). Cycle thresholds were set using the program software automatically. Each 

any samples that gave abnormal melting curves were excluded and no plates were found to 

have contamination, identified by the RT negative and H2O wells. 

Gene Accession 

Number 

Sequence Amplicon qPCR 

efficiency 

Actb NM_031144 F-agatgacccagatcatgtttgaga  

R-accagaggcatacagggacaa 

86 94 

B2m NM_012512 F-cgagaccgatgtatatgcttgc  

R-gtccagatgattcagagctcca 

113 116 

Kiss1 NM_181692 F-atgatctcgctggcttcttgg  

R-ggttcaccacaggtgccatttt 

91 108 

Table 3.2 Primers used in reverse transcription of mRNA. 

3.1.15.5 Generation of efficiency curves 

PCR replicates DNA strands by doubling each DNA molecule every cycle. In a perfect PCR 

run, each cycle would multiply the amount of DNA of interest by exactly 2. The efficiency of 

a cycle is how close to that 2 we can get each cycle, and is measured as a percentage (thus 

90% indicates that only 90% of the DNA at the start of each cycle is being copied).  

Amplification efficiencies are critical to the calculated expression levels of genes being 

measured. They are measured for each particular gene and are important in adjusting for any 

differences in efficiencies between genes (e.g. between housekeeping genes and the genes if 

interest) and for optimisation. Differences in efficiencies between housekeeping genes and 

genes of interest would lead to under- or overestimation of the relative levels of these genes. 
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Optimisation is sometimes necessary as primer concentration, both too high and too low, can 

affect and lead to less than optimal efficiencies. However, for our genes of interest, our lab 

had already been performed optimisation (Quennell et al. 2011). 

Efficiency curves were generated for the genes Kiss1, β2m and β-actin using 3 samples. Each 

sample had approximately 1μg/μL, measured using the Nanodrop and an amount totalling 

5000ng RNA was used (5x that of samples used to get the final results for this experiment). 

The samples were reverse-transcribed as described above. A 5x10fold serial dilution was then 

carried out to give 5 samples of concentrations (before the RT) 250ng/uL, 25ng/uL, 2.5ng/uL, 

0.25ng/uL and 0.025ng/uL. 2uL of the samples were then put into wells each containing 

10uL 2xSYBR Master Mix, 6uL water and 1uL each of the forward and reverse primer for 

the respective gene. Duplicate RT negatives were also included. The plate was sealed, spun 

down briefly in a centrifuge and run on the Lightcycler. 

3.1.16 Use of the sliding microtome and cryostat 

Mice brains were cut using a sliding microtome. Brains had unwanted tissue cut off using a 

razor blade, which for both mice and rat brains were two transverse slices, one 2mm rostral to 

the optic chiasm, and the other just at the base of the cerebellum. The brains were placed 

rostral face upwards and frozen with some water having been placed at the base of the brains. 

The brains were frozen on a freezing stage at -23°C. 30μm thick slices were taken and 

divided into 3 consecutive series. The first series would be placed in wells containing TBSTX 

while the rest were placed into wells containing cryoprotectant to be frozen at -20°C after a 

session of cutting.  

Rat brains were sliced while frozen inside a cryostat using the same blade as above. The rat 

brains were sliced at 40μm and were divided into 4 series with the first going into TBSTX to 

be stained soon afterwards (being kept at 4°C until) while the next 3 would be placed in 

cryoprotectant and stored at -20°C. 

For both mouse and rat experiments, collection of slices began when the anterior 

commissures were directly or close to being under the most inferior corner of the lateral 

ventricles. Slices stopped being collected at the point where the third ventricle could not be 

seen (visualised in a well containing TBSTX and set up for this purpose). 
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3.1.17 Immunohistochemistry 

Brains were stained using a generic immunohistochemical protocol but using different 

primary and secondary antibodies, along other minor variations detailed later. Slices were 

washed 6 times for at least 5min each in TBSTX. Then to remove endogenous peroxidase 

activity the brains were immersed in a 1% H2O2 solution (10mL: 6mL TBSTX, 4mL 

methanol, 333μL 30% H2O2). The slices were washed a further 3 times and then placed in 

blocking solution (100mL TBSTX-BSA, 2mL normal goat serum). The slices were then 

placed in primary antibody solution (xμL primary antibody, detailed later; 10mL TBSTX; 

200μL normal goat serum overnight at 4°C. The brains are then washed 3 times and placed 

into secondary solution (xμL secondary antibody, 10mL TBS) for an hour. During this time 

the ABC solution (10mL TBS, 2 drops reagent A, 2 drops reagent B ABC; Vector, USA) was 

prepared. The slices were then washed 3 times and immersed in the ABC solution for an 

hour. The slices were then washed 3 times, at which time the DAB is prepared (20mL dH2O, 

1 tablet DAB until dissolved, 1 tablet urea). The brains are then placed in the DAB solution 

and covered with foil until staining is deemed sufficient (the slices would be taken out and 

put in TBS wash while a few sections are mounted on a slide and viewed under the 

microscope, put back into the DAB solution if insufficient). 

Antigen Primary antibody 

and concentration 

Secondary antibody 

and concentration 

Other requirements 

c-Fos Rabbit anti-c-Fos 

(Ab-5; Calbiochem, 

Germany) 

Biotinylated goat 

anti-rabbit (Vector 

Laboratories, USA) 

1:500 

 

GnRH (mouse) In-house guinea-pig 

anti-mouse GnRH 

1:20,000 

Biotinylated goat 

anti-guinea pig 

(Vector) 1:500 

 

pErk 1/2 Rabbit anti-p44/42 

MAP kinase (Cell 

signalling 

technology, USA) 

1:500 Biotinylated 

goat anti-rabbit  

 

GnRH (rat) 1:10,000 rabbit 

antiGnRH SW1 

(kindly donated by 

Goat α mouse 1:500 

(horseradish 

peroxidase (HRP)) 

No ABC step 
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Susan Wray; 

National Institute of 

Neurological 

Disorders and Stroke, 

Bethesda, MD) 

(Invitrogen) 

CRH Rabbit anti-CRH 

(Auspep Pty. Ltd., 

Australia) 1:5,000 

Goat α rabbit HRP 

(Invitrogen) 1:500  

No ABC step 

Kisspeptin Rabbit anti-

kisspeptin (Millipore, 

USA) 1:10,000 

Goat α rabbit HRP 

1:500  

No ABC step 

Tyrosine hydroxylase Mouse anti-tyrosine 

hydroxylase 1:10,000 

Goat anti-mouse 

HRP 1:250 

No ABC step 

CRH Rabbit anti-CRH 

1:1000 

Goat anti-rabbit HRP 

1:250 

No ABC step 

RFRP-3 Sheep anti-RFRP-3 

1:10,000 

Biotinylated donkey 

anti-sheep (Jackson 

laboratories, USA) 

1:1000 

 

pCREB Rabbit anti-phospho-

CREB (Ser133; Cell 

Signalling 

Technologies) 

1:500 Biotinylated 

goat anti-rabbit 

 

Table 3.3. Antibodies used in immunohistochemistry. 

3.1.18 Mounting and cover-slipping of slides 

Slices were mounted onto gelatine-coated slides and left to air dry. Slides were randomly 

assigned letters to which number they corresponded decoded only after counting. They were 

dipped into increasing concentrations of ethanol (50%, 70%, 90%, and 100%) for 5 minutes 

and then twice into xylene for 10 minutes each. They were then coverslipped using DPX 

(VWR International Limited, England) and left to air-dry overnight.  

3.1.19 Microscopy and quantification of samples 

Slides were viewed at 20x under microscope and counted by eye.  
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3.1.20 Genotyping of ghrelin knock-out mice 

To determine the genotype of ghrelin knockout litter mice, a generic mouse genotyping 

protocol was performed with ghrelin primers. 1-2mm tailtips were cut from conscious mice 

and placed in a tube which then had 0.6mL lysis buffer with 5uL proteinase K added. These 

tubes were incubated overnight at 55°C. The next morning the tubes were inverted and left 

to digest for another hour. The tubes were then centrifuged to separate the indigestible 

components of the tail (e.g. hair) from the supernatant (containing the DNA), which was 

poured off into a labelled tube containing 0.6mL isopropanol. Isopropanol precipitates the 

DNA, which is sometimes visible. This was then centrifuged, to cause the DNA to form a 

pellet at the bottom of the tube, and the supernatant poured off. The tube was briefly re-

centrifuged and residual supernatant was removed with a pipette. By this stage the DNA is 

sometimes visible as a small, white pellet. The pellet is resuspended in 200uL TE buffer and 

either incubated for 1hr at 55°C or overnight at 4°C. The tube is then briefly vortexed before 

moving onto the PCR. 

