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Abstract 

This thesis has used in vitro and in vivo studies to investigate the role of the RF-amides 

kisspeptin and RFRP-3 in the control of GnRH secretion in the ram. Specifically, it tested the 

hypothesis that RFRP-3 and kisspeptin are involved in the negative feedback actions of 

testicular hormones on GnRH and hence LH secretion in the merino rams. To address this 

hypothesis, the three main aims of the study were: 

1. To determine whether RFRP-3 and kisspeptin neurons in the ram hypothalamus are 

targets for testicular hormones and if RFRP-3 and kisspeptin neurons interact with 

GnRH neurons. 

2. To analyse the fibre interactions between RFRP-3 and kisspeptin with GnRH neurons in 

the ram hypothalamus and to determine if testicular hormones influenced this 

relationship.  

3. To determine whether RFRP-3 regulates LH secretion in the ram. 

Initially the focus for the experiments in this thesis was on RFRP-3. The first study of this thesis 

used in situ hybridisation to determine the effect of castration on RFRP-3 mRNA expression in 

the ram hypothalamus. Wether tissue showed significantly fewer numbers of cells containing 

RFRP-3 mRNA than intact rams, and only in the most caudal region of the DMH. All other 

regions were not different between the two groups. This suggests that testicular hormones 

may regulate RFRP-3 gene expression.  

To determine whether RFRP-3 neurons are direct target for testicular steroid hormones the 

second study used dual label fluorescence immunohistochemistry to identify if RFRP-3 



 

 

 xv   

 

immunoreactive (-ir) neurons contained androgen receptors (AR) or oestrogen receptor α 

(ERα).  In addition, both the effect of testicular steroid hormones on this expression as well as 

the number of RFRP-3-ir cells was examined by comparing the numbers of RFRP-3 cells 

between rams, short and long term castrated rams. Tissue from ewes in the luteal phase of the 

oestrous cycle was included for a positive control only. No RFRP-3 cells expressed either AR or 

ERα in any treatment group, suggesting that testicular steroid hormones do not act directly on 

RFRP-3 neurons. The number of RFRP-3 cells however, was not significantly different between 

the male treatment groups. This result casts doubt as to whether RFRP-3 are part of the 

pathway by which testicular steroid hormones exert their feedback action on GnRH secretion. 

In light of this, the same tissue was used to determine whether kisspeptin-ir neurons 

expressed these sex steroid receptors and whether cell numbers changed with castration. 

While very few kisspeptin-ir cells were detected in the preoptic area (POA), there was a 

marked effect on the number of kisspeptin-ir in the arcuate nucleus (ARC). Numbers were near 

zero in intact rams, but were significantly higher in castrated animals, with the number being 

in proportion to time after castration. Virtually all of the kisspeptin cells in the ARC expressed 

both AR and ERα in the ARC of the wether and short term castrated ram.  This indicates that 

testicular hormones act on kisspeptin neurons in the ram hypothalamus, to inhibit kisspeptin 

expression.  This action is likely to be direct, possibly through both AR and ERα. 

The third study used immunohistochemistry and the same hypothalamic tissue as used for the 

previous study to investigate whether GnRH neurons received close appositions from RFRP-3 

and kisspeptin fibres, as well as whether reciprocal pathways existed.  The use of tissue from 

both intact and castrated animals allowed a determination of the effect of sex hormones on 
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the level of these fibre appositions.  An unexpected finding was a substantial (approximately 

80%) co-expression of GnRH and RFRP-3 in the POA.  This did not vary across the groups of 

male sheep.  Extensive tests were conducted to determine if there was a methodological 

explanation but no explanation was found and it was concluded that the double labelling was 

mostly likely real, although the significance of these cells is unclear.   

Another unexpected finding was that despite kisspeptin fibres being observed throughout the 

POA and anterior hypothalamic area (AHA), no kisspeptin fibres were detected in appositions 

to GnRH neurons, in any group.  In contrast, a small number of kisspeptin-ir cells in the most 

caudal part of the ARC did receive some contact from GnRH-ir fibres.  On the other hand, 

approximately 50% of GnRH neurons were apposed by RFRP-3 –ir fibres, which did not vary 

between treatment groups.  This indicates that RFRP-3 neurons are likely to regulate GnRH 

neurons in some way and may regulate LH secretion.  In addition, small numbers of RFRP-3 

neurons received GnRH fibre appositions, suggestive of a regulatory circuit, although the 

numbers of cells receiving this input was low, casting doubt on their physiological relevance.   

 

Interactions involving cells and fibres that were double labelled for both GnRH and RFRP-3 

were also observed.  Only 1-2 GnRH cells per section were observed that were apposed by 

double labelled fibres, while approximately 20-30% of double labelled cells were apposed by 

GnRH-ir fibres and 40-60% of double labelled cells were apposed by RFRP-3 –ir fibres.  The 

significance of this is unclear.   
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The last study of this thesis used in vivo experiments to investigate the extent to which RFRP-3 

can regulate LH secretion in the ram.  Since studies in other species had revealed both 

inhibitory and stimulatory actions on LH secretion, two experiments were conducted.  In the 

first experiment intact rams, which had low endogenous circulating LH levels, were given an 

intravenous infusion with RFRP-3 to determine if it would stimulate LH secretion.  The rams 

were then castrated for the second experiment to produce high circulating LH levels to allow 

the determination of whether intravenous infusion of RFRP-3 would inhibit LH secretion.  

Control treatment consisted of a saline infusion.  In both experiments neither saline nor RFRP-

3 had any effect on mean plasma LH levels or any parameter of pulsatile LH secretion.  This 

suggests that RFRP-3 may not have a significant role in the regulation of LH secretion in the 

ram.   

Overall these studies seem to have raised as many questions as it has asked.  A proportion of 

RFRP-3 neurons in the caudal ARC appear to be regulated by testicular hormones while the 

remaining RFRP-3 seems to not be.  Nonetheless a substantial proportion of GnRH neurons 

may receive input from RFRP-3 neurons, which provides the opportunity for direct regulation 

of GnRH secretion, possibly relaying the feedback actions of testicular hormones.  On the other 

hand, whole animal studies suggest that RFRP-3 may not be a significant regulator of LH 

secretion.  The role of RFRP-3 in the regulation of GnRH secretion in the ram, therefore, is far 

from clear.  The studies on kisspeptin neurons, on the other hand, provide clear evidence that 

in the ram they receive direct regulation by testicular hormones.  Unlike data from other 

species, however, there was no evidence that they interact with, and hence regulate GnRH 

neurons via the cell bodies.  Whether they regulate GnRH neurons at other sites and influence 

LH secretion in the ram remains unknown.   
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Nomenclature 

In the field of neuroendocrinology, there are a number of molecules which have multiple 

spellings and names. This thesis will use UK spelling. Below is a list of molecules that have 

multiple names stating the ones used in this thesis. 

Oestrogen and oestradiol: Oestradiol is the main type of oestrogen naturally produced in 

mammals of reproductive age. However the term oestrogen is frequently used in place of 

oestradiol. As these are commonly interchangeable, oestrogen is assumed to be oestradiol 

unless otherwise stated in this thesis.  

RF-amide related peptide-3 (RFRP-3) and gonadotrophin inhibitory hormone (GnIH): This 

hormone was originally named GnIH due to its inhibitory actions on gonadotrophin secretion 

in avian species (Tsutsui et al., 2000). However, some more recent studies in mammals have 

found the hormone to have either no significant effect (Prezotto et al., 2011; Thorson et al., 

2014; Decourt et al., 2015) or a stimulatory effect (Amano et al., 2006; Shahjahan et al., 2011; 

Ancel et al., 2012; Osugi et al., 2012) on gonadotrophin secretion. Therefore, in this thesis 

RFRP-3 will be used, as this term refers to its structure not to its function.  

Kisspeptin and metastin:  An in vitro study described metastin to be a peptide that regulated 

the migration of metastatic melanoma cells (Welch et al., 1994). However in a population of 

people suffering from hypogonadotrophic hypogonadism, the receptor for metastin was 

absent (de Roux et al., 2003; Seminara et al., 2003). This suggested metastin had a major role 

in reproduction. Since then various studies have extensively demonstrated the role of 

kisspeptin in regulating reproduction (Messager, 2005). Kisspeptin will be used in this thesis.  
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GPR147 and NPFFR1: These two names are used to identify the receptor that RFRP-3 acts 

through. In this thesis GPR147 will be used.  

Kiss1R, GPR54, AXOR12 and OT71175: These are all names used for the kisspeptin receptor. In 

this thesis Kiss1R will be used as it is known to be specific for kisspeptin. 
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1.1 Introduction 

Successful reproduction involves the synchronisation of many internal and external factors 

including olfactory, visual, nutritional and seasonal cues (Couse et al., 2003; Smith & Clarke, 

2010). Much of this synchronisation occurs within the brain but how this occurs is still poorly 

understood. The main brain region involved in reproductive synchronisation is the 

hypothalamus. This region contains neurons that secrete gonadotrophin releasing hormone 

(GnRH). These neurons are the principal pathway by which the brain regulates the 

reproductive system. GnRH is secreted from the hypothalamus into hypophyseal portal blood 

to stimulate gonadotroph cells in the anterior pituitary to synthesise and secrete the 

gonadotrophins; luteinising hormone (LH) and follicle stimulating hormone (FSH) (Millar & 

King, 1987; Thiery & Martin, 1991; Tilbrook & Clarke, 2001). The gonads are stimulated by the 

gonadotrophins to produce gametes and the sex steroids, specifically the testes to secrete 

testosterone, and ovaries to secrete oestrogen and progesterone. In males, testosterone is 

converted into either a more potent form, dihydrotestosterone (DHT) or oestradiol 

(oestrogen). These sex steroids can exert various actions throughout the body (thought to be 

up to 300 different actions), including regulation of the hypothalamo-pituitary-gonadal axis 

(HPG axis) (Figure 1.1). They are involved in regulating reproduction through a negative 

feedback action at the brain to regulate GnRH secretion and to a lesser degree at the pituitary 

gland to directly regulate gonadotrophin secretion (Tilbrook & Clarke, 2001). This thesis will 

focus on the male and therefore the hypothalamo-pituitary-testicular axis (HPT axis).  
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Hypothalamus 
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(GnRH) 
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Figure 1.1 The hypothalamo-pituitary gonadal (HPG) axis. 
Gonadotrophin releasing hormone (GnRH) is produced by neurons located in the 
hypothalamus. When released, GnRH is secreted into the hypophyseal portal blood where it 
travels to the anterior pituitary gland to release the gonadotrophins: luteinising hormone (LH) 
and follicle stimulating hormone (FSH). These, in turn, act at the gonads (ovary or testis) to 
regulate gametogenesis and to stimulate the synthesis and secretion of the sex steroids; 
testosterone, oestrogen and progesterone. These sex steroids exert a feedback action at the 
hypothalamus to regulate GnRH and at the anterior pituitary gland to regulate gonadotrophin 
secretion. This regulation is normally a negative feedback action to inhibit both GnRH and 
gonadotrophin secretion. However, in females, high oestrogen levels exert a positive feedback 
action to stimulate a surge of gonadotrophin secretion. A pathway that is not illustrated in this 
diagram is the FSH stimulatory effect on inhibin secretion from the ovaries and testis, which in 
turn has a negative feedback action directly on FSH secretion. Modified from (Pinilla et al., 
2012) 



 

 

6 

 

The feedback action of sex steroids is completed in one of two ways. Firstly, through a classical 

action that involves binding to specific nuclear receptors, which then bind to DNA and exert 

genomic changes (in gene transcription). Secondly, through membrane-bound receptors which 

create rapid actions through pathways such as ion channel activity and intra-cellular cascades 

(Toran-Allerand, Singh, & Setalo, 1999; Woolley, 1999; McEwen, 2001; Qiu et al., 2003). 

However, very few GnRH neurons contain receptors for sex steroids (Lehman & Karsch, 1993; 

Herbison et al., 1995). Herein lays one of the biggest questions about the HPG axis; how do 

GnRH neurons receive feedback from sex steroids? Many groups have speculated as to the 

different options, with the most popular being that there must be afferent neuron populations 

that could relay the signal to GnRH. Various mammalian studies have looked at potential 

neuronal candidates, with neurotransmitters belonging in the amino acid and peptide and 

catecholamine families (Harlan, 1988; Juss et al., 1991; Robinson, Kendrick, & Lambart, 1991), 

including RF-amide related peptide-3 (RFRP-3) and kisspeptin. The latter two are newly 

discovered and are classified in the RF-amide family. In the early 2000’s, both RFRP-3 and 

kisspeptin were discovered to have a role in reproduction and have been investigated for their 

potential role in controlling the HPG axis. These two neuropeptides have been extensively 

investigated in a variety of species, but primarily in females of this species. However, little is 

known about RFRP-3 and kisspeptin in the ram. 

This literature review is focused on GnRH secretion and its control in rams. When data is 

lacking in rams, reference is given to studies in males of other species and then in ewes with 

particular emphasis on the role of kisspeptin and RFRFP-3. 



 

 

7 

 

1.2 Gonadotrophin-releasing hormone  

GnRH is secreted into the portal blood vessels at the median eminence (ME) which enables it 

to regulate the anterior pituitary. This action is the final common pathway for brain control of 

reproduction (Clarke & Cummins, 1982; Moenter et al., 1992). GnRH is secreted in a pulsatile 

manner, whereby it influences the secretion of LH directly, whereas the secretion of FSH is not 

as dependant on GnRH pulses (Clarke & Cummins, 1985; Levine & Duffy, 1988). GnRH action 

occurs through its receptor, which is classed as a rhodopsin-like G protein-coupled receptor 

(GPCR) (Stojilkovic et al., 1994).  

The secretion of GnRH in mammals, however, is influenced by many factors including external 

factors such as stress, nutritional status and pheromones.  Stress, whether physical (poor 

nutritional status, hostile temperatures and farming management procedures) or 

psychological (isolation/restraint/presence of a barking dog) can suppress LH pulse frequency 

and the pituitary’s responsiveness to GnRH (Tilbrook, Turner, & Clarke, 2002; Turner et al., 

2002). These effects are only temporary, once a stressor is removed levels normalise, but the 

pathway for this is still unknown (Dobson et al., 2012).  Nutritional status (food intake, body 

condition and metabolism) in merino rams is a potent regulator for successful reproduction 

compared to other breeds (Thiéry et al., 2002; Blache, Zhang, & Martin, 2006). A diet that is 

highly digestible and energy dense (such as on that contains lupins), can double or triple LH 

pulse frequency in merino rams during the non-breeding season (Blache, Zhang, & Martin, 

2003). This effect is not seen in other breeds, where these effects on LH pulse frequency only 

happen during breeding season (Alkass, Bryant, & Walton, 1982; Blache et al., 2003). 