A mastermix is made up consisting of, per well: 12.5uL 2x Reddymix PCR mastermix 

(Thermo-Fisher Scientific), 0.5uL of each of the four primers (1: TCATCTGTCCTCACCACCAA, 

2: AGTAGCCTGAAAAGCCAGCA, 3: ACGGGTTGTTACTCGCTCAC, 4: 

CATAACTGCCGTCACTCCAAC ), 8.5uL H2O. This is mixed, 23uL added to each well along with 

2uL of a respective sample. The samples are loaded into a 1.5% 100mL agarose gel (1.5g 

Agarose, 100mL TBE buffer) with 3μL ethidium bromide. The gel is run at 75V, 400mA for 2 

hours and then an image is taken under UV light. 

3.1.21 Statistical analysis 

In all cases statistical significance was defined as p < 0.05. Analyses used are specified in the 

respective experiment’s method section. 
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Chapter 4 – Experiment One 

4.1 Introduction 

This experiment aimed to examine the role of ghrelin and leptin on reproductive function 

during an acute fast. Fasting results in infertility in animals. This infertility is caused by a loss 

of the pre-ovulatory LH surge, which would normally lead to ovulation (Johnson 2007). It is 

unknown exactly what causes this loss of the LH surge. Two metabolic hormones have been 

suggested as being possible causes: ghrelin and leptin. Ghrelin is increased during times of 

fasting and has known suppressive effects on the reproductive system; leptin is decreased 

during fasting and has a permissive effect on reproduction. It has been suggested that 

multiple metabolic hormones could be the cause of the loss of ovulation (Tena-Sempere 

2008). A premise of this experiment was that leptin levels reflect adipose levels and since in 

an acute fast the mass of adipose does not change dramatically, leptin levels during this time 

would not either and therefore probably do not play a large role in the resulting infertility. 

With this we aimed to test whether removal of ghrelin, restoration of leptin or both is able to 

restore the LH surge during an acute fast.  

4.2 Methodology 

For more detailed descriptions of the specific methodology, see chapter 3. We developed a 

novel model to be able to examine the mediators of fasting induced infertility based off a 

surge-induction model described previously (Wintermantel et al. 2006). Mice included in this 

experiment were bred from a colony of heterozygote ghrl knockout mice, described in 

(Wortley et al. 2004), and were genotyped and divided into groups of homozygotes (-/-), 

heterozygotes (+/-), and wild-types (+/+). Only homozygotes and wild-types were used for 

surge induction experiments. 

The surge-induction protocol is as follows. The mice were ovariectomised on day 1 and given 

a 17β-oestradiol implant (0.1 mg/mL silicon adhesive, 1.0mm internal diameter, 1cm long). 

On day 6 the mice were injected with oestradiol benzoate (1μg/100μL sesame seed oil) at 

1000h (in order to generate a positive steroid feedback and hence a preovulatory-like surge 

the following afternoon at 1700h (Wintermantel et al. 2006)). At this point food was removed 

from the appropriate groups, described below: 
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Group name +/+ or -/- Fed/Fasted Drug 

administered 

Time of 

administration 

Control Wildtype +/+ Fed Saline 5pm day 6 

10am and 2pm 

day 7 

Fasted wt Wildtype +/+ Fasted N/A N/A 

Fasted wt + 

leptin 

Wildtype +/+ Fasted Leptin 5pm day 6 

10am and 2pm 

day 7 

Ghrl knockout Knockout -/- Fasted N/A N/A 

Ghrl knockout + 

leptin 

Knockout -/- Fasted Leptin 5pm day 6 

10am and 2pm 

day 7 

Ghrelin Wildtype +/+ Fed Ghrelin 2pm and 4pm 

day 7 

Table 4.1 Groups included in experiment 1. 

Injection of rat ghrelin (20mg/kg in 200μL saline s.c.; Sigma-Aldrich, MO, USA) was 

administered to the ghrelin group at 2pm and 4pm on day 7. These times were conservatively 

based on previous pilot data from studies examining mice feeding following ghrelin 

administration that suggested a food intake effect at around 3 hours. Recombinant mouse 

leptin (1mg/kg in 200μL saline; National Hormone and Peptide Program, Torrance, CA) was 

injected at 5pm on day 6 and 10am and 2pm on day 7 to the groups fasted wt + leptin as well 

as the knockout + leptin group. On day 7 at 5 pm the mice were deeply anaesthetised with 

pentobarbital, had a cardiac blood sample drawn for LH and ghrelin assays, were perfused 

with 4% paraformaldehyde and had the brains extracted and placed in paraformaldehyde for 

slicing later. 

Before the experimental runs were undertaken we had to establish that our protocol worked in 

terms of whether fasting did abolish the surge and that ghrelin did increase in our fasted 

groups as well as a feeding study to select the dose of ghrelin to administer. Once we had 

completed these, we started the experimental runs. A total of four runs of this protocol were 

undertaken, separated to divide the large number of mice needing to be perfused in the short 

timeframe of a half hour at the night of the LH surge. At least two fed controls were included 

in each run. 
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This experiment consisted of 6 groups of mice with two dependent variables: fed state (fed 

or fasted) and which drug was injected, but ultimately resulting in only one variable 

between any analysed groups with a proportional outcome making each comparison a 2x2 

contingency table. Thus Fisher’s exact test was used for these as some of the sample sizes 

were smaller than 5. GraphPad Prism was used for this analysis. Statistical significance was 

given at p<0.05. 

 

4.3 Results 

4.3.1 Pilot studies 

4.3.1.1 Establishing fed-fasting protocol 

Because our model was novel it was necessary to first examine whether the fasting protocol 

actually did result in an abolished LH surge and that we could accurately measure this during 

the 1700-1730h window when we would draw blood.  The fed mice all surged while all the 

fasted mice did not, as shown in the graph below. We defined the preovulatory LH surge as 

>1.0ng LH/mL serum, based on (Dungan et al. 2007). 

  

Figure 4.1 Number of mice which surged in our protocol with or without a 36hour fast. Group sizes were n=8. P<0.01 

using chi-squared test. This graph shows the proportion of the whole group and as such it is without error bars. 
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4.3.1.2 Examining ghrelin levels during fast 

To test whether ghrelin actually did increase during the 36 hour fast we ran an acyl-ghrelin 

ELISA on mice that had and hadn‟t been fasted. We ovariectomised a group of mice and 

divided them into two groups, fed and fasted, of which half the fed group received an 

oestradiol capsule and the other half did not. We did this to examine if there was a significant 

effect conferred by oestradiol on food intake and thus ghrelin levels as it is known that the 

oestrogenic environment of an animal affects its food intake (Roepke 2009). The results are 

shown below. 

 

Figure 4.2 Serum ghrelin levels in mice after a 36 hour fast. Group sizes were 4 mice per group. + or –EB indicates 

whether the mice were respectively given or not given the oestradiol capsule following ovariectomy. Groups consisted 

of 4 mice. P<0.05 between fed and fasted groups with oestradiol benzoate, using Fisher’s exact test. 

These results show that there was a significant increase in serum ghrelin after the 36 hour fast 

compared to fed mice and that oestradiol levels did not significantly alter the ghrelin levels of 

mice.  

4.3.1.3 Ghrelin levels of homozygous, heterozygous and wild-type ghrelin knockout 

mice 

For interest we examined the levels of ghrelin between the homozygous and wild-type 

ghrelin knockout mice using the remaining wells in the ghrelin ELISA and the mice from the 

second run of the main experiment. The results are shown below. 
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Figure 4.3 Plasma ghrelin levels between genotypes of the ghrelin-knockout mice. P<0.05 vs fasted wildtype group, 

using Fisher’s exact test 

 

4.3.1.4 Selecting ghrelin dosage 

In order to determine the correct dosage of ghrelin to administer to the mice, we conducted 

feeding studies where we injected the mice with various doses of ghrelin to determine which 

dose elicited a 5-hour increased-feeing response (during light stage).  
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Figure 4.4: 5-hour food intake following administration of vehicle (saline), 10μg or 20μg of ghrelin. One way ANOVA 

shows p=0.0015, while post-hoc  Newman-Keuls Multiple Comparison test gave a difference between saline and 20μg 

was significant to p<0.001, while the difference between 10μg saline and 20μg saline was significant to p<0.01. 