Nutritional status can also affect the ability of merino rams to respond to the introduction of a 
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novel ewe (Hötzel et al., 2003), as sheep are highly sensitive to pheromones via olfaction, 

auditory, visual or tactile stimuli, which are an important part of socio-sexual stimulation 

(Signoret, 1991; Rekwot et al., 2001). Reviews have discussed the efficiency of pheromones in 

stimulating reproduction in mammals including sheep (Rekwot et al., 2001), and have 

illustrated that ram-ewe interactions stimulate LH secretion in both sexes (Signoret, 1991). 

Whilst these external influences on GnRH secretion are important, the following section on 

GnRH in this literature review will focus on interactions between GnRH and other neuronal 

populations in the brain that regulate GnRH secretion.  

1.2.1 Discovery and Chemical structure  

The secreted GnRH is an active decapeptide cleaved from the pro-GnRH sequence, which is 

indicated in bold in Table 1.1. GnRH is comprised of L-amino acids, α-amino peptide links and a 

cyclised NH2-terminal Glu and COOH-terminal amide (Millar & King, 1987). Reviews have 

compared the amino acid sequence for GnRH between species, with over 20 different natural 

structural variants of GnRH formally identified (Flanagan, Millar, & Illing, 1997; Millar et al., 

2004). In Table 1.1, a comparison of the GnRH protein sequence in sheep and human 

demonstrates that in both species the active GnRH sequence is the same. In the early 1970’s, 

the amino acid sequence for GnRH was discovered in the pig (Matsuo et al., 1971), and then 

later found to be the same in sheep (Burgus et al., 1972). In 1974, the GnRH gene was found to 

be expressed in the rat hypothalamus (Pelletier et al., 1974). This sequence was thought to be 

the only GnRH gene sequence, however, there are three GnRH genes.  In 1984, a chicken study 

identified a second GnRH gene isoform in the midbrain (Miyamoto et al., 1984). This was 

consequently called GnRH-II (Miyamoto et al., 1984), with the first GnRH gene renamed as 
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GnRH-I.  Nearly a decade later, a third GnRH gene (dubbed GnRH-III) was discovered in fish 

(lamprey and salmon) (Sherwood et al., 1983; Sower et al., 1993). The different subtypes of 

GnRH and their receptors have been investigated extensively with GnRH-III being only found in 

fish (Vickers et al., 2004; Mohamed et al., 2007). A review concluded  that GnRH-I is the 

mediator for gonadotrophin secretion (Pawson & McNeilly, 2005).  , . A review concluded  that 

GnRH-I is the regulator of  gonadotrophin secretion (Pawson & McNeilly, 2005), as studies in 

rams found that GnRH-II had no effect on gonadotrophin secretion of gonadotrophin secretion 

(Gault, Maudsley, & Lincoln, 2003). Therefore, in this thesis, references to GnRH mean the 

GnRH-I subtype.  

 
Table 1.1 Comparison of GnRH protein sequence in sheep and humans. 

 
Shown above is the sequence for the pro-GnRH molecule before being cleaved into the active 
form of GnRH and the non-active sequence; GnRH associated peptide (GAP). Bold underlined 
text shows the active secreted form of GnRH-1 protein sequence in both the sheep and human 
and the yellow highlighting shows the non-active sequence (GAP) (Thomas et al., 1988).  The 
accession numbers used for sheep (Ovis aries) and human (Homo sapiens) GnRH protein 
sequence were Q28588 and P01148 respectively, to identify the protein sequence in the BLAST 
library.  Sourced from BLAST Consortium, 2012. 

Sheep  1 

51 

QHWSYGLRPGGKRNAKNVIDSFQEIAKEVDQPVEPKCCGCIVHQSHSPLR 

DLKAALESLIE----------------------------------------------------- 

50 

61 

Human 1  

51 

MKPIQKLLAG LILLTWCVEGCSSQHWSYGLRPGGKRDAENLIDSFQEIVK 

EVGQLAETQRFECTTHQPRSPLRDLKGALESLIEEETGQKKI 

50 

92 
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1.2.2 Location and projections of GnRH neurons  

The GnRH peptide is localised in large dense-core vesicles in the soma, dendrites, axons and 

terminals of GnRH neurons (Lehman et al., 1988a). The fibres from GnRH cells are long and 

have extensive branching, with most found in clusters, allowing for close appositions with 

neighbouring neurons (Lehman et al., 1986). The locations and fibre projections of GnRH 

neurons have been studied in a vast number of species including in the sheep. However, these 

sheep studies have been conducted in the ewe (Lehman et al., 1986; Lehman et al., 1988a; 

Jansen et al., 1997) and mapping of GnRH neurons and their projections is yet to be fully 

documented in the ram. One study has determined that GnRH is present in homogenised 

hypothalamic tissue from rams, with the highest levels in the medial basal hypothalamus 

(MBH) and ME, and lower concentrations in the anterior hypothalamus (AHA) and preoptic 

area (POA) (Ebling et al., 1987). This type of study, however, is unable to determine the 

location of GnRH cells within the hypothalamic regions. 

In ewes, the majority (95%) of GnRH cells are in the medial POA, with half of these cells found 

around the organum vasculosum of the lamina terminalis (OVLT) (Lehman et al., 1986; Caldani 

et al., 1988). GnRH cells are also found in the diagonal band of broca (dbB) and medial septum, 

supraoptic nucleus (SON), caudal region of the ventrolateral AHA and lateral hypothalamic 

area (LHA) (Lehman et al., 1986; Caldani et al., 1988; Jansen et al., 1997; Pompolo, Rawson, & 

Clarke, 2001), with very few cells (1–2% of the population) found in the arcuate nucleus (ARC) 

(Lehman et al., 1986), however later studies have shown a somewhat higher percentage of 

ovine GnRH cells in the MBH (Jansen et al., 1997). 
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Projections of the mPOA population of GnRH neurons extend to the infundibular sulcus of the 

ME in  ewes (Lehman et al., 1986; Caldani et al., 1988), via two different routes, with most 

projections going above the optic tract in the AHA and LHA  and the rest extend around the 

third ventricle and through the periventricular nucleus (PeVN)) (Lehman et al., 1986). Using 

retrograde tracing, GnRH fibre projections to the ME were found to originate from populations 

in the POA, dbB, SON, AHA and MBH regions in ewes (Jansen et al., 1997). However there were 

no significant differences in the percentage of GnRH cells from each area (around 27%), even 

though the population of GnRH cells in the POA is far greater than other populations (Jansen et 

al., 1997). 

1.2.3 Neural inputs to GnRH neurons  

The identity of neurons in the brainstem and hypothalamus that regulate GnRH neurons has 

been extensively studied. In general, the most extensively studied neurotransmitters 

regulating GnRH secretion include the amino acids; glutamate and y-aminobutyric acid (GABA), 

the peptides; β-endorphin and NPY and the catecholamines; noradrenalin, adrenaline and 

dopamine (Juss et al., 1991; Robinson et al., 1991). In the mPOA, the principal regulation of 

GnRH secretion is by glutamate and GABA neurons (Dobson et al., 2003). Whether these two 

neuron populations have a stimulatory or an inhibitory effect on GnRH secretion is still 

debatable, as results differ depending on the type of study. Electrophysiological studies using 

brain slices from female and male mice found that a direct application of GABA onto GnRH 

neurons was inhibitory (Han, Abraham, & Herbison, 2002; Han, Todman, & Herbison, 2004). In 

comparison, another study using electrophysiology showed that local application of GABA on a 

GnRH cell line caused a stimulatory effect on GnRH cells (Hales, Sanderson, & Charles, 1994). 
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Studies using whole animals found a different result, ICV treatment (10µg) of  a GABA agonist 

inhibited LH secretion (and theoretically GnRH secretion) in OVX and OVX+E ewes (Scott & 

Clarke, 1993). These differing results highlight the varying possibilities in which GABA can 

influence GnRH neurons, whether GABA acts by inhibiting stimulatory inputs or stimulating 

inhibitory inputs, both of which depend on subtypes of GABAergic receptors involved.  

Investigations of potential neurotransmitters involved in regulating GnRH secretion are either 

from pharmacological or neuroanatomical backgrounds. Pharmacological studies usually 

involved the treatment with different neurotransmitters or their antagonists to determine 

their effects on GnRH secretion. Neuroanatomical studies have used three main methods to 

determine the pathways by which neurotransmitters regulate GnRH neurons. These methods 

include analysing synaptic inputs using retrograde tracing, electron microscopy, fibre 

appositions using confocal microscopy and identifying the expression of receptors in GnRH 

neurons. Table 1.2 lists the different neurotransmitters that have been investigated in the ram 

and ewe in both neuroanatomical and pharmacological studies.   
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Table 2.2 A compilation of studies determining the role of neurotransmitters have in 
regulating GnRH secretion in mammals. 
 

Possible neural populations 
regulating GnRH secretion 

Species References 

GABA (inhibitory) Ewe 

 

(Scott & Clarke, 1993; Robinson, 1994; Jansen 
et al., 2003; Pompolo et al., 2003; Sliwowska et 
al., 2006; Ghuman et al., 2008) 

Ram (Ferreira et al., 1996; Ferreira et al., 1998; 
Jackson, Wood, & Kuehl, 2000; Jackson & Kuehl, 
2002) 

Glutamate (stimulatory) Ewe (Estienne et al., 1990; Hileman, Schillo, & 
Estienne, 1992; Pompolo et al., 2003) 

Ram (Lincoln & Wu, 1991; Kumar, Lincoln, & 
Tortonese, 1993) 

NPY (inhibitory) Ewe  (Porter et al., 1993; Barker-Gibb et al., 1995; 
Estrada et al., 2003; Pompolo et al., 2003) 

β-endorphin (inhibitory) Ewe  (Curlewis et al., 1991; Whisnant, Curto, & 
Goodman, 1992; Conover et al., 1993) 

Ram (Lincoln, Ebling, & Martin, 1987; Tortonese, 
1999) 

Dopamine (inhibitory) Ewe (Lehman, Karsch, & Silverman, 1988b; Havern, 
Whisnant, & Goodman, 1994; Pompolo et al., 
2003) 

Ram (Tortonese & Lincoln, 1994; Tortonese, 1999) 

Noradrenaline (mostly 
stimulatory) 

Ewe (Lehman et al., 1988b; Scott, Cummins, & 
Clarke, 1992; Clarke & Scott, 1993; Clarke et al., 
1999; Pompolo et al., 2003) 
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1.2.3.1 Neural inputs of RFRP-3 and kisspeptin onto GnRH neurons 

No published studies have investigated possible interactions between GnRH neurons and 

either RFRP-3 or kisspeptin neurons in the ram hypothalamus, but these have been 

investigated in the ewe and in males of other mammalian species. RFRP-3 neuronal fibres were 

found to have close appositions with GnRH neurons in ewes, with approximately 60% of GnRH 

neurons having close appositions from RFRP-3 fibres (Qi, Oldfield, & Clarke, 2009). RFRP-3 has 

been shown to potentially regulate GnRH secretion directly as dual label in situ hybridisation 

found a third of GnRH neurons expressing the RFRP-3 receptors (GPR147) mRNA in both sexes 

of rats (Rizwan et al., 2012) and up to 86% in hamsters (Ubuka et al., 2012). Whether this is the 

same in the ram or ewe is unknown.  

No studies have investigated kisspeptin inputs onto GnRH neurons in rams, but in ewes, 

kisspeptin fibres interact with around 40-50% of GnRH neurons in the POA and MBH, as well as 

some GnRH neurons in the AHA. The expression of kisspeptin receptor (Kiss1R) in GnRH 

neurons has been demonstrated in both sexes of mice (Han et al., 2005; Messager et al., 

2005), and  in male rats, where approximately 77% of GnRH neurons contained Kiss1R (Irwig et 

al., 2004). . Since male rats and mice have kisspeptin inputs onto GnRH neurons, it is likely that 

the ram does too, but this has not been tested. 

1.2.4 Effects of sex steroids on GnRH 

Both androgens and oestrogens are involved in regulating the GnRH and LH secretion 

throughout the reproductive cycle in the ram (Goodman, 1994; Tilbrook & Clarke, 2001). 

(Schanbacher & Ford, 1977). The following sections of this literature review discuss the current 
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understanding of how testosterone and oestrogen signal GnRH neurons to regulate their 

secretion.  

1.2.4.1 Testosterone  

Testosterone is the main androgen produced in males (Sherwood, Klandorf, & Yancey, 2005). 

Androgens are primarily secreted by Leydig cells found within the testis, with a small amount 

secreted from the adrenal glands (Kokontis & Liao, 1998; Roy et al., 2001). In rams, 

testosterone exerts a negative feedback action to suppress LH secretion (Tilbrook & Clarke, 

2001). This occurs via an inhibition of GnRH secretion rather than a direct action on 

gonadotroph cells in the anterior pituitary (Tilbrook et al., 1991). Analysis of hypophyseal 

portal blood found that chronic testosterone treatment to castrated rams significantly reduced 

GnRH (and subsequently LH) pulse frequency and mean GnRH but not the amplitude of the 

pulses (Jackson, Kuehl, & Rhim, 1991; Tilbrook et al., 1993). Testosterone acts through 

androgen receptors either in its existing form or following conversion to DHT, which is more 

potent. This conversion is due to the action of the enzyme (5α reductase, which is found in the 

prostate, epididymis, seminal vesicles and testis) (Gloyna & Wilson, 1969; Folman, Haltmeyer, 

& Eik-Nes, 1972; Sherwood et al., 2005). Testosterone can also be converted to oestradiol, due 

to the action of the enzyme aromatase, to act on oestrogen receptors (Sherwood et al., 2005). 

Oestradiol in males is made within the brain or Sertoli cells found in the seminiferous 

epithelium of the testis due to the presence of aromatase in those organs (Griswold, 1998; 

Rato et al., 2010).   
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1.2.4.1.1 Androgen receptors 

Androgen receptor proteins (AR) are classified under the nuclear receptor superfamily 

(Kokontis & Liao, 1998). The AR has an N-terminal domain, a zinc finger DNA-binding domain 

and a C-terminal ligand binding domain (Gelmann, 2002; Ryan & Tindall, 2011). AR interacts 

with hormone responsive elements (HRE) within the promoter region of target genes (Gobinet, 

Poujol, & Sultan, 2002). After ligand binding at the C-terminal domain, the AR protein relocates 

from the cytoplasm into the nucleus (Brinkmann et al., 1999; Roy et al., 2001; McEwan, 2004). 

Like most steroid receptors, AR binds DNA in a homodimeric fashion by forming a saline bridge 

(Gobinet et al., 2002). Once inside the nucleus, AR can regulate the transcription and 

expression of androgen responsive target genes through the DNA binding domain (Brinkmann 

et al., 1999; Roy et al., 2001; McEwan, 2004). A more in depth review on AR and its selective 

DNA binding to androgens can be found at (Claessens et al., 2001).  

1.2.4.1.2 Location of androgen receptors 

Using both immunohistochemical and in situ hybridisation techniques, on ram hypothalamic 

tissue, large numbers of AR expressing cells were found in the mPOA, bed nucleus of the stria 

terminalis (BNST) and AHA, including the paraventricular nucleus (PVN), distributed 

throughout the medial and lateral ventromedial hypothalamus (VMH), ARC and 

premammillary nucleus (PM) (Herbison et al., 1996; Scott et al., 2004). Other 

immunohistochemical studies have identified AR in these same locations in the rat and 

monkey brain (Clancy, Bonsall, & Michael, 1992; Lorenz, Garcia-Segura, & DonCarlos, 2005).  

Androgen receptors have also been identified in the anterior pituitary of the ram and male rat 
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(Samperez & Jouan, 1979; Thieulant & Pelletier, 1979; Burgess & Handa, 1993), although the 

identity of the cell types that express these receptors is not known.   

1.2.4.1.3 Identity of neurons that express Androgen receptor.  

Double labelled immunohistochemistry demonstrated that very few (2 out of 460) GnRH 

neurons expressed AR in the ram hypothalamus (Herbison et al., 1996). On the other hand, 

Herbison and colleagues (1996) found approximately 50% of AR-ir cells were somatostatin 

neurons in the lateral VMH; with only 5% of AR cells in the PeVN identified as somatostatin 

neurons. Similarly, in male rats, 75% of somatostatin-containing neurons in the PeVN co-

expressed AR (Bingaman et al., 1994). AR has also been found to be co-expressed in a small 

proportion of cells in the AHA of rams that contain the enzyme  tyrosine hydroxylase, a marker 

for dopamine (Herbison et al., 1996) and in male rats, a third of galanin-expressing cells in the 

BNST or in corticotrophin-releasing hormone, vasopressin or oxytocin expressing neurons 

containing AR (Bingaman et al., 1994). However in the same year, another research group 

found that 90% of vasopressin neurons in the BNST and 5% in the PVN expressed AR, with 50% 

of oxytocin neurons expressing AR in the PVN (Zhou, Blaustein, & De Vries, 1994).  

Currently no studies have been published on the co-expression of AR with kisspeptin or RFRP-3 

in the sheep although both AR and kisspeptin are found in the mPOA and ARC indicating that 

co-expression is possible. Over 85% of KNDy neurons in the ovine ARC express AR. In male rats, 

using double labelled in situ hybridisation, 64% of kiss1 mRNA-expressing cells in the ARC 

expressed AR mRNA (Smith et al., 2005b), and in male mice, 60% of neurokinin B (NKB)  

neurons in the ARC expressed AR (Ciofi et al., 1994). Studies in both male and female mice and 
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Syrian hamsters found virtually no RFRP-3 neurons expressed ER (Maywood, Bittman, & 

Hastings, 1996; Kriegsfeld et al., 2006; Kriegsfeld et al., 2010; Poling et al., 2012).  

1.2.4.1.4 Testosterone negative feedback  

Testosterone regulation of GnRH secretion in the ram has been extensively reviewed by 

Hileman and Jackson (1998) and Tilbrook and Clarke (2001). Castrated rams have a higher 

mean and pulse frequency of LH compared to intact rams (Caraty & Locatelli, 1988), suggesting 

the removal of the testis also removes a major factor involved in regulating GnRH secretion. 

That this factor is testosterone is indicated by studies in wethers and short term castrated 

rams where peripheral treatment with testosterone resulted in a significant decrease in mean 

LH secretion and/or pulse frequency (Rhim, Schaeffer, & Jackson, 1993; Hileman et al., 1994; 

Hileman et al., 1996; Blache et al., 1997). However, DHT treatment in castrated and 

cryptorchid rams did not suppress gonadotrophin secretion suggesting that DHT does not have 

a role in the negative feedback action on gonadotrophins (Schanbacher & Ford, 1977). 

However, more recent studies found a decrease in plasma LH levels and increase in LH 

interpulse intervals in wethers treated with testosterone, and DHT compared to control groups 

(Tilbrook et al., 1991). Due to the design of the study by Tilbrook and colleagues (1991), no 

definitive comparison can be made for the potency of DHT and testosterone to inhibit LH 

secretion in the wether. Further studies are needed to determine the relative potencies of DHT 

and testosterone in regulating LH secretion in the ram. Similarly, Hileman and colleagues 

(1994) used testosterone treated wethers to determine the effects of inhibiting 5α-reductase 

activity (the enzyme that converts testosterone to DHT). GnRH concentration and pulse 

frequency as well as LH pulse frequency decreased in castrated rams treated with testosterone 



 

 

19 

 

treatment (D'Occhio, Schanbacher, & Kinder, 1982; Jackson et al., 1991; Hileman et al., 1996). 

Peripheral infusion of a 5α-reductase inhibitor significantly blocked the suppression of mean 

plasma LH levels, and LH pulsatility induced by treatment of wethers with testosterone 

(Hileman et al., 1994). This indicates 5α-reduction of testosterone to DHT is a key component 

of testosterone negative feedback on LH secretion in the ram. These indicate that testosterone 

exerts at least part of its negative feedback action at the brain to inhibit GnRH secretion. 

 Testosterone treatment for either a short or long period had no effect on GnRH mRNA 

expression in castrated rams (Hileman et al., 1996). Yet, testosterone treatment lead to a 

decrease in GnRH pulses in castrated rams  (Hileman et al., 1996).  This suggests that 

testosterone influences the release of GnRH but does not affect the synthesis of it within the 

cell.  

To determine if the mPOA and VMH/ARC populations of AR were the targets for the negative 

feedback action of testosterone in short term castrated rams during the long day period, 

studies have inserted implants of  (Blache et al., 1997) or DHT (Scott et al., 1997) into these 

brain regions. They found no effect on LH secretion, suggesting that in rams, testosterone and 

DHT are unlikely to exert their negative feedback action through the ARC or POA, but through 

other hypothalamic sites.  In summary these studies have highlighted the negative feedback 

action of androgens on GnRH/LH secretion is not through the POA or ARC in the ram. .  

To determine if there is a negative feedback action of testosterone at the anterior pituitary, a 

study used hypothalamo-pituitary disconnected (HPD) wethers treated with GnRH (Tilbrook et 

al., 1991). No effects were seen on plasma levels of LH or FSH when GnRH pre-treated wethers 

where the pituitary gland had been disconnected from the hypothalamus were treated with 
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testosterone (Tilbrook et al., 1991).  These results show that testosterone negative feedback 

actions occur upstream from the pituitary, at the hypothalamus to decrease GnRH and hence 

LH secretion in rams during breeding season (Tilbrook et al., 1991).   

1.2.4.2 Oestrogen  

The main oestrogen in sheep of reproductive age is 17β-oestradiol, and it acts at the 

hypothalamus and pituitary to regulate gonadotrophin secretion (Caraty et al., 1998).  In many 

species (including sheep) oestrogen has a role in regulating the secretion of both GnRH and LH 

(Goodman, 1994). In males, this action is a negative feedback one, to inhibit GnRH/LH as 

reviewed by (Sharpe, 1998). The majority of oestrogen in males is produced by the conversion 

of testosterone to oestradiol by aromatase. This enzyme activity occurs in many tissues 

including Sertoli cells and mature spermatocytes but predominantly in Leydig cells in the testis 

(Bilińska, Leśniak, & Schmalz, 1996; Sharpe, 1998; Carreau et al., 1999; Stocco, 2012). 

Aromatase mRNA has also been localised in the ram hypothalamus. Specifically,  high amounts 

of aromatase mRNA was found in the POA and BNST with lower amounts in the OVLT and VMH 

(Roselli, Stormshak, & Resko, 2000). 

1.2.4.2.1 Actions of oestrogen are through oestrogen receptors 

Oestrogen action occurs through two nuclear receptors, oestrogen receptor-α (ERα) and 

oestrogen receptor-β (ERβ) (Kuiper et al., 1996; Mosselman, Polman, & Dijkema, 1996; 

Tremblay et al., 1997). Characteristic functional domains used for identification of oestrogen 

receptors are: a highly conserved DNA binding domain and N-terminus, as well as a ligand 

binding domain (Enmark & Gustafsson, 1999; Zhao, Dahlman-Wright, & Gustafsson, 2008; 
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Minutolo et al., 2011). In mammals both receptors act as ligand activated transcription factors, 

either by binding as dimers to oestrogen response elements (ERE) or via protein-protein 

interactions (Enmark & Gustafsson, 1999; Björnström & Sjöberg, 2005; Heldring et al., 2007; 

Zhao et al., 2008; Minutolo et al., 2011). Both oestrogen receptors bind to oestradiol as a 

homodimer (Kuiper et al., 1997), and can form heterodimers  between themselves (Pettersson 

et al., 1997), but they respond differently once bound to oestrogen (Shughrue, Lane, & 

Merchenthaler, 1997; Sherwood et al., 2005). One study in ERβ knockout mice showed that 

ERβ is important for intracellular signalling specifically the phosphorylation of cAMP-response 

element-binding protein induced by oestrogen (Abraham et al., 2003).   

1.2.4.2.2 Location of oestrogen receptors 

In the brain, the location and abundance differs between the two oestrogen receptors, where 

some regions have only ERα or ERβ and others have both. Colocalisation of both oestrogen 

receptors within the same cells is reported in the POA and BNST of the rat, suggesting that 

they could interact with each other to facilitate oestrogens regulatory action (Shughrue, 

Scrimo, & Merchenthaler, 1998). This study showed that in both these brain regions, 

oestrogen receptors α and β are found within the same cells. The colocalisation of these two 

receptors is yet to be investigated in the ram hypothalamus.  

Populations of ERα across the ovine hypothalamus are located in the OVLT, mPOA, BNST, PVN, 

VMH, ARC, and ME (Lehman et al., 1993; Blache, Batailler, & Fabre-Nys, 1994; Scott et al., 

2000). In ram brainstem, small ERα populations are found in the lateral and ventrolateral 

medulla (VLM), with larger populations in the area postrema (AP) and nucleus of the solitary 

tract (NTS) (Rose, Hamlin, & Scott, 2014). The rostral brainstem, has not been investigated in 
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the ram but in the ewe, ERα populations are found around the fourth ventricle, and in the 

parabrachial area (Scott et al., 1999), with  the largest population in the spinal nucleus of the 

trigeminal nerve (Simonian et al., 1998).  Both ERα mRNA and protein expression are 

distributed similarly throughout the ewe hypothalamus (Lehman et al., 1993; Blache et al., 

1994; Scott et al., 2000). In the SON and PVN, however, the number of cells expressing ERα 

mRNA was higher than the number of immunoreactive (-ir) cells (Lehman et al., 1993; Blache 

et al., 1994; Scott et al., 2000). These differences could be due to different techniques or due 

to the mRNA containing cells not producing the protein, but this is still to be fully assessed. 

Using in situ hybridisation, Scott and colleagues (2000), compared the expression of ERα in the 

hypothalamus between rams and ewes in the luteal phase of the oestrous cycle. In the VMH, 

ewes had a greater number of ERα mRNA-containing cells and higher number of silver grains 

per cell in the VMH and PVN compared to rams indicating a greater amount of ERα mRNA per 

cell (Scott et al., 2000). In contrast, some studies have found that rams express more ERα 

when compared to ewes. The retrochiasmatic area in rams had a greater density of ERα mRNA 

than in ewes (Scott et al., 2000) although the significance of this is not clear. All other 

hypothalamic areas had similar numbers of ERα mRNA containing cells (Scott et al., 2000). In  

the caudal brainstem, the number of ERα-ir cells was higher in the VLM of rams compared to 

ewes (Rose et al., 2014). 

Expression of ERβ in the BNST, mPOA, and PVN, is conserved between species, with similar 

expression seen in the rat (Shughrue et al., 1997), mouse  (Mitra et al., 2003), macaque 

monkey (Gundlah et al., 2000) and human (Kruijver et al., 2003). Similarly, in the ram and ewe 

hypothalamus, populations of ERβ were found in the mPOA, PeVN, suprachiasmatic nucleus 

(SCN), DMH and lateral hypothalamus, with weaker labelling in the PVN and SON (Hileman, 
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Handa, & Jackson, 1999; Scott et al., 2000; Skinner & Dufourny, 2005). Scott and colleagues 

(2000), found ERβ expressing cells and in both rams and ewes in the zona incerta, where ERα 

expression is absent. Using immunohistochemistry, Skinner and Dufourny (2005) found ERβ 

populations distributed throughout in the ARC and whole VMH unlike previously reported in in 

situ hybridisation studies in ram and ewes where little ERβ mRNA was observed (Hileman et 

al., 1999; Scott et al., 2000). These sites  are known sites of oestrogen feedback (Blache, Fabre-

Nys, & Venier, 1991), indicating that oestrogen feedback in those sites is most likely through 

ERα. Differences in ERβ locations are most likely due to differences in protocols 

(immunohistochemistry vs in situ hybridisation) used to locate ERβ mRNA. In addition 

differences could be due to the different hormonal status throughout the reproductive cycle of 

the ewe used. Skinner (2005) used anoestrous ewes while (Scott et al., 2000) used luteal phase 

ewes. 

Using competitive binding assays, oestrogen receptors were detected in fractions of ram 

anterior pituitary, with no differences in the number of binding sites in both short (24hr) and 

long (2 years) term castrated rams (Thieulant & Pelletier, 1979). The type of oestrogen 

receptor found within the anterior pituitary of the ram is yet to be determined.  

1.2.4.2.3 Oestrogen receptor expression in neural populations 

An initial study using autoradiographic methods found that GnRH cells did not bind oestrogen 

(Shivers et al., 1983). Since then, many studies using conventional immunohistochemistry have 

shown that GnRH neurons do not contain oestrogen receptors, leading to the general 

consensus by the scientific community that GnRH neurons are not a direct target for oestrogen 

feedback (Herbison & Theodosis, 1992; Herbison, Robinson, & Skinner, 1993; Lehman & 
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Karsch, 1993; Herbison et al., 1995; Sullivan et al., 1995; Warembourg et al., 1997). More 

recent studies, however, have demonstrates that GnRH neurons ERβ. The proportion of GnRH 

neurons that expressed ERβ, however, ranged between 45-87% (Hrabovszky et al., 2000; Kalló 

et al., 2001). This very high variability highlights the influence of methodology on results and 

the caution required in comparing studies that have investigated the expression of oestrogen 

receptors in GnRH cells, methodological considerations includes different high temperature 

antigen retrieval techniques, type of protocols immunohistochemical (fluorescent vs 

immunoperoxidase) and in situ hybridisation as well as the type of fixation (McEwen & Alves, 

1999; Gong et al., 2004; Sompuram et al., 2004). All of these parameters can all have an effect 

on steroid receptor labelling (Lehman et al., 1993; McEwen & Alves, 1999; Gong et al., 2004; 

Sompuram et al., 2004).Despite this variability, however, it is clear that even with the 

abundant early evidence to the contrary, GnRH neurons do express oestrogen receptors, 

although they are ERβ, not ERα. 