4.3.2 Experiment results 

 

Figure 4.5 Proportion of mice surging of the various groups. P value between fed and fasted groups was p=0.0023; 

between fed and fed + ghrelin p=0.021. No significant difference was found between the fasted group and the groups 

fasted + leptin, fasted ghrl knockout, and fasted ghrl knockout. This graph shows the proportion of the whole group 

and as such it is without error bars (Chi-squared test between groups as described above). 
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As with our pilot experiment, our experimental run gave a significant inhibition of 

preovulatory LH surges with overnight fasting when compared to the fed group. 

We found that neither knocking out ghrelin, administration of leptin nor a combination of 

these two restored the preovulatory LH surge in the fasted mice compared to vehicle treated, 

fasting controls of the third fed-fasting pilot (i.e. those from figure 4.3.1.1).  

Administration of 20μg ghrelin subcutaneously into mice resulted in statistically significant 

inhibition of the preovulatory LH surge compared to vehicle-injected controls.  

4.4 Discussion 

4.4.1 Restoration of preovulatory surge in fasted mice 

 Overview 

Our results showed that neither globally knocking out ghrelin, administration of leptin or a 

combination of the two restores the LH surge in fasted mice. That leptin is not the major 

mediator of fasting-induced infertility is in agreement with previous studies (Lujan et al. 

2006; True et al. 2011). Our study is the first to examine the role of ghrelin as a contributing 

mediator of the fasting-induced infertility. Our results suggest that ghrelin does not play a 

major role in fasting-induced infertility. The results also suggest that the leptin and ghrelin 

combined does not constitute a major role in fasting-induced infertility. There are few reliable 

mouse models of the preovulatory LH surge. We used a well-characterised model 

((Wintermantel et al. 2006; Quennell et al. 2009), but still experienced entire runs which even 

the fed mice did not surge (data not included). In contrast there are a number of rat surge 

models that appear to be more robust (Quennell et al. 2010) but we felt that the mouse model 

was adequate for this experiment. We can conclude from this experiment that leptin and 

ghrelin together do not solely constitute the mediators resulting in infertility; they may be 

playing major roles, but we may not see this due to other minor contributors which are 

maintaining the balance slightly in favour of infertility. One possible example would be 

circulating glucose concentrations, which are markedly reduced by fasting (J.M. Berg 2002). 

 Premise of leptin decreasing during acute fast 

One of the premises that made up this experiment was that leptin levels reflect body fat 

percentage and thus should not decline quickly enough to be the main mediator in an acute 

fast. However as it turns out the literature has documented that during fasting leptin levels do 
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decrease quickly, to about half of basal levels within 2h of fasting and then reach a steady-

state of low levels continuing in the fast (Steyn et al. 2012); acute feeding-induced regulation 

of leptin was proposed to be mediated by insulin-stimulated glucose utilization through the 

hexosamine pathway (Schwartz et al. 2000), and thus it would be expected that in this state of 

fasting, and thus decreased glucosamine activity, leptin levels would be decreased (Wang et 

al. 1998). It has also been suggested that plasma leptin decreases ghrelin expression (Zhao 

and Sakai 2008), and therefore it could be that some of the increase in ghrelin during fasting 

can actually be traced back as a result of falling leptin levels. Indeed it is thought that leptin 

probably acts in conjunction with other metabolic hormones, including ghrelin, to cause the 

infertility of negative energy balance (Tena-Sempere 2008) and our inability to restore the 

surge by manipulating only one or two potential mediators supports this notion. However., on 

its own, this two-fold decrease in plasma leptin levels would be unlikely to cause infertility as 

the concentration of leptin does not correlate closely with the degree of fertility (Bronson 

2001). 

 Heterozygote worries 

In our preliminary experiments, we determined that heterozygote ghrl mice had markedly 

lower plasma ghrelin concentrations than wild types, so in all but a few cases we did not 

include these animals in the non-ghrl knockout groups. We included them in some groups to 

build up numbers faster. For example the lowered ghrelin, if anything should have helped the 

leptin treated mice surge and that we did this is unlikely to be a confounder to our results. 

 Timing of dosage 

Only recently has information emerged profiling the levels of ghrelin and leptin during 

fasting in mice. This was made possible by a novel technique to draw multiple blood samples 

from mice (Steyn et al. 2012). These data show that acyl-ghrelin is raised 10 hours after 

fasting while leptin is significantly lowered 2-3 fold within 2 hours after fasting.  

 Half-life of drugs 

In terms of the frequency of injections, we aimed to maintain levels from the first injection. 

Leptin appears to be rapidly cleared in the rat (within 2 hours (Zeng et al. 1997)) while 

ghrelin has a half-life of less than 10 minutes (Morozumi et al. 2011). Although these times 

are in the rat and not, like our experiment, the mouse, they nevertheless indicate that the time 

between injections for leptin of ~12 hours and ghrelin ~2 hours may have been too long in 
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both cases. However our timing of leptin injections was based on previous work that had 

shown a twice-daily injection routine restores fertility in ob/ob mice (Chehab et al. 1996). We 

did carry out a feeding study to attempt to find out the appropriate dose of ghrelin that most 

effectively stimulated a feeding response. The results of this showed that 20μg ghrelin was 

sufficient to induce a hypothalamic-mediated physiological response in mice, so was chosen 

as the dose for the LH surge study. Unfortunately the plasma ghrelin levels achieved were not 

measured so we do not know how this compares to fasting levels. However the dose we 

selected to use was slightly higher than the 10μg in the pilot study which did not elicit a 

feeding response, suggesting that 20μg is not overtly high, yet high enough to block the 

preovulatory LH surge when administered to the mice.  

 Length of the fast 

With the aforementioned premise in mind, our model was designed to attempt to reflect an 

acute fast for mice. We decided on a 36 hour fast, which was from the injection of oestradiol 

benzoate on the morning of day 6 to the evening perfusion on day 7. As it turned out this is 

too long a fast in mice to be considered acute. Based on very recent data, (Steyn et al. 2012) 

within 2 hours leptin, and 10 hours ghrelin, levels have significantly decreased and increased, 

respectively. Most metabolic hormones have reached a plateau far earlier than 36 hours, and 

so we believe this not to be an acute fast. Because of this, we will be repeating this 

experiment with an 18-hour fast, but these results will not be available for inclusion in this 

thesis. 

4.4.2 Effect of ghrelin administration in fed mice 

These data show for the first time that ghrelin alone is able to suppress the preovulatory LH 

surge. This adds another facet to ghrelin‟s inhibitory effects on the reproductive axis. It is 

established that ghrelin suppresses pulsatile LH release, and here we demonstrate that it also 

inhibits the positive feedback of LH. It is interesting to note that this ability has previously 

been speculated (Forbes et al. 2009) as ghrelin inhibits kisspeptin in the mPOA of rodents, a 

neural population necessary for the preovulatory LH surge.  

We do not know if the dose we gave was pharmacological or physiological. This is important 

to determine because if it turned out to be a physiological dose that we gave (and that our 

results are valid) then, coupled with our results of knocking out ghrelin not restoring the 

surge, it would suggest that there is a redundancy in suppression by multiple factors and that 

a high physiological level of ghrelin is sufficient but not necessary to abolish the preovulatory 
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LH surge. If it were a pharmacological dose that we gave, then this would suggest that 

ghrelin has the capacity to abolish the surge but at high, fasting levels it probably only 

contributes partially to the abolition resulting from a negative energy balance. We speculated 

previously that the dose we gave was probably not far from physiological levels, but we 

cannot be sure until this has been measured. Clearly then more work will need to be done in 

order to characterise the dose we administered and the nature of metabolic influence on 

reproduction. 

4.4.3 Ghrelin levels in different oestrogenic environments 

One of our pilot studies examined the levels of ghrelin between fed and fasted mice to check 

whether the levels actually did increase during our period of fasting as there was the 

possibility that the „fed‟ group would also have high ghrelin at the time of the surge, having 

followed the light phase. Mice theoretically do most of their eating during the dark phase and 

so there remained the possibility that even the fed mice had high ghrelin levels at the time of 

perfusion, which was the end of the light stage. However we found this not to be the case and 

that ghrelin was significantly increased in the fasted group, and so we continued with the 

experiment. In doing this pilot we split the fed group into two and gave half an oestradiol 

capsule and the other half we did not. We did this because it is known that oestrogen has 

effects on feeding, and we were interested to see the effect of this in our model. Oestrogen 

decreases food intake (Roepke 2009) and, in rats, ghrelin levels (Matsubara et al. 2004). One 

might be inclined to believe that the effect of decreased food intake is a result of the 

decreased ghrelin levels, however it is thought that the effects on food intake are a result of 

oestradiol actions in the brain (presumably though there is a small amount contributed by the 

decrease in ghrelin). Our results, although statistically insignificant, showed a slight decrease 

in ghrelin levels in the mice which were given oestradiol implants (p=0.22); which is in line 

with the previous rodent work on this (Matsubara et al. 2004). 