The neurochemical identity of the cells containing either ERα or ERβ has yet to be investigated 

in the ram hypothalamus. Numerous studies in ewes and in males of other species have been 

conducted, and these are outlined in the following sections.  

1.2.4.2.3.1 ERα 

To determine if oestrogen feedback uses a direct pathway to regulate GnRH, Moenter and 

colleagues (1993) used ovariectomised (OVX) ewes and found GnRH neurons are in close 

proximity to ERα cells but only 1/1000 GnRH neurons colocalised with an ERα (Moenter, 

Karsch, & Lehman, 1993). This result suggests that oestrogen regulation on gonadotrophin 

secretion might not be directly through GnRH neurons but through other neurons.  
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The population of ERα in the ARC has been identified to be expressed within neurons 

containing POMC (Lehman & Karsch, 1993; Moenter et al., 1993; Xu et al., 2011) with 15-20% 

of β-endorphin neurons expressing ERα (Lehman & Karsch, 1993). POMC  neurons are known 

to modulate food intake, energy expenditure, as well as reproduction (Xu et al., 2011). To 

further illustrate the relationship between POMC and ERα, in ERα knockout (KO) mice POMC 

levels were lower than wildtype (WT) mice (Hirosawa et al., 2008).  Both  tyrosine hydroxylase 

(enzyme marker for dopamine) (Lehman & Karsch, 1993) and NPY immunoreactive neurons in 

the ME and ARC  (Skinner & Herbison, 1997) have been demonstrated to express ERα, but less 

than 10% of these  cells expressed ERα in the ewe. In the brainstem of ewes, noradrenergic 

neurons expressing ERα were found in the caudal VLM and NTS. Cells in the VLM that were 

retrogradely labelled from the POA also expressed ERα, raising the possibility that these ERα-

containing brainstem neurons may project to GnRH neurons (Scott et al., 1999). In the ram 

brainstem, noradrenergic neurons have also been identified to co-express ERα in the NTS 

(Rose et al., 2014). 

In the last decade, studies investigating oestrogen action in the hypothalamus have focused on 

two RF-amides: kisspeptin and RFRP-3. In the hypothalamus of ewes and female rats, the 

majority of kisspeptin cells in the ARC were double labelled with ERα (Franceschini et al., 2006; 

Adachi et al., 2007). Specifically, in the ARC of the ewe hypothalamus, 93% of kisspeptin 

neurons expressed ERα, but only 50% of kisspeptin  neurons in the mPOA expressed ERα 

(Franceschini et al., 2006). Whether kisspeptin neurons in the ram express ERα is unknown.  

Molnar and colleagues (2011) used oestrogen treated mice to determine if RFRP-3 is targeted 

by oestrogen, but very few of RFRP-3 neurons expressed ERα (Molnar et al., 2011). The 
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following year, 25% of RFRP-3 neurons were found to express ERα, in both male and female 

mice (Poling et al., 2012). In contrast female Syrian hamsters had approximately 40% of RFRP-3 

neurons expressing ERα in the DMH (Kriegsfeld et al., 2006). To date no published data have 

defined the co-expression of ER in RFRP-3 neurons in the ram or ewe, although both ERα and 

RFRP-3 expressing cells have been localised the PVN (Scott et al., 2000; Smith et al., 2008a), 

indicating that it is possible. 

 1.2.4.2.3.1 ERβ 

The distribution of both ERβ mRNA and GnRH neurons overlaps in many species, including 

sheep (Shughrue et al., 1997; Scott et al., 2000; Mitra et al., 2003). Initially a RT-PCR study 

determined that 10% of GnRH neurons contained ERβ mRNA from aspirated cells from mouse 

hypothalamic tissue slices (Skynner, Sim, & Herbison, 1999). Later a dual labelled 

immunohistochemistry study; identified in total 52% of GnRH neurons in the OVLT, POA and in 

the MBH that contain ERβ in anoestrous ewes (Skinner & Dufourny, 2005). This result is 5-fold 

higher than previous data published by Skynner and colleagues (1999). The difference could be 

due to the use of different species and protocols, however further studies would need to be 

completed to confirm these results. A later study, found that majority (up to 85%) of GnRH 

cells expressed ERβ in the male and female rat brain (Hrabovszky et al., 2001). 

  

However, currently the function and overall importance of GnRH neurons co-expressing ERβ is 

still being investigated. It has been suggested this expression of ERβ is not critical for 

oestrogen feedback on GnRH secretion. Both sexes of ERβ null and  ERβ knockout (ERβKO) 



 

 

27 

 

mice, have been found to be fertile, with females showing only a slight reduction in litter 

frequency  (Krege et al., 1998), have a normal oestrous cycle pattern and LH response to 

ovariectomy (Couse et al., 2003; Cheong et al., 2014). Therefore the overall importance for ERβ 

in regulating GnRH and reproduction seems minor (Krege et al., 1998; Couse et al., 2003), so 

most studies looking at oestrogen action on GnRH neurons have focused on ERα and its 

actions in regulating reproduction.  

Few studies have investigated which neuron populations express ERβ. Two studies using OVX 

rats  found that ERβ was expressed in oxytocin (Alves et al., 1998), arginine-vasopressin and 

prolactin neurons in the PVN and SON (Alves et al., 1998; Hrabovszky et al., 2004; Suzuki & 

Handa, 2005) with ERβ also expressed in oxytocin and vasopressin neurons in human 

hypothalamic tissue (of both sexes) (Hrabovszky et al., 2004). In addition, ERβ is expressed in 

neurons that contained tryptophan hydroxylase (the enzyme needed for cellular serotonin 

production) in the hypothalamus of male mice (Nomura et al., 2005). Another study used 

tryptophan hydroxylase as a marker for serotonin cells and found they co-expressed ERβ in the 

hypothalamus of both sexes of mice, with no co-expression found in either sex of rats (Sheng 

et al., 2004). This indicates that the expression of ERβ within the hypothalamus varies between 

species.  

1.2.4.2.4 Oestrogen negative feedback 

Oestrogen action is sexually dimorphic. In both sexes, oestrogen exerts a negative feedback 

action to inhibit LH secretion (D'Occhio, Schanbacher, & Kinder, 1983; Herbosa et al., 1996), 

but a positive feedback action to trigger a massive ‘surge’ release of LH  is only found in 

females, including ewes (Karsch & Foster, 1975; Clarke, Scaramuzzi, & Short, 1976). In female 
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sheep, low levels of circulating oestrogen exert a negative feedback action to inhibit GnRH/LH 

secretion, but high oestrogen levels during the mid-follicular phase of the oestrous cycle exerts 

a positive feedback action on the brain and pituitary gland to induce the GnRH/LH surge (Smith 

& Jennes, 2001). This positive feedback mechanism is absent in males, with oestrogen always 

exerting a negative feedback action to inhibit LH secretion (D'Occhio et al., 1983; Herbosa et 

al., 1996). This is supported by a study where  castrated rams were treated with a dose of 

oestrogen that produces  circulating levels typical of intact rams, and this inhibited LH 

secretion (Schanbacher, 1984). Furthermore, Schanbacher (1984), administered an oestrogen 

receptor blocker, which resulted in an increase in serum LH levels as well as LH pulses, and 

rams treated  during the inhibitory photoperiod, displayed serum testosterone levels 

equivalent to those seen in control rams kept in stimulatory photoperiod (Schanbacher, 1984). 

Thus, LH secretion was higher than control animals despite having higher than normal 

circulating testosterone. This supports the notion that much of the negative feedback action of 

testosterone on LH secretion in rams is following conversion of testosterone to oestrogen 

(Schanbacher, 1984). 

Aromatase blockers prevent the conversion of testosterone to oestradiol and have been used 

to further identify the role of oestrogen in the ram. Using castrated rams with testosterone 

implants, Schanbacher (1984), administered the aromatase blocker Aminoglutethimide. 

Treatment of Aminoglutethimide had no effect on serum testosterone levels, but did decrease 

oestrogen and this resulted in an increase LH levels in serum (Schanbacher, 1984). Similarly, 

intramuscular (IM) injections of an aromatase inhibitor (Fadrozole) lead to an increase in LH 

pulse frequency in both intact rams and testosterone treated short term castrated rams 

(Sharma et al., 1999), suggesting aromatisation of testosterone at non-testicular sites has a 
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role in regulating LH secretion. To investigate whether this aromatisation occurs centrally in 

the intact ram, Sharma and colleagues (1999), also infused Fadrozole intracerebrally. This 

resulted in an increase in both mean LH concentration and LH pulse frequency unlike 

peripheral treatment. These studies demonstrate that aromatisation of testosterone to 

oestrogen in the brain is an important step in the negative feedback actions of testosterone in 

the ram.  

Studies have investigated the hypothalamic areas through which oestrogen acts to regulate 

the GnRH/LH surge in ewes (Blache et al., 1991) and pulsatile LH in rams (Blache et al., 1997; 

Scott et al., 1997). Oestrogen implants placed into the VMH/ARC of castrated rams resulted in 

the suppression of LH secretion (Blache et al., 1997; Scott et al., 1997), suggesting this is a site 

for oestrogen action to inhibit GnRH and ultimately LH secretion in the ram (Blache et al., 

1997; Scott et al., 1997).  However, in OVX ewes, oestrogen implants in the VMH produced an 

LH surge (Blache et al., 1991; Caraty et al., 1998). Ewes have a greater level of ERα mRNA 

expression (Scott et al., 2000)and density of ERα-ir cells (Taylor, Grindrod, & Robinson, 2002) 

as described by (Robinson et al., 2002) in the VMH compared to rams. This sex difference in 

the VMH could explain the different responses (neuroendocrine and behavioural) to oestrogen 

treatment in rams and ewes. Overall, in spite of the sex difference, it is clear that the 

VMH/ARC region is an important target site for oestrogen feedback, in sheep. 

Similarly, oestrogen implants in the POA region of sheep affected LH secretion in a sexually 

dimorphic manner. In ewes, a clear inhibitory response on GnRH secretion was observed 

(Caraty et al., 1998), but only a marginal suppression of LH secretion in castrated rams 

following placement of oestrogen implants in the POA (Scott et al., 1997). These results 
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suggest that in the male, the POA region is not an important target for oestrogen to exert its 

regulatory action on LH and GnRH secretion (Scott et al., 1997).  

Another hypothalamic nucleus that appears to be important for the feedback actions of 

oestrogen in the sheep is the lateral retrochiasmatic nucleus. Localised oestrogen treatment in 

the retrochiasmatic region of OVX ewes during the non-breeding season resulted in  an 

inhibition of plasma LH levels (Gallegos-Sánchez et al., 1997). However there are little to no 

ERα protein or mRNA containing cells present in this area (Lehman & Karsch, 1993; Scott et al., 

2000), so it was thought LH suppression by oestrogen during the anoestrous period occurred 

through ERβ (Lehman et al., 1993), as ERβ mRNA containing cells were located in this area in 

both ewes and rams (Scott et al., 2000). A recent review, however, has concluded that it is 

unlikely to be local ERβ but ERα that regulates oestrogen negative feedback during anoestrus 

(Goodman et al., 2010). This is thought to be carried out by afferent ERα populations from the 

POA, and the AHA, which stimulate the inhibitory actions of neurons in the A15 region 

(retrochiasmatic area) (Goodman et al., 2010).  

Overall, studies of rams and ewes show that oestrogen feedback on GnRH/LH secretion works, 

at least in part via actions in the POA and VMH/ARC hypothalamic areas. These studies 

however do not exclude other areas of the brain from being sites of oestrogen action to 

influence GnRH and LH secretion (Scott et al., 2000).  

1.2.5 GnRH expression and secretion across season  

Sheep are seasonal breeders, with periods of high activity in the HPG axis and periods when it 

is suppressed. Photoperiod drives the synchronisation of reproduction across the seasons. In 
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temperate environments sheep are classed as short day breeders, as reviewed by (Thiéry et 

al., 2002). During the lead into winter, as hours of daylight decrease (or more correctly, as 

hours of darkness increase (scotophase)) GnRH, LH and testosterone secretion are stimulated, 

and as daylight hours increase through spring and into summer, the secretions of these 

hormones are suppressed (Lincoln & Peet, 1977; Lincoln, Peet, & Cunningham, 1977). The role 

of photoperiod in controlling reproductive activity can be demonstrated through manipulation 

of day length using light controlled rooms. Intact and testosterone treated Soay wethers, 

exhibited fluctuations in LH, FSH and testosterone secretion across seasons even when housed 

under artificial lighting where the photoperiod was manipulated every 16 weeks to represent 

non-breeding season (16hrs light:8hr darkness) and breeding season (8L:16D) (Lincoln, 1984; 

Lincoln & Richardson, 1998).   

In both intact and castrated rams, during the breeding season, when scotophase is longer, LH 

pulses are more frequent compared to the non-breeding season (Schanbacher & Ford, 1976; 

Lincoln et al., 1977; Sanford, Palmer, & Howland, 1977). Seasonal changes in GnRH/LH 

secretion in both intact and castrated rams suggest that influences on GnRH/LH secretion 

occur both independent of testicular steroids as well as due to changes in the sensitivity to the 

feedback actions of these steroids (Pelletier & Ortavant, 1975; Sanford, Howland, & Palmer, 

1984a, 1984b). Steroid dependant regulation of LH is the more prominent of the two pathways 

and is thought act through the changes in sensitivity to testosterone and ultimately changing 

the response of GnRH secretion to testosterone negative feedback  (Lubbers & Jackson, 1993). 

Whilst there are seasonal differences in the sensitivity to testosterone feedback no seasonal 

differences were found for the number of GnRH cells or amount of mRNA expression within 
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the cell  in the ram (Hileman et al., 1996) or ewe (Smith et al., 2008a). Hileman and colleagues 

(1998) concluded that while photoperiod influences breeding and secretion it does not modify 

GnRH synthesis or mRNA expression in response to testosterone treatment in rams. Numbers 

of GnRH neurons did not vary between breeding and non-breeding seasons in either rams or 

ewes (Hileman, Kuehl, & Jackson, 1998; Smith et al., 2008a). Specifically, in rams, testosterone 

treatment during both stimulatory and inhibitory photoperiods had no effect on GnRH mRNA 

expression in the POA or MBH, suggesting that photoperiod does not influence how 

testosterone regulates GnRH gene expression in the ram (Hileman et al., 1998). 

1.2.5.1 Melatonin regulation of GnRH  

Melatonin secretion from the pineal gland is at its highest during the night while daylight 

inhibits its secretion (Bittman, Dempsey, & Karsch, 1983). This occurs as an endogenously 

generated circadian rhythm which is synchronised by photoperiod (Arendt, 1995) as reviewed 

by (Arendt, 1998). Changes in day length (photoperiod) across seasons has been shown to 

regulate melatonin secretion in rams (Almeida & Lincoln, 1982) and OVX ewes (Bittman et al., 

1983). The period of elevated melatonin secretion was found to be at its longest when rams 

were subjected to a short day (long night) photoperiod, whereas during long day photoperiods 

the period of elevated melatonin secretion was decreased (Almeida & Lincoln, 1982; Bittman 

et al., 1983). Changes in melatonin secretion are known to regulate GnRH and gonadotrophin 

secretion and therefore reproductive status in seasonal animals (Lincoln, Almeida, & Arendt, 

1981). Treatment with melatonin in Soay rams, stimulated LH and FSH secretion and testicular 

function (Lincoln & Maeda, 1992; Lincoln, 1994; Tortonese & Lincoln, 1995), while a constant 

release of melatonin (via a subcutaneous implant) in Soay rams prevented them from 
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transitioning between seasons, essentially making them non-photoperiodic (Lincoln & Ebling, 

1985). In OVX ewes, removal of the pineal gland resulted in the absence in the increase of 

melatonin secretion during the night, and transitioning from long to short days failed to affect 

the potency of oestrogen to inhibit LH secretion (Bittman et al., 1983). Melatonin treatment to 

pinealectomised ewes mimicked the ability of photoperiod changes to influence the potency 

of oestrogen as a negative feedback hormone (Bittman et al., 1983).  

However the locations for melatonin receptors suggest that melatonin does not directly act on 

GnRH neurons. In the ewe, melatonin binding was heavily expressed in the pars tuberalis (PT), 

with some melatonin binding in the POA and BNST (Bittman & Weaver, 1990), however studies 

using OVX + E ewes, treated with melatonin implants found that the PT is not a crucial target 

for melatonin in  regulating LH secretion (Malpaux, Skinner, & Maurice, 1995) (Malpaux et al., 

1995). Similar expression of melatonin receptors was found in the horse  (Stankov, Fraschini, & 

Reiter, 1991). Despite some overlap with regions that contain GnRH neurons, it seems that 

there is no direct effect by melatonin on GnRH neurons themselves but through intermediate 

neuron populations. The pathway melatonin used to influence GnRH secretion is thought to 

include sites found within or close to the MBH (Lincoln, 1994; Tortonese & Lincoln, 1995), as 

melatonin treatment was only effective when administered in the MBH and not in other areas 

of the hypothalamus in rams (Lincoln, 1994) and ewes (Malpaux et al., 1994). A  number of 

neuronal populations could relay the melatonin signal to GnRH, including dopamine, serotonin 

and glutamate (Malpaux et al., 2001). 

A number of studies have been conducted by the same research group to determine the 

effects of photoperiod and nutrition on merino (Mediterranean breed) and Suffolk (temperate 
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breed) rams. Under simulated photoperiods of either constant “equatorial” (12Light:12Dark) 

or Mediterranean “summer” (14Light:10Dark) photoperiods, melatonin secretion patterns 

were similar between the breeds (Blache et al., 1999). However, merino rams had a steady 

increase in gonadotrophin secretion and testis development under Mediterranean “summer” 

conditions, unlike Suffolk rams. This, indicates that in Merino rams, photoperiod regulates the 

pattern of melatonin secretion, but other cues must be regulating gonadotrophin secretion 

and testis growth (Blache et al., 1999). To test this, a constant (maintenance) or a 

Mediterranean (restricted) diet was given to Merino and Suffolk rams under simulated 

Mediterranean (inhibitory) photoperiod (Martin et al., 2002). A maintenance food diet  had no 

effect on melatonin secretion, but gonadotrophin secretion and testis growth was stimulated 

by the diet in Merino rams despite the inhibitory photoperiod, while these parameters were 

still inhibited in the Suffolk ram (Martin et al., 2002). In conclusion, Merino rams are not highly 

responsive to changes of photoperiod compared to other breeds of sheep, but are instead 

more heavily regulated by nutritional status (Blache et al., 2006). This occurs at the level of the 

hypothalamus, pituitary gland and testis (Blache et al., 2006). 

1.2.5.2 Seasonal influences on neural inputs onto GnRH  

No published studies have determined the changes of neural inputs onto GnRH neurons in 

rams. Studies in ewes on some of the neuronal populations that are known to have fibre inputs 

onto GnRH neurons have shown that they vary their inputs dependant on season. The number 

of neural inputs onto GnRH cells in the ewe was significantly higher during the breeding season 

compared to the non-breeding season (Xiong, Karsch, & Lehman, 1997). In ewes during 

breeding season, GnRH soma had lower numbers of β-endorphin-ir appositions, although β-



 

 

35 

 

endorphin inputs onto GnRH dendrites in the caudal population of GnRH cells was higher, with 

no differences seen in the rostral population (Jansen et al., 2003). During the breeding season, 

GnRH neurons and dendrites had higher number of NPY fibre appositions, whereas glutamate 

fibre appositions were higher on GnRH dendrites but only those found in the caudal region in 

OVX+E ewes (Jansen et al., 2003; Sergeeva & Jansen, 2009).  Another study used intact ewes 

and study found no difference between seasons for the close appositions between 

noradrenergic, glutamate, NPY, and dopaminergic neurons and GnRH neurons (Pompolo et al., 

2003). As these studies highlight, it is important to take the reproductive status into account, 

as this has a critical role in the interactions between GnRH neurons and other neuronal 

populations. Whilst most studies aim to decrease variability by gonadectomising animals 

followed by hormonal treatment, this in itself can alter the parameters being measured, when 

compared to normal non-manipulated animals.  Due to the unclear nature in the results from 

these studies, further research is needed to clarify the effects of season on the interactions of 

neuron populations with GnRH neurons in the sheep.  

GABA fibre appositions onto GnRH neurons in ewes during breeding season have been found 

to be lower (Pompolo et al., 2003) or not different (Jansen et al., 2003), compared to non-

breeding season. Specifically, there was no difference in the number of GnRH neurons with 

GABA fibre appositions (Jansen et al., 2003) but an increase of fibre to fibre interactions in the 

rostral population of GnRH neurons in the breeding season compared to the non-breeding 

season in oestrogen treated OVX ewes (Jansen et al., 2003). Similarly, later studies on 

oestrogen treated OVX ewes found no changes in the number of inputs from GABA fibres onto 

GnRH cells.  Specifically,  the number of GABA inputs onto GnRH dendrites was found to be 

higher during the breeding season than the non-breeding season in oestrogen treated OVX 
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ewes, while a study in intact ewes found inputs to be lower in the breeding season compared 

to non-breeding season (Pompolo et al., 2003). Recently, these conflicting results have been 

suggested to be due to two different primary antibodies, and it is speculated that the earlier 

studies (Jansen et al., 2003; Pompolo et al., 2003) used an antibody which was not reliably 

GABA-specific (Sergeeva & Jansen, 2009).  

More recently, RFRP-3 and kisspeptin neurons have been studied to determine if season 

changes the number of their inputs onto GnRH cells in ewes. In the MBH, but not in the POA or 

AHA, GnRH neurons had more kisspeptin-ir fibre contacts during breeding season in ewes 

(Smith et al., 2008a). RFRP-3 fibre appositions onto GnRH cells were 2-fold lower in the AHA 

and POA, with no difference in the MBH of ewes during breeding season (Smith et al., 2008a).  

The functionality of these seasonal changes on RFRP-3 and kisspeptin neuron interactions with 

GnRH neurons is discussed in more detail later in this literature review (please refer to sections 

1.3.1.6 and 1.3.2.6, respectively). Further studies are needed to determine the effect of season 

on the inputs to GnRH neurons in the sheep. 

1.2.6 GnRH action on gonadotrophin secretion 

Pulsatile GnRH secretion is controlled by pulse generators that produce action potentials 

periodically (Knobil, 1981; Kawakami, Uemura, & Hayashi, 1982; Mori et al., 1991; Nishihara, 

Sano, & Kimura, 1994). This is essential for normal reproductive function, as continuous levels 

of GnRH secretion lead to desensitisation and therefore a reduction in gonadotrophin 

secretion (Belchetz et al., 1978). Pulses of GnRH activate the gonadotroph cells in the pituitary 

to promote gonadotrophin secretion (McNeilly et al., 2003; Pawson & McNeilly, 2005). 
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In OVX ewes, peripheral and hypophyseal portal blood samples were collected to measure 

gonadotrophin and GnRH secretion pattern simultaneously, which demonstrated that  LH and 

GnRH pulsatile secretion was synchronised (Clarke & Cummins, 1982). However, FSH secretion 

had little synchronisation with GnRH pulses (Padmanabhan et al., 1997) and its secretion 

pattern seems to be independent to GnRH pulses (Kile and Nett, 1994). 
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1.3 RF-amide peptide family 

The common characteristic of RF-amide neuropeptides is a C-terminus motif (Arg-Phe-NH2) 

(Dockray, 2004). There are five main RF-amides; RF-amide related peptide-3 (RFRP-3), 

kisspeptin, prolactin-releasing peptide (PrRP), neuropeptide FF (NPFF) and pyroglutamylate RF-

amide peptide (QRFP) (Dockray, 2004; Bechtold & Luckman, 2007). The earliest RFamide 

neuropeptide was found in the ganglia of the venus clam Marcocallista nimbosa, and was a 

cardioexcitory molecule and identified as an FMRFamide (Phe-Met-Arg-Phe-Nh2) (Price & 

Greenberg, 1977). More recently, immunohistochemical studies suggested that novel 

undiscovered RF-amide peptides existed within vertebrates (Raffa & Jacoby, 1989; Rastogi et 

al., 2001). Since then various studies have been conducted, leading to the identification of a 

range of RFamides peptides, which have been found to act as neurotransmitters, 

neuromodulators and peripheral hormones (Tsutsui et al., 2010). However in mammals, there 

are not just one but three peptides classed as an RF-amide related peptide; RF-amide related 

peptide -1, -2 and -3  (Hinuma et al., 2000; Yano et al., 2003; Clarke et al., 2009).  Two reviews 

have extensively compared mammalian studies that have investigated the three RFRP 

peptides, and have concluded that RFRP-3 is the most likely regulator of reproduction in 

mammals. This is because the function of RFRP-3 seems to be similar to avian GnIH (Clarke et 

al., 2009), even though it is RFRP-1 that has the closest sequence homology with avian GnIH 

(Smith & Clarke, 2010). The peptide known as RFRP-2 was isolated from bovine tissue, but its 

role is unclear (Hinuma et al., 2000), as it is not classed as a RF-amide peptide because it does 

not stimulate the receptor that both RFRP-1 and RFRP-3 stimulate (Hinuma et al., 2000).  
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RFRP-3 is frequently known as GnIH, but, as just described in section 1.3 of this thesis, its 

actions are not always inhibitory to gonadotrophin secretion. Thus this thesis will now refer to 

it exclusively as RFRP-3, as this name relates to its structure not its function. The remainder of 

the literature review will focus exclusively on RFRP-3 and kisspeptin as there has been 

substantial research indicating a major role for them in the regulation of GnRH secretion and 

hence reproduction. We will only be focusing on RFRP-3 and kisspeptin as they have been 

found to be heavily involved in regulating reproduction for the remainder of the literature 

review.  

1.3.1 RF-amide Related Peptide – 3  

RFRP-3 may have many roles in the regulation of homeostasis, such as regulating GnRH 

secretion, being a target for external cues such as stress and nutrition, as well as being 

involved in puberty.  Stress causes an increase in cortisol levels, which could regulate RFRP-3 

directly, as RFRP-3 neurons in male rats express glucocorticoid receptors (Kirby et al., 2009). 

Similarly, male and female rats under restraint or an induced immune response had increased 

hypothalamic RFRP-3 and GPR147 mRNA expression and decreased LH secretion (Kirby et al., 

2009; Iwasa et al., 2014). This regulation could be species specific, however, as in OVX ewes, 

increased cortisol levels from isolation and restraint stress had no effect on the number of 

RFRP-3 mRNA containing cells or the amount of silver grains per cell (Papargiris et al., 2011). 

Like stress, a link between RFRP-3 and metabolism has been demonstrated in male rats, where 

ICV RFRP-3 treatment increased food intake (Johnson, Tsutsui, & Fraley, 2007), suggesting it 

has a stimulatory effect on food intake.  
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RFRP-3 may have a role in puberty, as RFRP-3 expression has been shown to change through 

puberty, but future studies are needed to confirm this relationship. In pre-pubertal female 

mice, RFRP-3 treatment was found to suppress both GnRH mRNA and protein expression in the 

mPOA, as well as the decrease in density of staining within a GnRH neuron, suggesting that LH 

suppression by RFRP-3 is through the reduction of GnRH expression (Xiang et al., 

2015).Centrally-administrated RFRP-3 suppressed plasma LH in both oestrogen treated OVX 

and intact pre-pubertal mice suppressed plasma LH (Xiang et al., 2015). As this thesis is 

investigating the role RFRP-3 has on GnRH secretion in nutritionally stable adult animals, 

further investigation of these external cues is beyond the scope of this review.  

1.3.1.1 Discovery and chemical structure 

This hypothalamic neuropeptide was discovered in the quail brain by Tsutsui and colleagues in 

2000, it was named gonadotrophin inhibitory hormone (GnIH) from its inhibitory action on 

reproduction in the bird, and has been suggested to be the antagonist for GnRH (Tsutsui et al., 

2000).  The GnIH gene in avian species has a pre-cursor protein encoded with 173 amino acids, 

resulting in one GnIH peptide and two GnIH related peptides. GnIH synthesis is solely from the 

PVN in zebra finches (Tobari et al., 2010), white-crowned sparrows (Osugi et al., 2004), 

European starlings (Ubuka et al., 2008) and chickens (Chowdhury et al., 2012). Tsutsui and 

colleagues (2010), described that the regulatory activity of the GnIH orthologs in vertebrate 

species seemed to be similar.  

The chemical structure of RFRP-3 includes a C-terminus which is cleaved into an N-terminus at 

either the first or second basic residue (Son et al., 2012).  Both human and sheep have the 

same sequence for RFRP-3, which is shown in Table 3.1 (C-terminal sequence being 
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LPXRFamide). The RFRP-3 amino acid sequence is found to be conserved across mammalian 

species, including humans and sheep. Tsutsui and colleagues (2010) have compared a larger 

range of both avian and mammalian species, with the same c-terminal sequence (LPXRFamide, 

where X = L or Q) identified, and found the sequence to be relatively well conserved even 

across classes.  