In summary we found that neither ghrelin removal, leptin restoration or a combination of the 

two restored the preovulatory LH surge in mice after 36 hours of fasting, suggesting that 

neither play major roles in mediating the abolition of it. Our results do suggest that ghrelin 

may be sufficient but not necessary to abolish the surge. These results are interesting, but a 

significant limitation is that 36h of fasting probably does not reflect the state of an acute fast 

that we had wanted to examine, and so further work will be done with mice undergoing a 

more moderate 18 hour fast.   
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Chapter 5 – Experiment Two 

5.1 Introduction 

In this experiment we aimed to identify areas of the rodent brain that ghrelin elicits a 

signalling response in order to find any possible nuclei in which it may be having an effect. 

Apart from improving our understanding of how ghrelin signals in the hypothalamus, being 

able to identify activated (phosphorylated) signalling molecules provides a useful way to 

identify ghrelin-responsive cells, since the GHSR itself is technically difficult to stain for. 

Similar techniques are used to identify leptin-responsive cells (Quennell et al. 2011). 

Currently the knowledge on the signalling pathways of ghrelin are sparse, but in the cases of 

the major effects such as the orexigenic and growth-hormone secretion there is enough to 

build a general picture of these pathways. However for specific pathways such as the 

suppressive effects on reproduction, little is known. In order to elucidate more on the 

reproductive effects of ghrelin, we injected either ghrelin or saline into the lateral ventricles 

of rats and stained their brains with various candidate markers we considered could be 

mediating this role. The slices of brains were collected from the point at which the anterior 

commissures lay directly below the lateral ventricles to the caudal end of the ARC. They 

were stained using the generic neuronal activation marker pCREB, as well pERK 1/2 (also 

known as the p42/44 MAP kinases) signalling pathway somewhat more specific to ghrelin 

but which also participates in response to other hormones such as prolactin (Sjoeholm et al. 

2011). We originally planned on also staining for c-Fos and phosphorylated AMPK but these 

were not able to be completed in time to be included in this thesis. The slices were divided up 

into rostral, intermediate and two caudal groups and stained to examine different 

colocalisations. From rostral to caudal the colocalisations were: GnRH in the mPOA/OVLT, 

kisspeptin in the AVPV, CRH in the PVN, RFRP-3 in the DMH and kisspeptin in the Arc. 

We selected these as likely candidates to have an effect elicited by ghrelin that would be 

relevant to reproduction. To our knowledge, responses to ghrelin in the hypothalamus have 

not been systematically examined in this manner. 

5.2 Methodology 

For more detailed descriptions of the methodology, see chapter 3. Ten adult Sprague-Dawley 

rats were implanted with ICV cannulae. The rats were smeared each day following. On day 4 

or 5, whichever was the rat‟s diestrous/metestrous stage, the rats were injected with either 

4μL saline or 3nm ghrelin in 4μL saline (n=5 each group) via ICV and perfused an hour later. 
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This time point was chosen as pERK has been found to appear within 10 minutes and 

disappear after 120minutes (Chung et al. 2007). The brains were sliced into 40μm thick slices 

and divided into 4 equivalent series.  

The sections of pCREB staining were all stained using nickel-enhanced 3,3'-

Diaminobenzidine (DAB). The sections were then divided into 5 groups in order to colocalise 

for GnRH, tyrosine hydroxylase (TH), CRH, arcuate kisspeptin and RFRP-3 using 

unenhanced DAB. TH was used as a marker for kisspeptin neurons in the AVPV which, in 

rats, do not stain well and 30% of kisspeptin neurons colocalise dopamine in the rat 

(Kauffman et al. 2007). The Rat Brain in Stereotaxic Coordinates 6
th

 edition by G. Paxinos 

and C. Watson (Elsevier) was used as a guide for dividing sections into sets containing the 

respective nuclei. The GnRH set started with the most rostral sections which had been 

collected beginning at the point where the anterior commissures were directly inferior to the 

lateral ventricles and continued until the TH set. The TH set began with the joining of the 

anterior commissures and/or the appearance of the third ventricle at the base of the brain and 

continued until the next set. This was the CRH set and began when the optic chiasm had 

separated into the two optic tracts and continued until these tracts had pierced into the grey 

matter of the brain. This began the start of the Arc and RFRP-3 sets which, with the overlap 

of Arc kisspeptin and DMH RFRP-3, were separated into the final two groups. As the DMH 

is more in the middle of the rostrocaudal length of the arcuate nucleus, the extremes of this 

set of slices were collected for kisspeptin staining, splitting the remaining in-between slices 

between kisspeptin and RFRP-3. At least 3 sections per region were counted. 
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Figure 5.1 Representative images of coronal slices of a rat brain indicating boundaries. (A) is the demarcation for the 

start of the TH set, indicated by the anterior commissure (a), at the point where it forms a bridge between the left and 

right hemisphere. (B) shows the demarcation between the TH set and the CRH set, indicated by the separation of the 

black optic tracts, which rostral to this are a gradual flattening of the the red optic chiasm from (A). (C) shows the 

optic tracts piercing into the grey matter of the brain, from which point the sets of Arc kisspeptin and RFRP-3 are 

collected. Images are alterations from The Rat Brain, 6th edition; Elsevier. 

Counts were done blinded to the control group by randomising and coding each slide. The 

counting was also checked for consistency by re-counting several once all had been counted, 

and re-counted if any large variation was found. 
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This experiment consisted of multiple comparisons between groups and thus was analysed 

using Student’s t-test. SigmaStat 3.5 was used for this analysis. Where the variation between 

samples is statistically different the Mann-Whitney test, which is similar to Student‟s t-test 

but is non-parametric, is used. Statistical significance was given at p<0.05. 

5.3 Results  

5.3.1 pERK 1/2 immunohistochemistry 

We dual-labelled for pERK 1/2 with GnRH, CRH and kisspeptin for the ARC but because 

pERK 1/2 is, in part, a cytoplasmic protein we could not easily identify the difference 

between staining from pERK 1/2 and staining from the dual-labelling (see figure 5.2) and so 

only single label pERK 1/2 staining was quantified in the ARC, VMH and DMH (for other 

regions there was no spare tissue to perform single label staining). Fluorescence staining 

would have overcome this, but there was insufficient tissue available to pursue that 

technique. 

 

Figure 5.2 Representative staining of presumed CRH neurons colocalised (white arrow) and not colocalised (black 

arrow) with pERK1/2. Arrowhead indicates pCREB in an unidentified cell. It was difficult to distinguish between 

pERK1/2 and CRH staining and thus we could not count the pERK1/2 dual-labelled sections. Arrowhead indicates 

pERK1/2 in an unidentified cell. Scale bar = 100 μm. 

 

 

3
V 
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We found that pERK 1/2 was demarcated well in the VMH and DMH so we decided to count 

the staining there as well as the ARC. The DMH contains RFRP-3 neurons, which have 

effects on GnRH neurons (Ducret et al. 2009).  There is evidence that ghrelin‟s orexigenic 

effects are somewhat mediated in the VMH (Lopez et al. 2008). However this mediation is 

through AMPK, a separate pathway to the MAPK/ERK pathway, and so it would be 

interesting to examine how pERK 1/2 responds to ghrelin in this region.  

5.3.1.1 pERK 1/2 in the arcuate nucleus (ARC) 

A representative of pERK 1/2 staining in the ARC is shown in Fig 5.4. We found a 

statistically significant decrease in pERK 1/2 labelling in the Arc of rats treated with ghrelin 

(p=0.033; Fig. 5.3). However, this was only a decrease of 19% compared to the vehicle 

treated group. 

  

Figure 5.3 pERK expression in the ARC following ghrelin or saline administration. Ghrelin statistically significantly 

decreases the average pERK 1/2 count in the ARC to 81% the control value. Error bars show standard error of the 

mean. *, P<0.05 
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Figure 5.4 Representative staining of pERK in the arcuate nucleus (dashed region). Arrowhead indicates pERK1/2 in 

an unidentified cell. Scale bar = 200 μm. 

 

5.3.1.2 pERK 1/2 in the ventromedial hypothalamic nucleus (VMH) 

We found a statistically significant decrease in pERK labelling in the VMH of rats treated 

with ghrelin (p=0.026) to 63% of control values (Fig. 5.5). A representative example of 

pERK 1/2 staining in the VMH is shown in Fig. 5.6. 



65 

 

 

Figure 5.5 pERK expression in the VMH following ghrelin and saline administration. Ghrelin decreases the average 

pERK count in the VMH to 63% of the control value. Error bars show standard error of the mean. *, p<0.05. 