Initial mammalian studies aimed to determine if those species had a GnIH and attempted to 

demonstrate if its function was similar between mammalian and avian species (Clarke et al., 

2009). In ewes, continuous administration of GnIH inhibited the synthesis and secretion of the 

gonadotrophins (Sari et al., 2009).  Smith and Clarke (2010) summarised, that since the 

mammalian peptide and the avian peptide had similar inhibitory effects and is identified in the 

same RF-family, it is appropriate to name this peptide GnIH in mammals as well. A recent 

study, however suggests that it is not inhibitory in ewes, as RFRP-3 treatment to intact, OVX 

ewes, oestrogen treated OVX ewes and kisspeptin treated OVX  ewes had no effect on LH 

secretion (Decourt et al., 2015). This study gives rise to more questions about the role RFRP-3 

has in reproduction, as RFRP-3 was unable to inhibit the highest of plasma LH levels exhibited 

in OVX ewes. Combing these studies suggest it may have a minor role, if any, in regulating LH 

secretion in the ewe.  
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 Table 3.3 Comparison of pro RFRP-3 protein sequence in sheep and humans 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.1.2 Location and projections of RFRP-3 neurons  

In rams, no studies have investigated the location and fibre projections of RFRP-3 neurons. In 

ewes, female mice, and both sexes of Syrian hamsters and rats, RFRP-3 neurons are found in 

the DMH and PVN (Ukena & Tsutsui, 2001; Kriegsfeld et al., 2006; Johnson et al., 2007; Clarke 

et al., 2008; Dardente et al., 2008; Kriegsfeld et al., 2010). Parhar, Ogawa and Kitahashi (2012) 

provided a more comprehensive comparison of RFRP-3 neurons and fibre projections between 

species, including not only ewes, rodents (mice and rats), and hamsters but also in primates, 

birds, frogs newts and fish.  RFRP-3 was only found in the PVN of birds and DMH and 

intermediate periventricular nucleus in primates, with populations found in the SCN in newts 
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Shown above is the amino acid sequence for RFRP-3. Yellow highlighting shows the same 
active sequence structure found in the pro-RFRP-3 protein sequence in both the sheep and 
human. The accession numbers used to identify the protein sequence in the BLAST library for 
the GnRH protein sequence for sheep (Ovis aries) and human (Homo sapiens) were B2KKR4 
and Q9HCQ7 respectively (Consortium, 2012).   

 

http://www.uniprot.org/uniprot/B2KKR4
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and frogs with a second population found in the POA of the frog (Parhar, Ogawa, & Kitahashi, 

2012).  

In ewes and rodents (rats and mice), RFRP-3 fibres have widespread projections to the BNST, 

mPOA, PVN, DMH and ARC (Johnson et al., 2007; Clarke et al., 2008) as well as the PeVN in the 

rodents (Parhar et al., 2012). The distribution of RFRP-3 projections is similar in primates, with 

the exception that RFRP-3 fibres were also found in the midbrain and nucleus of the solitary 

tract in the brainstem (Parhar et al., 2012). RFRP-3 projection are also mapped in birds, frogs, 

newts and fish, with the common region being the ME in all of the species except the fish 

(Parhar et al., 2012). The function of these projections has not been determined but they 

might possibly be involved in regulating GnRH and kisspeptin neurons.  In OVX ewes, RFRP-3 

cells from the PVN projected to the neurosecretory zone of the ME, and were near 

hypophyseal portal blood vessels (Clarke et al., 2008). Similar projections were seen in the ME 

of men and women (Ubuka et al., 2009). These findings suggest that RFRP-3 has a direct 

pathway to act on the anterior pituitary gland to regulate gonadotrophin secretion, which is 

supported by the identification of GPR147 in the pituitary of humans and ewes (Ubuka et al., 

2009). However, distribution of these fibres terminating in the ME could be species specific, as 

they are not seen in the rat (Johnson et al., 2007). Johnson and colleagues (2007) used an 

antibody for the RFRP-3 precursor to demonstrate these RFRP-3 fibre projections in the rat, 

however Clarke and colleagues (2009) have suggested that this antibody does not indicate all 

of the fibre terminals within the brain but only those that are “mature” peptides. Thus, it is 

possible that there are RFRP-3 fibres within the brain which have not been labelled. 1.3.1.3 

Interactions of RFRP-3 neurons with other neurons  
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RFRP-3 neurons and their interactions with other neurons including GnRH neurons are still to 

be investigated in the ram, but many studies have been conducted in ewes and in males of 

other mammalian species. 

1.3.1.3.1 GnRH neurons 

GnRH cells in the POA have the highest percentage of interactions with RFRP-3 fibres (Rizwan 

et al., 2012). Studies in ewes, hamsters, humans and male rats, and both sexes of mice have 

shown between 10-80% of GnRH neurons in the POA have close appositions from RFRP-3 

fibres (Kriegsfeld et al., 2006; Johnson et al., 2007; Smith et al., 2008a; Qi et al., 2009; Ubuka et 

al., 2009; Rizwan et al., 2012; Ubuka et al., 2012). More specifically, in intact male rats the 

percentage of GnRH neurons with close RFRP-3 fibre appositions was 75% (Johnson et al., 

2007). In both male and female mice, a quarter of GnRH cells in the POA had RFRP-3 fibre 

appositions suggesting no sex differences (Rizwan et al., 2012). In ewes, approximately 60% 

GnRH cells in the POA and AHA had RFRP-3 fibre appositions (Qi et al., 2009), therefore this 

interaction may also be seen in rams. 

1.3.1.3.2 Other neuron populations 

RFRP-3 fibre appositions with other neuronal populations are yet to be investigated in the ram, 

but have been investigated in the ewe (Qi et al., 2009). Qi and colleagues (2009) found RFRP-3 

fibres had close appositions with approximately 44% of NPY neurons, and 60% of POMC 

neurons in the ARC. RFRP-3 fibres projecting into the lateral hypothalamic area were in close 

apposition with approximately 20% orexin and melanin-concentrating hormone neurons fibres 

(Qi et al., 2009). Over half of orexin neurons in the DMH also had close appositions with RFRP-
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3 fibres.  Approximately 30% of both corticotrophin-releasing hormone (CRH) and oxytocin 

neurons in the PVN had close appositions from RFRP-3 fibres (Qi et al., 2009). Qi and 

colleagues (2009) concluded that as RFRP-3 has close appositions with neuropeptides known 

to be involved in energy homeostasis and appetite (POMC, orexin, CRH, oxytocin and NPY 

neurons), this suggests RFRP-3 could regulate energy balance through these appositions in the 

ewe.  

In the male and female rat, fewer than 10% of kisspeptin neurons in the PeVN had close 

appositions from RFRP-3 fibres (Rizwan et al., 2012). In male GPR147 null mice it was found 

that there was an increase in Kisspeptin expression in the ARC (León et al., 2014), suggesting 

that RFRP-3 inhibits kisspeptin secretion. Noradrenergic neurons have been suggested to 

signal RFRP-3 neurons and may influence the suppression of LH secretion  in the quail (Tobari 

et al., 2014).In sexually activated male quails, the presence of a female quail increased the 

release of noradrenalin into the PVN. This caused an increase in the expression of RFRP-3 

precursor mRNA in the PVN, which lead to a subsequent decrease in LH secretion (Tobari et al., 

2014). Further investigations by Tobari and colleagues (2014) found that centrally 

administered noradrenalin (10ng, 100ng and 1µg) also decreased LH secretion and, lastly, that 

RFRP-3 neurons receive close fibre interactions with noradrenergic neurons and that they 

express the mRNA for α2A-adrenergic receptor mRNA. 

1.3.1.4 RFRP-3 receptor: G protein-coupled receptor 147 

RFRP-3 has high affinity to and acts through G protein-coupled receptor 147 (GPR147) (Yin et 

al., 2005; Ubuka et al., 2006). GPR147 mRNA is found in the central nervous system 

(hypothalamus, spinal cord, medulla oblongata, olfactory bulb and hippocampus) in pigs (Li et 
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al., 2012b) and rats (Hinuma and colleagues 2000). This suggests that RFRP-3 does not just act 

through the hypothalamus to regulate reproduction but can also act throughout the central 

nervous system. However this literature review will concentrate on the populations of GPR147 

in the hypothalamus and pituitary.  

To date no studies have investigated GPR147 in rams, however in ewes, GPR147 expression 

is predominantly in the SCN, SON, PeVN, and in the PT all of which are known to be involved in 

circadian rhythms and seasonal control of reproduction (Dardente et al., 2008).  Using RT-PCR, 

GPR147 mRNA expression was found in the hypothalamus and anterior pituitary of pigs, with 

similar levels of expression for both GPR147 and RFRP-3 mRNA (Li et al., 2012b). This suggests 

that LH secretion could be regulated by RFRP-3 at both the hypothalamus and at the anterior 

pituitary as both these areas have GPR147 expression (Li et al., 2012b), however the exact type 

of cells is still unknown, as RT-PCR does not identify the cells that express GPR147 mRNA, just 

that GPR147 is expressed within the tissue sample. In the mouse hypothalamus, GPR147 

mRNA expression was found in the POA and PeVN with more found in the latter (Quennell et 

al., 2010). GnRH cells express GPR147 (Ubuka et al., 2013), with 33% of GnRH neurons in both 

sexes of rats (Rizwan et al., 2012), and up to 86% of GnRH neurons in hamsters expressing 

GPR147 (Ubuka et al., 2012). In female mice, between 9-16% of kisspeptin neurons in the 

PeVN expressed GPR147, suggesting that RFRP-3 neurons may regulate kisspeptin (Rizwan et 

al., 2012). 

In the anterior pituitary, GPR147 is expressed in cells expressing somatotropins and 

lactotropins (Smith et al., 2012). GPR147 mRNA expression was also found in gonadotroph 

cells of the human pituitary (Ubuka et al., 2009). The expression of GPR147 in the pituitary 
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suggests that there is potential for RFRP-3 to regulate gonadotrophin (GH and PRL) secretion 

directly (Ubuka et al., 2009).  

1.3.1.5 Effects of sex steroids on RFRP-3 

1.3.1.5.1 Testosterone influence on RFRP-3 

In rams and ewes, whether testosterone has an action on RFRP-3 is yet to be determined. In 

sheep both RFRP-3 and AR are localised in the PVN (Herbison et al., 1996; Dardente et al., 

2008), but whether there is co-expression of the two within the same cell has not been 

investigated in either sex. In both sexes of mice virtually no (less than 3%) RFRP-3 neurons 

express AR (Maywood et al., 1996; Poling et al., 2012), but in male Syrian hamsters 

approximately 40% of RFRP-3 neurons expressed AR (Kriegsfeld et al., 2006).  

Castration of the male Syrian hamsters had no effect on RFRP-3 mRNA expression in the DMH 

and VMH during either during inhibitory or stimulatory photoperiods compared to sham 

castrated hamsters (Revel et al., 2008). Testosterone treatment in male Syrian hamsters during 

the non-breeding season also had no effect on RFRP-3 mRNA expression compared to the 

control group (Revel et al., 2008).  These studies show that in mice and hamsters, RFRP-3 may 

not be regulated by testosterone but this still needs to be determined in the sheep.  

1.3.2.5.2 Oestrogen influence on RFRP-3 

In the ram, the role of oestrogen in the regulation of RFRP-3 is still to be determined. Studies 

on the relationship and role between RFRP-3 and oestrogen have come up with varying results, 

most likely due to different species, gonadal status (intact vs gonadectomised (GDX)) and 
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protocols used. The percentage of RFRP-3 neurons expressing ERα was 18% OVX mice (Molnar 

et al., 2011) and 25% in gonadally intact mice of both sexes (Poling et al., 2012), but nearly 

double that (40%) in female Syrian hamsters (Kriegsfeld et al., 2006). Combined, the mice 

studies suggest that the removal of sex steroids decreases the expression of ERα in RFRP-3 

neurons but comparison between intact mice and hamsters highlights species differences in 

RFRP-3 expression. This difference has been considered to be largely due to species variations 

as well as changes in RFRP gene expression throughout the oestrous cycle of the hamster.  

RFRP-3 mRNA expression was not affected by oestrogen treatment in OVX ewes  (Smith et al., 

2008a) and did not differ between OVX and OVX-oestrogen treated rats (Quennell et al., 2010), 

suggesting that oestrogen has no effect on the expression of RFRP-3 mRNA. This notion is 

further supported by studies where oestrogen treatment did not change the expression of 

RFRP-3 or its receptor GPR147 in a hypothalamic RFRP-expressing cell model (rHypoE-23) 

(Gojska & Belsham, 2014). In contrast, other studies have shown that oestrogen does regulate 

RFRP-3 expression. Oestrogen treatment in OVX mice produced significantly lower RFRP-3 

mRNA expression compared to OVX mice with no oestrogen treatment (Molnar et al., 2011; 

Poling et al., 2012). Similarly, OVX Syrian hamsters given a subcutaneous injection of oestrogen 

resulted in FOS activation of RFRP-3 neurons (Kriegsfeld et al., 2006). These findings indicate 

that oestrogen can affect RFRP-3 activation and expression in these species differently 

(Kriegsfeld et al., 2006; Molnar et al., 2011). Due to this uncertainty, there needs to be more 

studies into whether steroids directly regulate RFRP-3 expression (Clarke et al., 2009). 
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1.3.1.6 RFRP-3 expression and secretion across season  

Season has been demonstrated to have a role in regulating RFRP-3 expression in males, 

however no studies have investigated RFRP-3 expression or role across seasons in rams. In 

ewes, both RFRP-3 cell number and mRNA expression were higher during the non-breeding 

season, compared to the breeding season (Smith et al., 2008a). In ewes, the number of GnRH 

cells that received inputs from RFRP-3 fibres was 80% higher in the POA and doubled in the 

AHA during the non-breeding season compared with the breeding season (Smith et al., 2008a). 

This suggests that day length is a regulator in the RFRP-3 mRNA expression in the DMH and 

VMH. Smith and colleagues (2012) tried to determine if RFRP-3 was secreted in portal blood 

and/or peripheral blood plasma throughout the oestrous cycle and anoestrus in the ewe.  

RFRP-3 secretion in the peripheral blood plasma was near undetectable, but was measurable 

in portal blood, with the amplitude and frequency of pulses higher during non-breeding season 

compared to breeding season (Smith et al., 2012). RFRP-3 pulses in portal blood were not 

found to correlate with LH pulses in peripheral blood in either the breeding or non-breeding 

season, suggesting that RFRP-3 is more likely to influence the responsiveness of the pituitary to 

GnRH secretion (Smith et al., 2012). To confirm this theory, Smith and colleagues (2012) used 

HPD ewes that were treated with GnRH to stimulate LH secretion as well as treated with RFRP-

3 intravenously. Their results  showed that the responsiveness of LH secretion to GnRH 

treatment was lower in HPD ewes treated with RFRP-3 (Smith et al., 2012). These studies 

suggest that RFRP-3 can act at the pituitary to influence LH secretion, as an overall increase in 

RFRP-3 output during the non-breeding season could cause the negative tone at the level of 

the pituitary and its secretion of gonadotrophins during the non- breeding season.  
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In the male Syrian hamster, RFRP-3 mRNA expression during a stimulatory photoperiod was 

found to be higher than an inhibitory photoperiod (Revel et al., 2008), which suggests a 

stimulatory role for RFRP-3 in this species. Similar results were seen in Siberian hamsters 

where, a 4-fold higher expression of RFRP-3 mRNA found in animals during  long days 

(stimulatory) compared to animals under short day (inhibitory) conditions (Ubuka et al., 2012). 