 

Figure 5.6 Representative staining of pERK in the VMH (dashed region). Arrowhead indicates pERK1/2 in an 

unidentified cell. Scale bar = 200 μm. 
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5.3.1.3 pERK 1/2 in the dorsomedial hypothalamic nucleus (DMH) 

We found a statistically significant decrease in pERK 1/2 labelling in the DMH of rats treated 

with ghrelin (p=0.004) to 63% of the control values (Fig. 5.7). A representative example of 

pERK 1/2 staining in the DMH is shown in Fig. 5.8. 

 

Figure 5.7 pERK expression in the DMH following ghrelin and saline administration. Ghrelin statistically 

significantly decreases the average pERK count in the DMH to 63% of the control value. Error bars show standard 

error of the mean. **, P<0.01. 
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Figure 5.8 Representative staining of pERK1/2 in the DMH (dashed region). Arrowhead indicates pERK1/2 in an 

unidentified cell. Scale bar = 200 μm. 

 

Table 5.1 Summary of pERK 1/2 staining results 

Region/Colocalisation  % of control  P value P<0.05 

 ARC    81%   0.033  Yes 

 VMH    63%   0.026  Yes 

 DMH    63%   0.0004  Yes 

  

5.3.2 pCreb staining 

5.3.2.1 Dual label with GnRH 

Approximately 20% of GnRH neurons were colocalised with pCREB (see Fig. 5.10 for 

representative examples). We found no difference in pCREB colocalisation with GnRH 

between groups (p=0.94; Fig. 5.9). A representative example of GnRH neurons colocalising 

and not colocalising pCREB is shown in Fig. 5.10. 
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Figure 5.9 Mean proportion of GnRH neurons colocalising pCREB between ghrelin and saline groups. No difference 

was found between groups (p=0.94). Error bars show standard error of the mean. 

 

Figure 5.10 Representative image of GnRH neurons colocalised (white arrow) and not colocalised (black arrow) with 

pCREB. Arrowhead indicates pCREB in an unidentified cell. Scale bar = 20 μm. 

5.3.2.2 Dual label with TH 

We found no difference of pCREB colocalisation with tyrosine hydroxylase between groups 

(p=0.55; Fig. 5.11). A representative example of TH-positive neurons colocalising and not 

colocalising pCREB is shown in Fig. 5.12. 
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Figure 5.11 Mean proportion of TH neurons colocalising pCREB between ghrelin and saline groups. No difference 

was found between the groups (p=0.55). Error bars show standard error of the mean. 

 

Figure 5.12 Representative image of tyrosine hydroxylase colocalising pCREB (white arrow), and not colocalising 

(black arrow). Arrowhead indicates pCREB in an unidentified cell. Scale bar = 20 μm. 3V, 3rd ventricle. 

5.3.2.3 Dual label with CRH 

We found an insignificant increase in pCREB colocalisation with CRH in the group which 

had been administered ghrelin (p=0.17; Fig. 5.13). A representative example of CRH neurons 
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colocalising and not colocalising pCREB is shown in Fig. 5.14.

 

Figure 5.13 Mean proportion of CRH neurons colocalising pCREB between ghrelin and saline groups. An 

insignificant increase was found with administration of ghrelin (p=0.17). Error bars show standard error of the 

mean. 

.  

Figure 5.14 Representative image of CRH neurons colocalising pCREB (white arrow) and not colocalising (black 

arrow). Arrowhead indicates pCREB in an unidentified cell. Scale bar = 20 μm. 
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5.3.2.4 Dual label with Kisspeptin 

We found no difference of pCREB colocalisation with kisspeptin in the arcuate region 

between groups (p=0.81; Fig. 5.15). A representative example of ARC kisspeptin neurons 

colocalising and not colocalising pCREB is shown in Fig. 5.16. 

 

 

Figure 5.15 Mean proportion of arcuate kisspeptin neurons colocalising pCREB between ghrelin and saline groups. 

No difference was found between the groups (p=0.8066). Error bars show standard error of the mean. 
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Figure 5.16 Representative staining of arcuate kisspeptin neurons colocalised (white arrow) and not colocalised 

(black arrow) with pCREB. Arrowhead indicates pCREB in an unidentified cell. Scale bar = 20 μm 

5.3.2.5 Dual label with RFRP-3 

Unfortunately the staining for RFRP-3 did not work in this run and there was insufficient 

tissue left to repeat the run. 

Table 5.2 Summary of pCREB staining results 

 Region/Colocalisation  P value   P<0.05 

  GnRH    0.93    No 

  TH    0.55    No 

  CRH    0.17    No 

  Kisspeptin   0.81    No 

  RFRP-3   NA    NA 
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5.4 Discussion 

Neither pERK 1/2 nor pCREB was markedly changed by ghrelin treatment, nevertheless we 

have shown here that ghrelin may negatively regulate ERK 1/2 phosphorylation while 

pCREB does not appear to be involved. 

5.4.1 Response of pERK in the ARC 

We found a statistically significant decrease of 19% in pERK expression in the ARC. This is 

contrary to previous findings that found that fasting resulted in an increase in pERK 

expression in the ARC (Morikawa et al. 2004). This discrepancy could be due to other factors 

altered during fasting, such as the activation of the stress axis (Ruiz-Gayo et al. 2000).  

5.4.2 Response of pERK in the VMH 

We found a statistically significant 37% decrease in pERK expression in the VMH with 

ghrelin treatment. Previous reports on the effects of ghrelin on the VMH, whether largely 

excitatory or inhibitory, are conflicting (Chen et al. 2005; Yanagida et al. 2008); our pERK 

results appear to show that any effect mediated via the MAPK pathway is, overall, inhibitory. 

The effect of ghrelin in the VMH is thought to be related to its orexigenic and growth 

hormone-releasing effects (Chen et al. 2005; Yanagida et al. 2008).  

5.4.3 Response of pERK in the DMH 

We found a statistically significant decrease, also of 37%, in pERK expression in the DMH in 

rats treated with ghrelin. Our lab has been doing research into RFRP-3 – located in the DMH 

- and its role in reproduction, and so this result is of interest. However for RFRP-3 to be a 

possible mediator of ghrelin then we should have expected to find an increase in activity, as 

RFRP-3 is inhibitory to GnRH pulsatility. Our finding is contrary to a somewhat similar 

experiment that injected ghrelin intraperitoneally and examined c-Fos expression as a marker 

of neuronal activity and found that expression in the DMH was increased (Kobelt et al. 

2008). This was thought to be part of its orexigenic action due to the presence of AgRP fibres 

around these neurons. Although we examined separate markers, c-Fos may be activated by 

pERK (Cargnello and Roux 2011) and we would have expected that a decrease in pERK 

expression would be followed by a concomitant decrease in c-Fos expression. It may be that 

pERK 1/2 is inversely related to c-Fos and RFRP-3 neuronal activity, so that a decrease in 

pERK 1/2 stimulates increased c-Fos and RFRP-3.  
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5.4.4 Response of pCREB in GnRH neurons 

We did not find any significant difference between ghrelin and vehicle treated rats of 

colocalisation of pCREB with GnRH neurons. With a negative result it is hard to say whether 

pCREB is not involved in any pathway by which ghrelin acts on GnRH or that pCREB is 

affected by so many factors that our ghrelin treatment was not able to induce a detectable 

change. 

5.4.5 Response of pCREB in TH neurons 

Tyrosine hydroxylase was used as a surrogate for AVPV kisspeptin neurons, and we found 

no significant difference in colocalisation of pCREB and these neurons. We might have 

expected a decrease as ghrelin is known to inhibit kisspeptin expression in these neurons 

(Forbes et al. 2009); however again we cannot say whether this negative result is because 

pCREB is not a part of this signalling pathway or the experiment was unable to detect a 

result. 

5.4.6 Response of pCREB in CRH neurons of the PVN 

The closest pCREB came to a change was CRH neurons in the PVN, which had a large 

(211% of the control group, p=0.17), but insignificant, trend towards an increase. This is 

somewhat in agreement with a previous study that found fasting increases phosphorylation of 

pCREB in the PVN (Morikawa et al. 2004). However, we examined this nucleus with the 

premise that it was the centre for the suppressive effects of CRH on LH, which some data 

dispute (Hahn et al. 2003). As stated earlier it may be that reduced CREB phosphorylation 

can actually stimulate CRH activity. Staining the BNST in the brainstem, the next largest 

CRH-expressing nucleus with known reproductive effects, might have proven informative 

but we did not collect this area. The insignificant increase in PVN CRH is interesting in that 

it has previously been reported that the GHSR1a receptor is located in the PVN (Zigman et 

al. 2006), and this information hints that these are located on CRH neurons.  

5.4.7 Response of pCREB in ARC kisspeptin neurons 

We found no difference in the colocalisation of pCREB and ARC kisspeptin neurons. We 

would expect this as ghrelin has been found not to have an effect on the expression of 

kisspeptin in this population of neurons (Forbes et al. 2009). 

5.4.8 Summary 

We systematically examined the hypothalamus for signalling markers of ghrelin activity. 

While we found that pCREB does not seem to signal any effects of ghrelin, we found that 
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pERK does so and in a largely inhibitory manner. As the ARC, DMH and VMH are known to 

have orexigenic actions, it is difficult to speculate whether this inhibition of pERK could be 

related to any reproductive effects of ghrelin. Possible effects of ghrelin in these regions 

include inhibition of kisspeptin neurons in the ARC, and stimulation of RFRP-3 in the DMH 

(through inhibition of pERK). Clearly there is more work to be done to elucidate any effects 

of ghrelin mediated by pERK in these regions, as well as further systematic examination of 

other possible ghrelin markers in the hypothalamus, such as c-Fos and AMPK. 
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Chapter 6 – Experiment Three 

6.1 Introduction 

In this experiment we aimed to test a hypothesised mechanism by which ghrelin may 

suppress the LH pulse frequency. Evidence is mounting of a CRH- and kisspeptin-mediated 

pathway between ghrelin and LH. CRH antagonists block the effect of ghrelin on LH in the 

rhesus monkey (Vulliemoz et al. 2008). Ghrelin administration down-regulates Kiss1 mRNA 

in the mPOA (Forbes et al. 2009). CRH administration is also known to down-regulate Kiss1 

mRNA in both the mPOA and Arc of the rat, with CRH-R1 and CRH-R2 receptors 

overlapping kisspeptin neurons (Kinsey-Jones et al. 2009). Putting all this together gives a 

possible pathway, shown below.  

  

Figure 6.1 Proposed pathway by which ghrelin affects LH levels. 

To examine whether CRH is a mediator between ghrelin and kisspeptin (and, in turn, the 

GnRH neurons), we administered ghrelin with and without prior administration of a CRH-R2 

antagonist, Astressin-2B, and then examined kisspeptin mRNA levels in the hypothalamus. 

Ours is the first study examining this pathway. 

+ 

+ 

- 

+ 

CRH 
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6.2 Methodology 

For more detailed descriptions of the methodology, see chapter 3. Forty adult female 

Sprague-Dawley rats were obtained and housed in group housing (10 to a cage). All 

underwent ovariectomy and had an oestradiol capsule for rats containing 100μg/mL β-

oestradiol inserted. This concentration, which will give oestradiol levels higher than that in 

di-oestrous (but should not completely suppress LH secretion (Steyn et al. 2007)), was given 

to artificially boost kisspeptin levels in the AVPV ((Garcia-Galiano et al. 2011) in order to 

have more sensitivity to detect any suppressive effects on kisspeptin there. From then, the rats 

were housed in individual caging. Six days later the rats underwent ICV cannulae 

implantation. On day 10, the rats were organised in 5 groups, and injected via the ICV 

cannula with the following: 

Group name First injection Second injection 5min later 

Saline (S) Saline 4μL Saline 4μL 

Saline + Ghrelin (SG) Saline 4μL 3nmol Ghrelin in 4μL saline 

Astressin-2B + Ghrelin (AG) Astressin-2B 27nmol in 4μL 

saline 

3nmol Ghrelin in 4μL saline 

Saline + Astressin-2B (SA) Saline 4μL Astressin-2B 27nmol in 4μL 

saline 

Saline + CRH (SC) Saline 4μL 5μg CRH in 4μL saline 

Table 6.1 Groups in experiment 6. All drugs were obtained from Sigma-Aldrich. The dose of ghrelin was 

based on (Fernandez-Fernandez et al. 2005). The dose of astressin-2B was based on (Li et al. 2006). The 

dose of CRH was based on (Kinsey-Jones et al. 2009). 

The rationale for the groups in Table 6.1, based on the hypothesised pathway in Fig. 6.1, was 

that if ghrelin‟s inhibitory actions on kisspeptin occur via CRH then ghrelin should suppress 

Kiss1 mRNA levels to a similar degree as CRH itself, but not in the presence of the CRH 

receptor antagonist astressin-2B. To determine the inhibitory tone of this pathway in the 

absence of exogenous ghrelin treatment, astressin-2B was given alone to some rats (group 

SA) as CRH-R shows some constitutive activity (Lebrethon, Aganina et al. 2007). One group 

was given CRH in order to compare with the ghrelin group to see if ghrelin has effects above 

that of CRH, which would be indicatory of ghrelin acting not only through a CRH-mediated 

pathway. 
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15 minutes following the second injection the rats were decapitated and their brains snap 

frozen in aluminium foil on dry ice. Later, the hypothalami were dissected out, separated into 

an anterior and posterior division and each division weighed in a tube to ensure consistency. 

The tissues were divided using a razor blade, beginning the cut at the base of the pituitary 

stalk, angled slightly caudally (figure 7.2.1), a technique used by (Quennell et al. 2011). This 

would result in the AVPV and ARC kisspeptin populations being divided as well as leaving 

the PVN in the caudal division. As these are the largest kisspeptin populations in the 

hypothalamus (Dungan et al. 2006), we would expect the kisspeptin levels, when adjusted for 

tissue size, in the hemi-hypothalami would reflect the kisspeptin levels of the respective 

kisspeptin nuclei. The samples were homogenised and the RNA extracted which was then 

reverse-transcribed and underwent RT-PCR for the housekeeper genes β-actin, β2-

microglobulin and the target gene Kiss1. 

 

Figure 6.2 Diagram of inferior surface of rat brain with area around hypothalamus extracted (red) and line through 

the pituitary stalk in the centre of the image sliced to separate anterior and posterior portions (green).  

The efficiencies of the genes were measured and found to be 94% for β-actin, 108% for Kiss-

3 and 116% for β2-microglobulin. Thus β-actin was used over β2-microglobulin for analysis 

as the latter did not fall within the standardly accepted 90-110% range. These genes had been 

used previously by our lab to measure kisspeptin mRNA (Quennell et al. 2010). 
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6.2.1 Data analysis 

The following method for calculating the relative ratio of housekeeper gene to gene of 

interest uses a modified method of adjusting for efficiencies as presented in (Yuan et al. 

2008). Raw data came as the Ct, the cycle threshold. Duplicates were averaged and adjusted 

for efficiency with the formula Ctadj = Ct * PAE; PAE being the percentage of full 

amplification efficiency (calculated to be 94.4% for β-actin and 108% for Kiss-3). The Ctajd 

of the housekeeper (i.e. β-actin) was then subtracted from that of the gene of interest 

(i.e.kisspeptin) for the respective tissue samples to give ΔCt. ΔCt was then raised to the 

power of 2 to produce a unit-less value that represented the amount of mRNA (mRNAamount). 

The mRNA amount was then multiplied by the tissue size weighed earlier to produce mRNA-

adj. This volume was then divided by the average of the control group‟s mRNAadj to give a 

value of the relative difference between this sample and the control group (termed ΔΔCt). 

Kisspeptin 

Ct 

Kisspeptin 

Ctadj 

β-actin 

Ct 

β-actin 

Ctadj ΔCtadj mRNAamount 

Tissue 

Size (mg) mRNAadj ΔΔCt 

25.5 27.7 18.9 17.8 9.9 982.6 467.0 458856.6 1.6 

Table 6.2. Example row showing the processing of raw data on the left to the final output, ΔΔCt, of the RT-PCR results. The 

average mRNAadj of the control group was 270000, and thus the final relative value of ΔΔCt is 458856/270000= 1.6. 

 

Duplicate plate controls (from a master sample) were included at the end of each plate. No 

variation great enough to justify adjusting results between plates was found. Control samples 

from which reverse transcriptase was omitted, or replacement of cDNA sample with H2O did 

not show contamination in any plates. 

This experiment consisted of multiple groups being compared to a standard group. This was 

analysed by using one-way ANOVA with Dunnett’s multiple comparisons test. Comparisons 

between non-standard groups were analysed using one-way ANOVA with Tukey’s multiple 

comparisons test. This was done using GraphPad Prism. Statistical significance was given at 

p<0.05. 
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6.3 Results 

6.3.1 One-off serum LH 

Serum LH concentration was measured from samples at the time of euthanasia to assess the 

level of HPG axis activation, although the pulsatile secretion pattern of this hormone limits 

the usefulness of one-off sampling. There were no significant differences in LH concentration 

between groups compared to each other, although an insignificant trend of decreased LH for 

the saline+ghrelin group compared to the saline group (p=0.095) was noted when the two 

groups were compared alone. This appears to be reversed by the astressin-2B (Fig. 6.3). 