Similarly, removal of the pineal gland in Siberian hamsters, followed by increasing doses of 

melatonin resulted in an increase of RFRP-3 mRNA expression compared to control animals 

(Ubuka et al., 2012). To further support the theory of this relationship between RFRP-3 levels 

and melatonin, melatonin receptor subtype (Mel1c) mRNA was found to be expressed in RFRP-

3 neurons in the PVN, providing evidence of a potential pathway for melatonin actions on 

RFRP-3 neurons (Ubuka et al., 2005).  

1.3.1.7 RFRP-3 action on GnRH and gonadotrophin secretion 

There is growing evidence that RFRP-3 can regulate gonadotrophin secretion by acting on 

GnRH cells in the brain to regulate its secretion or at the pituitary gland.  No studies, to date 

have investigated the effects of RFRP-3 treatment on gonadotrophin secretion or its effect on 

the responsiveness of the anterior pituitary to GnRH in the ram.  A study using a GnRH cell line 

(mHypoA-GnRH/GFP neurons suggests that the inhibitory action of RFRP-3 acts on a 

transcriptional mechanism of GnRH (Gojska, Friedman, & Belsham, 2014). As Gojska and 

colleagues (2014) found that the suppressive effects of RFRP-3 treatment on the mHypoA-

GnRH/GFP neurons was inhibited by the pre-treatment of a RNA polymerase II gene 

transcription inhibitors. However, whether this suppressive action of RFRP-3 on a 

transcriptional mechanism of GnRH is physiologically important is still to be determined. 
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Studies in GPR147 null male mice, however, suggest that there is little physiological 

significance.  In GPR147 null male mice  fertility was preserved and no effects on puberty onset 

were seen, but the litter size was larger in females mated to these null mice compared to the 

control groups (León et al., 2014), suggesting that physiologically GPR147 is not essential for 

reproductive success.  In males, similar findings suggest RFRP-3 is not a potent regulator for 

LH/testosterone secretion, as mice given an intraperitoneal injection of RFRP-3 showed no 

significant change in serum concentrations of testosterone and therefore presumably LH 

secretions (Mikkelsen et al., 2009).   

The original RFRP-3 study, found RFRP-3 treatment suppressed LH secretion in quails (Tsutsui 

et al., 2000). The effects of RFRP-3 treatment on LH secretion in the ram are currently 

unknown, but in vitro and in vivo studies in other mammals have been conducted but have 

produced variable results. RFRP-3 treatment in a number of mammalian species has shown to 

suppress, stimulate or have no effect on LH secretion in a number of mammalian species 

including, ewes, mice and rats (Kriegsfeld et al., 2006; Ubuka et al., 2006; Clarke et al., 2008; 

Murakami et al., 2008; Sari et al., 2009; Ancel et al., 2012; Ubuka et al., 2012; Thorson et al., 

2014; Decourt et al., 2015) Specifically, peripheral treatment with RFRP-3 suppressed plasma 

LH levels in OVX ewes (Clarke et al., 2008), increased plasma LH levels in male Syrian hamsters 

(Ancel et al., 2012) and more recently studies found no effect  in OVX ewes (C.  Decourt et al., 

2015) and mares (Thorson et al., 2014).  

1.3.1.7.1 Action at the Brain  

Using a mHypoA-GnRH/GFP GnRH neural cell model, GnRH cells were shown to express 

GPR147, and treatment with RFRP-3 peptide led to a decrease in GnRH mRNA, although no 
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effects were seen on GnRH secretion from these cells (Gojska et al., 2014). Ducret and 

colleagues (2009) demonstrated that direct treatment with RFRP-3 peptide to GnRH cells 

decreased the firing rates of GnRH neurons expressing GPR147. This is functional evidence for 

a direct action of RFRP-3 on GnRH neurons themselves. 

In male rats, ICV injection of RFRP-3 decreased both plasma LH levels and the sexual response 

(number of mounts, intromissions, and ejaculations) when in contact with a steroid primed 

female (Johnson et al., 2007). Measuring the latency of these behaviours, Johnson and 

colleagues (2007), found no difference between treatment groups and stipulated that RFRP-3 

affects are on sexual behaviour not on a general motor function. In vivo studies have shown 

that the administration of RFRP-3 either had no effect on LH secretion or has stimulated it, 

further complicating the role of RFRP-3 in reproduction. In male Syrian hamsters (housed in 

inhibitory conditions) given central administration of RFRP-3 had a stimulatory effect on LH, 

FSH and testosterone in a dose dependant manner (Ancel et al., 2012), similar effects were 

seen in male Siberian hamsters (Ubuka et al., 2012). This is in contrast to the studies 

conducted in male rats, further highlighting that the role of RFRP-3 is different between 

species. It is possible that this difference relates to the fact that both Syrian and Siberian 

hamsters are seasonal breeders and rats are not, but further studies are required to test this 

hypothesis.  

Kisspeptin-induced GnRH release from brain slices from intact male mice was blocked by local 

application (microinjection) of RFRP-3 in the POA , with no effect of microinjection in the ME 

(Glanowska & Moenter, 2015). Kisspeptin-induced GnRH release from the ME was only 

blocked by incubating in a bath of RFRP-3 (Glanowska & Moenter, 2015). As both the RFRP-3 
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microinjection and RFRP-3 water bath treatment were at the same concentration, but the 

latter treatment was the only one to inhibit kisspeptin-stimulated GnRH in the ME, this 

suggests that either GPR147 is not expressed in close proximity to the microinjection site or 

RFRP-3 is not an effective inhibitor of GnRH secretion in the ME  (Glanowska & Moenter, 

2015). 

In a recent study in ewes, ICV treatment with an antagonist for GPR147 named GJ14, which is 

believed to be more specific than previously available antagonists resulted in no effect on LH 

secretion, suggesting RFRP-3 has little effect on LH secretion in this species (Decourt et al., 

2015). Previous studies have used a synthetic antagonist; RF9 which was thought to act on 

GPR147 (Simonin et al., 2006), but various mammalian studies have shown different effects on 

gonadotrophin secretion. Johnson and colleagues (2007) found ICV treatment of RF9 lowered 

LH secretion in rats, but other studies have shown that ICV treatment of RF9 increased LH 

secretion in pre-pubertal female mice (Xiang et al., 2015), as well as both sexes of rats (Pineda 

et al., 2010). Similarly, peripheral treatment of RF9 increased LH secretion in mares (Thorson 

et al., 2014), ewes (Decourt et al., 2015), male and female rats (Rizwan et al., 2012).  This 

stimulatory effect was blocked in rats that were also given a GnRH antagonist intravenously, 

suggesting that RFRP-3 actions are not on LH/FSH directly but on GnRH (Rizwan et al., 2012). 

RF9 treatment has been shown to increase GnRH mRNA levels in the mPOA  (Xiang et al., 

2015). This stimulatory effect on GnRH mRNA, however, is dependent on the expression of 

Kiss1R (Liu & Herbison, 2014; Sahin et al., 2015).  Using a heterologous mouse model it was 

demonstrated that RF9 activates intracellular signal cascades within cells that express the 

Kiss1R, providing evidence that RF9 acts directly onto Kiss1R to stimulate gonadotrophin 

secretion (Min et al., 2015), and not by preventing the inhibitory action of RFRP-3.  
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1.3.1.7.2 Action at the Anterior Pituitary  

There is evidence that RFRP-3 can regulate gonadotrophin secretion directly on gonadotroph 

cells in the anterior pituitary gland. Both the synthesis and release of gonadotrophin mRNA 

were inhibited by RFRP-3 in intact male quails (Ubuka et al., 2006) and pituitary sections from 

cockerels (Ciccone et al., 2004). Initial in vitro studies of quail anterior pituitaries treated with 

RFRP-3 found LH and FSH secretion inhibition was dose dependant (Tsutsui et al., 2000).  In 

hypothalamo-pituitary disconnected ewes, a combined infusion of GnRH (100ng) and RFRP-3 

suppressed LH secretion, with no other effects seen when RFRP-3 was combined with 50 or 

200ng of GnRH (Smith et al., 2012). These results suggest that RFRP-3 does have an inhibitory 

action on the LH response to GnRH, but only works within a small window of GnRH secretion 

levels.  

The inhibitory action of RFRP-3 on gonadotrophin secretion has been shown to act through 

inhibiting GnRH-induced release of calcium within cells (Ducret, Anderson, & Herbison, 2009), 

and thereby RFRP-3 acts to suppress GnRH stimulated expression of gonadotrophin genes 

through the AC/cAMP/PKA-dependent ERK pathway (Son et al., 2012). Using a mouse 

gonadotroph LβT2cell line, RFRP-3 treatment effectively inhibited the GnRH-induced 

intracellular cyclic AMP (cAMP) signalling through adenylate cyclase, suggesting RFRP-3 utilises 

the cAMP-sensitive reporter system (Son et al., 2012). 

In pituitary cell cultures derived from ewes, cows, pigs and rats,  administration of RFRP-3 

alone had little effect on LHβ and FSHβ mRNA expression and on LH concentrations in the 

media (Clarke et al., 2008; Kadokawa et al., 2009; Sari et al., 2009; Pineda et al., 2010; Li et al., 

2013). Suppression of LH and FSH expression was only observed when combined treatment of 
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RFRP-3 and GnRH was administered to these pituitary cell cultures (Clarke et al., 2008; 

Kadokawa et al., 2009; Sari et al., 2009; Pineda et al., 2010; Li et al., 2013). These studies 

suggest that RFRP-3 can act at the anterior pituitary to regulate gonadotrophin secretion via an 

inhibition of the response of gonadotrophin cells to GnRH. 

RFRP-3 treatment in female Syrian hamsters had no effects on LH secretion and RFRP-3 pre-

treatment was unable to inhibit GnRH stimulatory effects on LH secretion (Ancel et al., 2012). 

Similarly, in cycling and anoestrous mares, pre-treatment with RFRP-3 failed to influence GnRH 

stimulated LH secretion (Thorson et al., 2014), in intact, OVX and oestrogen treated OVX ewes 

RFRP-3 treatment did not alter LH secretion (Decourt et al., 2015). As RFRP-3 stimulated LH, 

FSH and testosterone secretion male Syrian hamsters, Ancel and colleagues (2012), incubated 

cultured pituitary cells with RFRP-3 alone or pre-incubated with RFRP-3 prior to GnRH 

treatment. In both cases RFRP-3 had no effect on LH concentrations, suggesting that in males 

the RFRP-3 acts on central targets and not the pituitary. Thus its action may be different to 

that seen in females. These studies raises more questions about the role of RFRP-3 and if the 

study’s results can be repeated.   

These findings suggest that regulation of gonadotrophin synthesis and secretion can be 

regulated by RFRP-3 directly on the anterior pituitary in vitro (Tsutsui et al., 2010). Future 

studies would need to determine if RFRP-3 fibres terminating at the ME are physiologically 

capable of controlling gonadotrophin secretion (Gibson et al., 2008; Tsutsui et al., 2010). 
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1.3.2 Kisspeptin  

Kisspeptin was initially recognised as a tumour metastasis gene, originally named metastin. 

This name was derived from the potent suppressive action it had on various tumours (Welch et 

al., 1994; Lee et al., 1996; Ohtaki et al., 2001). This link between kisspeptin and tumours has 

been further investigated in mice and humans (Sanchez-Carbayo, Capodieci, & Cordon-Cardo, 

2003; Ikeguchi, Yamaguchi, & Kaibara, 2004). However, kisspeptin is not just involved in anti-

metastasis activity, but also other regulatory roles within the body, such as puberty, stress, 

nutrition and reproduction. 

 A role in the development and maintenance of the HPG axis and the reproductive organs was 

discovered in two independent studies that described mutations or deletions of the gene for 

the kisspeptin receptor Kiss1R that led to hypogonadism (de Roux et al., 2003; Seminara et al., 

2003). Individuals who displayed these mutations had delayed puberty and insufficient 

gonadotrophin release (de Roux et al., 2003; Seminara et al., 2003).  To further support this, 

Kiss1R knock-out mice exhibited low levels of gonadotrophins which led to decreased gonadal 

size and low levels of sex steroids. These animals also failed to reach puberty (Funes et al., 

2003; Seminara et al., 2003; Messager et al., 2005; d'Anglemont de Tassigny et al., 2007). 

Many mammalian studies  have investigated the role of kisspeptin in puberty but this is out of 

the scope of this literature review. It has been however, extensively reviewed over the last few 

years (Seminara et al., 2003; Cortés et al., 2015; Nabi et al., 2015; Villanueva & de Roux, 2016).  

Kisspeptin is also considered to be involved in receiving signals from cues such as stress and 

nutritional status. In many species, both kisspeptin and kiss1R expression are down-regulated 
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by stress, which consequently, decreased gonadotrophin secretion (Grachev, Li, & O’Byrne, 

2013).  In merino rams, nutritional status is a potent regulator of reproduction (Blache et al., 

2006).  Nutrition has been shown to influence kisspeptin secretion. Restricted food intake 

decreased both kisspeptin and Kiss1R mRNA in the POA and MBH of male rhesus macaques, 

and in both male and female rats (Luque, Kineman, & Tena-Sempere, 2007; Shamas et al., 

2015). Studies have investigated possible interactions between kisspeptin and neuronal 

populations that are involved in regulation of appetite. Messenger RNA levels for Kiss1R and 

the glutamate receptor subunit NR1 decreased after 48 hours of fasting in Rhesus monkeys, 

suggesting that glutamate may be involved in the fasting-induced suppression of kisspeptin 

signalling (Shamas et al., 2015), as well as both POMC and NPY neurons (Backholer et al., 2010) 

possibly via direct neuronal interaction (Fu & van den Pol, 2010). Reciprocal connections 

between kisspeptin and NPY and POMC-producing cells were demonstrated using 

immunohistochemistry in ewe brains, whilst, in the same study, ICV treatment of kisspeptin to 

OVX ewes reduced POMC and increased NPY gene expression (Backholer et al., 2010). This 

indicates that kisspeptin also regulates these key peptides associated with the interaction of 

nutrition and reproduction (Crown, Clifton, & Steiner, 2007). Overall, these studies 

demonstrated that kisspeptin has a role in the regulation of gonadotrophin secretion, the 

development of the gonads during puberty and receiving signals from external cues which are 

known to influence reproduction. The remainder of the literature will focus on the 

involvement of kisspeptin in the regulation of GnRH and gonadotrophin secretion in sheep and 

other male mammals.  
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1.3.2.1 Discovery and Chemical structure 

Kisspeptin is classed as part of the RF-amide peptide family due to its Arg-Phe-NH2 C-terminal 

sequence. In most mammalian species, the KiSS1 peptide is cleaved into four shorter peptides: 

kisspeptin-54, kisspeptin-14, kisspeptin-13, and kisspeptin-10  (Mikkelsen et al., 2009; 

Consortium, 2012) with the most biologically active kisspeptin being 52-54 amino acids in 

length  (Oakley, Clifton, & Steiner, 2009) and the minimal sequence for receptor activation 

being the ten amino acid residues at the C-terminus (Kotani et al., 2001; Ohtaki et al., 2001).  