 

Figure 6.3: One-off LH samples of the rats. Dashed line passes through group S for comparison to other groups. One 

way ANOVA showed p=0.2873. Error bars show standard error of the mean. (Groups were administered: S, saline; 

SG, saline followed by ghrelin; AG, astressin-2B followed by ghrelin; SA, saline followed by astressin-2B; SC, saline 

followed by CRH). (One-way ANOVA p=0.134 followed by Newman-Keuls Test) 

 

6.3.2 qPCR mRNA levels 

Unlike the LH data, there was no trend observable for Kiss1 mRNA, with the one-way 

ANOVA showing no difference between any of the groups in either the rostral (p=0.4348) or 

caudal (p=0.9239) divisions.  
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Figure 6.4 Relative fold-changes in rostral, thus AVPV, Kiss1 mRNA between groups. Blue dots are individual results 

while the error bars represent the standard error of the mean. (Groups were administered: S, saline; SG, saline 

followed by ghrelin; AG, astressin-2B followed by ghrelin; SA, saline followed by astressin-2B; SC, saline followed by 

CRH.) No statistical difference was found using the Newman-Keuls Multiple Comparison Test. 

 

Figure 6.5 Relative fold-changes in caudal, thus ARC, Kiss1 mRNA between groups. Blue dots are individual results 

while the error bars represent the standard error of the mean. (Groups were administered: S, saline; SG, saline 

followed by ghrelin; AG, astressin-2B followed by ghrelin; SA, saline followed by astressin-2B; SC, saline followed by 

CRH.) No statistical difference was found using the Newman-Keuls Multiple Comparison Test. 
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6.4 Discussion 

6.4.1 Kiss1 expression 

In both the rostral and caudal samples we found no difference in Kiss1 mRNA levels between 

groups. This finding is surprising as it has been previously reported that administration of 

ghrelin lowers Kiss1 levels in the mPOA in rats (Forbes et al. 2009), and administration of 

CRH lowers kisspeptin levels in both the mPOA and ARC (Kinsey-Jones et al. 2009). Thus 

the lack of significant difference between groups S and SG, and S and SC, when used as 

benchmarks, suggests that there are methological differences between these studies and ours 

that caused the different results. Several methodological differences did exist between these 

studies and ours. 

 Timing of drug administration and perfusion 

The Kinsey-Jones paper (Kinsey-Jones et al. 2009) administered the same dose and product 

as our SC group (CRH from Sigma-Aldrich, 5μg in 4μL) but removed the brains 6 hours 

later, whereas we extracted the brains 1 hour later. They stated the rationale for the 6 hour 

wait was based on their experience of CRH and its receptor because there was no literature on 

the temporality of Kiss1 and Kiss1r response to stress. The Forbes paper also extracted the 

brains 6 hours post ghrelin administration, and referenced the Kinsey-Jones paper as the 

rationale for doing so. Although Kinsey-Jones mentioned that other time points may better 

reflect ghrelin-induced Kiss1 mRNA expression changes, it is a possible that our one hour 

wait may have been too brief. We will also be measuring the CRH mRNA in our combined 

rostral-caudal samples and may see a response in the SG group as CRH neurons are possibly 

acted on directly by ghrelin as the PVN expresses GHSR1a and thus the genomic response 

may occur earlier. 

 Drugs 

As previously mentioned, the Forbes paper (Forbes et al. 2009) administered 3nm ghrelin 

intravenously while we administered the same dose intracerebroventricularly. This is 

potentially a significant difference, with theirs presumably resulting in far lower 

concentrations of ghrelin reaching the brain but higher levels of ghrelin in the periphery, 

which could have an impact as there have been reports that ghrelin‟s effects on the brain are 

mediated by the vagus nerve. However this appears to be contentious and the only reported 

effects being mediated are the orexigenic effects; ghrelin‟s reproductive effects are thought to 
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be mediated centrally (Castaneda et al. 2010). Thus our dosage which probably resulted in far 

higher levels of ghrelin in the brain compared to the Forbes paper would, if anything, be 

expected to give an increased result.  

 Oestradiol levels 

For this experiment we ovariectomised the rats and inserted an oestradiol capsule containing 

100μg 17β-oestradiol per mL of sesame seed oil. This concentration should give levels higher 

than that found in di-estrous, which is best mimicked by a 20μg/mL implant (Li et al. 2009). 

This concentration was given in order to boost the levels of kisspeptin at the AVPV, which 

are oestrogen-sensitive and increase in expression proportionally to levels of oestradiol, in 

order to better detect any suppressive effects of ghrelin on these neurons. However this might 

not have been wise as AVPV is thought to be responsible for the positive feedback on GnRH 

while it is the ARC which is thought to be responsible for the negative feedback which 

ghrelin would most likely be acting on. The ARC decreases in expression with increasing 

oestradiol levels (Garcia-Galiano et al. 2011). Thus by giving the dose of oestradiol that we 

did, we may have decreased the sensitivity to detect suppressive changes by already 

suppressing kisspeptin levels. 

Of these possible problems, I believe the lack of results from the RT-PCR was due to us only 

waiting one hour until extraction rather than six. This is hinted at by our finding of, although 

insignificant, results from the LH measurements and no mRNA results; suggesting that there 

was an effect of the drugs, but was only slightly detected through the LH measurements. 

6.4.2 Plasma LH levels 

In a previous study, intravenous administration of ghrelin increased the LH inter-pulse 

interval one hour after administration, which returned to basal level 2-4 hours after 

administration (Forbes et al. 2009). This timing matched that used in the current experiment. 

Our result that ghrelin tended to decrease serum LH levels shortly after ICV administration, 

although insignificant, is in line with previous reports (Fernandez-Fernandez et al. 2005) 

which also measured the pulsatile and variable one-off serum LH sample but had a larger 

sample group size to gain statistical significance. That centrally-administered ghrelin is able 

to decrease serum LH levels earlier than kisspeptin mRNA (provided the mRNA results are 

correct) is perplexing and requires further investigation and verification. 
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The effect of ghrelin on LH levels appeared to be reversed by the prior administration of 

astressin-2B. This is shown by the restoration of levels in group AG compared to SG; while 

the lack of increase in LH levels in group AS compared to S suggesting that this effect is not 

a result of the antagonist alone, independent of ghrelin. It may have been more prudent to 

start off with a non-selective CRH receptor antagonist, and only if that had shown positive 

results should we then have used a more selective antagonist to specify which receptor is 

mediating any effect of ghrelin‟s. The CRH-R2 antagonist was based on a previous paper 

which had shown that CRH-R2 mediated more types of stress-induced reproductive 

suppression (e.g. restraint-induced, LPS-induced, etc) than CRH-R1 (Li et al. 2006). Our 

results were insignificant but did suggest that CRH-R2 antagonism reversed the effect of 

ghrelin on LH levels. As CRH has 15 times more affinity for CRH-R1 than –R2 (ligands with 

more affinity for CRH-R2 include urocortin II) it was then inappropriate for us to administer 

CRH in this experiment, as the experiment was effectively examining the role of CRH-R2 as 

a mediator of ghrelin-induced LH suppression. Having said this, it is interesting to note that 

our results suggested that CRH administration had no effect on LH. This may be explained by 

the relatively poor selectivity of CRH for CRH-R2 mentioned above, but is inconsistent with 

previous reports showing that CRH does decrease LH levels (Cates et al. 2004; Vulliemoz et 

al. 2008). The methodology used in the Cates paper is essentially the same as ours and thus 

our conflicting results are puzzling.  

6.4.4 Summary 

This experiment attempted to validate a proposed pathway that ghrelin suppresses LH. We 

investigated two factors in our hypothesised pathway. Firstly, whether kisspeptin is mediated 

by CRH to decrease LH pulsatility and secondly, whether the pathway involved CRH-R2 

receptors. Although tentative due to the one-off sampling method and lack of statistical 

significance, we do have slight evidence from our LH results that at least the CRH-R2 

receptor is involved in mediating this pathway. Our data were not able to provide any support 

for an intermediary role for kisspeptin in this pathway, and so the hypothesised pathway 

should be critically reviewed.  
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Chapter 6 – General Discussion 

This study attempted to elucidate several aspects of ghrelin‟s actions on the HPG axis. We 

encountered several interesting findings. 

6.1 Experiment 1: Ghrelin is sufficient but not necessary to inhibit the pre-

ovulatory LH surge 

In our first experiment, that of chapter 3, we discovered that administration of ghrelin prior to 

the pre-ovulatory LH surge is able to disrupt the surge. The possibility of this being a 

capability of ghrelin has been suggested previously (Forbes et al. 2009). This finding is 

intriguing and will need to be further examined to characterise the mechanism by which it 

occurs. One possibility which was suggested in the previously mentioned paper was that 

inhibition of mPOA kisspeptin, speculated to be a mediator of oestrogenic positive feedback, 

is a possible cause. This could be tested using brains from the animals of this study by 

staining for activation of these cells (e.g. using c-Fos colocalisation). While ghrelin per se is 

sufficient to inhibit the pre-ovulatory LH surge, we found that fasted ghrl-ko mice do not 

surge, suggesting other mediating factors also inhibit this surge mechanism during fasting 

and thus ghrelin is not necessary for the infertility resulted by fasting. In this regard, we 

tested if ghrelin and leptin might act in a redundant fashion to mediate fasting-induced surge 

suppression, but the present data do not support this since combined ghrl knockout and leptin 

replacement still was unable to restore the surge. 

6.2 Experiment 2: pERK as a marker of ghrelin activity in the hypothalamus 

In experiment 2 we found that administration of ghrelin tends to dephosphorylate pERK 1/2 

in the ARC, VMH and DMH nuclei. Due to scant evidence on the pathways through which 

ghrelin acts in the brain we cannot speculate as to the implications of these changes; however 

that pERK does seem to be affected in the hypothalamus by ghrelin may be useful for future 

immunohistochemical studies in this area. Ghrelin may be activating MAP kinase 

phosphatases (for example HVH2, CL100 or MKP1), which dephosphorylate pERK (Guan 

and Butch 1995). Ghrelin and the MAPK/ERK 1/2 pathway has already been implicated 

together, however these previous studies found ghrelin to be an activator of ERK, which 

would have been the equivalent of an increase in pERK, and thus somewhat contradict our 

findings (Nanzer et al. 2004; Liang et al. 2012). Therefore more work would be needed to be 

done to, firstly, test the validity of our findings and, secondly, characterise the mechanism 

between these discrepancies. It would also be informative to know the proportion of GHSR-
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containing cells that responded with a change in pERK, but this would require identification 

of the cell‟s that express this receptor by some technique such as transgenic GFP expression. 

6.3 Experiment 3: CRH as a mediator of ghrelin’s suppression of LH 

pulsatility 

There were no significant differences in mean LH levels between groups in experiment 3. 

Nevertheless, there was an insignificant trend towards suppression of LH by ghrelin whereas 

this suppression was not seen in the astressin-2B-ghrelin group in experiment 3 which might 

suggest that CRH-R2 acts as a mediator of ghrelin‟s suppression of LH pulsatility. This 

would be in line with a previous study which found the CRH-R to be a mediator of  this 

effect (Vulliemoz et al. 2008), and further characterises this mediation by suggesting that it 

may be specifically the –R2 receptor subtype is involved. However clearly it will be 

necessary to undertake further studies on this than relying on statistically insignificant results. 

Unfortunately we did not obtain informative results on whether kisspeptin is involved in this 

pathway, and thus further work will need to be taken to examine this possibility and to further 

elucidate the hypothesised pathway. 

 

6.4 Limitations 

The limitations of each experiment are discussed in detail in their respective discussions. 

However here I will summarise the most salient points and add limitations that apply to all 

experiments.  

Drug Dosage 

Administration of the metabolic hormones ghrelin and leptin were in order to attempt to 

simulate a physiological level in the animals administered to. We cannot ensure that this was 

achieved, however the dosage of drugs we administered either to rats or mice were either 

based on previous work found in the literature or our own pilot studies and we are confident 

that we were close in achieving physiological levels. 

Immunohistochemistry 

Immunohistochemical studies have inherent limitations as they quantify the absolute number 

or proportion of cells within a population expressing a particular molecule, but cannot 

quantify the amount of molecule within a cell (western blotting is used for this). Thus we 
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would not be able to distinguish any effect of ghrelin on these molecules were they slight, 

albeit cell population-wide, changes.  

6.5 Future directions 

As mentioned in the discussion of chapter 3, we realised after this experiment that our fast of 

36 hours was a significant amount of time for mice and too long to be considered purely an 

acute fast. Thus we will be repeating this experiment with an 18 hour fast in order to describe 

the role of ghrelin and leptin on reproduction in an acute-fast setting. 

Further characterisation of the responses of various signalling molecules in the hypothalamus 

to ghrelin will not only provide insight into how each molecule per se responds, but give 

clues as to the interactions between these molecules in any pathways ghrelin may be acting 

through. 

Although the results we obtained in experiment 3 provides some support for our hypothesised 

pathway, more work is needed to be done to provide evidence for aspects of the pathway 

such as whether ghrelin acts on CRH to act on kisspeptin. 

6.6 Conclusion 

Our study examined a wide scope within the narrow topic of ghrelin‟s effects on reproductive 

function in the hypothalamus. We discovered, to our knowledge the first time, that ghrelin 

administration plays a role in the positive feedback of LH and is able to prevent the pre-

ovulatory LH surge. We examined the effect of two signalling molecules‟ response to ghrelin 

administration and found that of pCREB and pERK 1/2, the latter appears to be modulated by 

dephosphorylation in the hypothalamus by ghrelin. Finally we proposed - and obtained some 

evidence supporting aspects of - a hypothesised pathway through which ghrelin suppresses 

LH pulsatility.  
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Appendix A – Solutions and buffers 

Lysis buffer (make to 1L with H2O; pH to 8.5 with conc. HCL) 

12.11g Tris base (100mM) 

1.86g EDTA (5mM) 

2g SDS (0.2%) 

11.68g NaCl (200mM) 

Proteinase K is added at 1:200 just before use. 

 

TE buffer (make to 1L with H2O; pH to 8.5 with conc. HCL) 

1.211g Tris base (10mM) 

0.372g EDTA (1mM) 

 

TBE buffer (Tris-Borate-EDTA; make to 1L with H2O; pH is 8.3) 

108g Tris base 

55g Boric acid 

9.3 EDTA 

 

0.5M Phosphate buffer 

68.0g NAH2PO4.H2O (mono) 

89.0g Na2HPO4.2H2O (di) 

1L dH2O 

pH to 7.2 

 

0.05M Sodium bicarbonate solution 

84mg NaHCO3 

100mL dH2O 

pH to 7.2 

 

RIA buffer    1L  4L 

0.5M phosphate buffer  80mL  320mL 

EDTA     3.75g  15.0g 

NaCL     8.75g  35.0g 
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Sodium Azide    1.0g  4.0g 

Bovine serum albumin  5.0g  20.0g 

dH2O     920mL  3.7L 

pH to 7.1 

 

5% PEG buffer   1L  4L 

Polyethylene glycol (PEG)  50g  200g 

0.05M phosphate buffer  1L  4L 

(note: this will be diluted from 0.5M phosphate buffer) 

 

5% BSA buffer 

10mL 0.05M phosphate buffer 

100mg Na Azide 

500mg BSA 

 

0.05M Tris-buffered saline (TBS) 

12.12g Trizma HCL 

2.8g Trizma base 

17.4 NaCl 

2L H2O 

pH to 7.3 

 

TBS-Triton-X (TBS-TX) 

1mL Triton-X per 1L TBS 

 

TBSTX-BSA (0.25% BSA) 

0.25g Bovine serum albumin 

100mL TBSTX 

 

Paraformaldehyde (2L) 

13.8g NaH2PO4.H2O,  

17.8g Na2HPO4.2H2O, 

The above is added to 1L of dH2O and mixed to dissolve. 
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80g Paraformaldehyde (PFA), 

3mL NaOH (5N) 

The above two are added to 1L dH2O and heated to 55°C and mixed to dissolve 

The 1L of salt solution is added to the paraformaldehyde solution. 

pH to 7.2.  

Store at 4°C 

 

Wash solution for rat perfusions 

0.3mL heparin (5000iu/mL) per 500mL saline 

 

30% Sucrose 

30g sucrose 

100mL 0.1M PO4 buffer 

pH to 7.2 

 

Cryoprotectant (1L) 

300g sucrose 

10g PVP 

300mL ethylene glycol dissolved in 500mL 0.1M PO4 buffer 

Make up to 1L with dH2O 
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Appendix B – Conference Proceedings 

 

J.P. van Rooyen, J.H. Quennell, G.M. Anderson. (2011) Ghrelin is sufficient but not 

necessary to suppress the LH surge in an acute fast. Medical Sciences Congress 2011. 
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