These 10 residues are identical across rodents, pigs and ruminants (sheep and cows), whereas 

primates (including humans) have a phenylalanine (F) instead of a tyrosine (Y) in the C-

terminus (Kotani et al., 2001; Ohtaki et al., 2001). Overall, the kisspeptin amino acid sequence 

is well conserved across domestic animals: the sequence for goat kisspeptin has 98% sequence 

identity to ovine, 91% to bovine and 77% to porcine (Kotani et al., 2001; Ohtaki et al., 2001; 

Ohkura et al., 2009; Tomikawa et al., 2010). Table 1.4 compares the kisspeptin amino acid 

sequence between sheep and human. A species variation in kisspeptin peptide structure and 

post transcriptional processing has been extensively reviewed (Oakley et al., 2009; 

d'Anglemont de Tassigny & Colledge, 2010; Tsutsui et al., 2010; Okamura, Yamamura, & 

Wakabayashi, 2013). 
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Table 4.4 Comparison of kisspeptin protein sequence in sheep and humans. 

Sheep  1  

51 

101 

MNVLLSRQLMLFLCATAFRETLENMAPMENPRTTGSQLGPATLRAPWEQS 

PRCAAGKPTAAGPRPRGAALCPSESSAGPRQPGPCAPRSRLIPAPRGAAL 

VQREKDVSAYNWNSFGLRYGRRQAALPGGRGGARG---- 

50 

100 

135 

Human 1  

51 

101 

MNSLVSWQLL LFLCATHFGE PLEKVASVGN SRPTGQQLES LGLLAPGEQS 

LPCTERKPAATARLSRRGTSLSPPPESSGSPQQPGLSAPHSRQIPAPQGA 

VLVQREKDLPNYNWNSFGLRFGKREAAPGNHGRSAGRG 

50 

100 

138 

Shown above is the amino acid sequence for kisspeptin in both the human (Consortium 2012) 
and sheep (d'Anglemont de Tassigny & Colledge, 2010). Yellow highlighting shows the 
kisspeptin-54 gene sequence. Bold underlined text shows the kisspeptin-10 gene sequence. 
The accession numbers used to identify the protein sequence in the BLAST library. Kisspeptin 
protein sequence for sheep (Ovis aries) and human (Homo sapiens) were K7T2X8 and Q15726 
respectively, sourced from BLAST: Consortium, 2012.  
 

1.3.2.2 Location and Projections of Kisspeptin Neurons 

Kisspeptin is expressed in multiple places around the body, including the gastrointestinal tract 

(and accessory organs), respiratory tract, circulatory systems, adipose tissue, reproductive 

organs (gonads and placenta/umbilical vein), and the brain (amygdala and hypothalamus) as 

well as the pituitary gland, as previously reviewed (Nabi et al., 2015). This literature review will 

focus on the hypothalamus and pituitary gland. Both immunohistochemical and in situ 

hybridisation techniques have shown the distribution of kisspeptin neurons in numerous 

species including: sheep (Estrada et al., 2006; Franceschini et al., 2006; Smith et al., 2007; 

Merkley, 2013), rodents (Clarkson & Herbison, 2006; Adachi et al., 2007), goat (Ohkura et al., 

http://www.uniprot.org/uniprot/B2KKR4
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2009; Matsuyama et al., 2011), horse (Decourt et al., 2008; Magee et al., 2009) and humans 

(Hrabovszky et al., 2010).  

In general, kisspeptin neurons are found in the POA and ARC but this does vary between 

species. In ewes, kisspeptin neurons are found in both the ARC and POA (Franceschini et al., 

2006), and more in the middle and caudal regions of the ARC (Smith et al., 2008a). Rams had 

significantly fewer kisspeptin neurons expressed in the mPOA and mid-caudal ARC compared 

to ewes (Cheng et al., 2010). Specifically, in the mPOA, rams had approximately 10 

cells/section compared to 40-60 cells/section in the ewe (Cheng et al., 2010). Similarly in the 

mid and caudal ARC, rams had approximately 10 cells/section in both while ewes had 

approximately 60 and 30 cells/section respectively (Cheng et al., 2010).In the pig, kisspeptin 

neurons are found the PeVN instead of in the POA (Tomikawa et al., 2010), with  the 

equivalent cells in rodents found in the anteroventral periventricular nucleus (AVPV) (Adachi et 

al., 2007). Using in situ hybridisation, Gottsch and colleagues (2004) found labelling for 

kisspeptin mRNA in the AVPV, PeVN, and ARC of the adult male mouse. In the rostral ARC, 

kisspeptin mRNA was found in the medial and lateral areas with kisspeptin mRNA populations 

in the caudal ARC restricted to the ventral area (Gottsch et al., 2004). 

Throughout the ewe hypothalamus, kisspeptin fibres are found in the POA, DMH/VMH, and 

ARC, and form a large network in the ME (Franceschini et al., 2006; Mikkelsen & Simonneaux, 

2009). The rest of the brain has not been examined, in the sheep but in mice, kisspeptin fibres 

also project to the BNST, medial amygdala, periaqueductal gray and the locus coeruleus, 

suggesting that kisspeptin has a variety of other physiological functions other than control of 

reproduction (Clarkson & Herbison, 2009). 
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Caution must be taken, however, when comparing studies, as some antibodies have been 

found to be not specific. A new population of kisspeptin neurons was found in the POA within 

the mare (Magee et al., 2009) and colocalisation was observed  with GnRH neurons in the POA 

of the ewe (Pompolo et al., 2006), but it has been since discovered that the antibody they used 

has some cross-reactivity with other antigens (Goodman et al., 2007; Smith et al., 2008a).  

1.3.2.2.1 KNDy Neurons  

In sheep, goats and rodents, kisspeptin neurons in the ARC have been found to co-express two 

other neuropeptides, NKB and dynorphin A (Dyn) (Burke et al., 2006; Goodman et al., 2007; 

Navarro et al., 2009; Cheng et al., 2010; Wakabayashi et al., 2010; Matsuyama et al., 2011).  

This population of neurons has now been dubbed KNDy (kisspeptin/NKB/Dyn) neurons, as they 

express all three neuropeptides (Lehman et al., 2010b). Virtually all kisspeptin neurons in the 

ARC co-express NKB and Dyn, and 50% of them express the NKB receptor (NK3R) (Oakley et al., 

2009; Lehman, Coolen, & Goodman, 2010a; Goodman & Lehman, 2012; Ahn et al., 2015). It 

must be noted that KNDy neurons are not a homogeneous cell population, as the co-

expression of the three KNDy peptides is not 100% (Cheng et al., 2010; Hrabovszky et al., 2011) 

with the percentage of co-expression varying between species and sexes (Goodman & 

Lehman, 2012; Goodman et al., 2014). Specifically, in intact ewes, 80% of kisspeptin neurons 

co-expressed NKB, whilst 73% of NKB neurons co-expressed kisspeptin (Goodman et al., 2007).  

The same study found co-expression of kisspeptin and Dyn, with 94-95% of kisspeptin neurons 

co-expressing Dyn, and a similar percentage of Dyn neurons expressing kisspeptin, whilst 86% 

of NKB neurons co-expressed Dyn (Goodman et al., 2007).  . The KNDy cell population also 

appears to be sexually dimorphic, where males have less co-expression of Kisspeptin, NKB and 

Dyn compared to females. This is seen in sheep (Cheng et al., 2010), humans (Hrabovszky et 
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al., 2011) and rats (Overgaard et al., 2014). Together these studies suggest that the KNDy 

neuron population and the network they are involved in is complex, with further studies 

needed to determine how the three neuropeptides (Kisspeptin, NKB and Dyn) interact with 

each other, the impact of sex steroids on the co-expression and why they are not a 

homogenous population. 1.3.2.3 Interactions of Kisspeptin neurons with other neurons  

1.3.2.3.1 GnRH neurons  

Kisspeptin fibres interact with a number of types of neurons including GnRH. In ewes, Smith 

and colleagues (2008a) discovered contacts between kisspeptin terminals and GnRH neurons 

in the POA, AHA and MBH, with approximately 40-50% of GnRH neurons in the POA and MBH 

in contact with kisspeptin fibres. In general, male mammals (goats, mice and castrated 

monkeys) have a lower percentage of GnRH neurons with kisspeptin fibre appositions in the 

POA compared to females (Clarkson & Herbison, 2006; Ramaswamy et al., 2008; Ohkura et al., 

2009; Matsuyama et al., 2011). In male goats, only 2% of GnRH cells in the POA had kisspeptin 

fibre appositions (Matsuyama et al., 2011), and castration did not affect this interaction. The 

results from this study suggest that testicular hormones themselves may not influence the 

number of kisspeptin inputs to GnRH cells.  The potential for sex differences in the sheep for 

the interactions between kisspeptin fibres on GnRH neurons is still to be investigated, as no 

studies have been conducted in the ram. 

Fibre to fibre connections between kisspeptin and GnRH axons in the ME have been identified 

in a range of species, in females (ewes, mares,  rats) and males (goats and monkeys) (Decourt 

et al., 2008; Ramaswamy et al., 2008; Ohkura et al., 2009; Matsuyama et al., 2011; Smith et al., 

2011; Uenoyama et al., 2011). These appositions were found in the external layer of the ME in 
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both intact and castrated goats (Ohkura et al., 2009; Matsuyama et al., 2011) and were 

confirmed using electron microscopy, in the male goat and female rat (Matsuyama et al., 2011; 

Uenoyama et al., 2011). The exact role of these interactions between the GnRH and kisspeptin 

fibres in the ME is still unknown. It has been hypothesised, however, that this interaction at 

the ME could produce a non-synaptic action of kisspeptin to regulate GnRH secretion or could 

have a hypophysiotropic function. These theories are supported by studies which have 

identified kisspeptin in hypophyseal portal blood in OVX ewes (Smith et al., 2008b), and where 

kisspeptin treatment to ME tissue from female mice stimulated GnRH release (in vitro) 

(Uenoyama et al., 2011). Kisspeptin IV treatment to OVX ewes did not increase c-FOS labelling 

in GnRH cells but did increase labelling in kisspeptin and glutamate neurons in the ARC only, 

suggesting that kisspeptin acts at the level of the ME to increase GnRH secretion (Ezzat, 

Pereira, & Clarke, 2015). Lastly, GPR54 is expressed in anterior pituitary cell cultures and 

kisspeptin treatment can stimulate the production of gonadotrophins from these cell cultures 

derived from ewes, male calves and pigs (Smith et al., 2008b; Suzuki, Kadokawa, & Hashizume, 

2008).  Overall these studies suggest that kisspeptin can act to stimulate GnRH secretion 

directly at the cell and may additionally stimulate its release through fibre to fibre interactions 

in the ME.  

KNDy neurons have a dense network of KNDy fibres surrounding the cell bodies (Foradori et 

al., 2006; Wakabayashi et al., 2010). Morphological and electrophysiological studies provided 

evidence that KNDy neurons communicate extensively with each other (Burke et al., 2006; 

Foradori et al., 2006; Goodman et al., 2007; Navarro et al., 2011; de Croft, Boehm, & Herbison, 

2013; Ruka, Burger, & Moenter, 2013). In ewes, studies using Dyn as the label, have indicated 

that there are axo-axonic contacts between KNDy fibres (Goodman et al., 2004; Lehman et al., 
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2010a). This local communication occurs through NKB, via the neurokinin 3 receptor (NK3R), to 

stimulate, and Dyn through κ-opioid receptor (KOR), to inhibit the activity of the KNDy neuron 

population (Navarro et al., 2009; Ohkura et al., 2009; Wakabayashi et al., 2010).  This  self-

communication is proposed to play a critical role in the generation of episodic GnRH/LH pulses 

(Navarro et al., 2009; Ohkura et al., 2009; Wakabayashi et al., 2010) and for synchronising the 

activity of KNDy neurons (Burke et al., 2006; Foradori et al., 2006).  

There are some reciprocal interactions between KNDy and GnRH neurons; 45% and 60% of 

GnRH neurons in the mPOA and MBH, respectively, received at least one input from KNDy 

neurons (Merkley et al (2011) as cited by Goodman et al. (2013)), although only 16% of KNDy 

neurons were found to be contacted by at least one GnRH terminal.  This  suggests that GnRH 

does not have a major role in regulating KNDy neurons (Goodman et al., 2013).  

1.3.2.3.2 Other neuron populations 

The relationship between kisspeptin and both POMC and NPY was investigated by treating 

OVX ewes with kisspeptin, and examining its effect on both POMC and NPY mRNA expression 

(Backholer et al., 2010). Kisspeptin treatment led to an increase in NPY mRNA expression but 

decreased POMC mRNA expression compared to control animals (Backholer et al., 2010). In 

contrast, using electrophysiological techniques on mouse brain slices, POMC cells were excited 

by kisspeptin treatment and NPY neuron activity was inhibited (Fu & van den Pol, 2010). 

Whether these effects of kisspeptin on POMC and NPY neurons are species specific and direct 

is still to be determined. Dual immunohistochemical studies have investigated this interaction. 

Backholder and colleagues (2010) found reciprocal appositions between kisspeptin and NPY 

neurons in both intact and OVX ewes (P<0.05) but significantly greater interactions between 
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kisspeptin and POMC neurons (P<0.01) (Backholer et al., 2010). Around 7% of NPY cells had 

kisspeptin fibre appositions, while 18-22% or 18% of POMC neurons had close kisspeptin fibre 

appositions (Backholer et al., 2010). Interactions between POMC neurons and kisspeptin fibres 

were also detected in transgenic male and female mice that expressed green fluorescent 

protein in POMC neurons (Fu & van den Pol, 2010). Fu and van den Pol (2010) further 

investigated the inhibitory effect of kisspeptin treatment on NPY neuron activity, and found 

that this action was dependant on the involvement of GABA neurons, as no effect was found 

with kisspeptin was treated in conjunction with a synaptic activity blocker. This suggests that 

kisspeptin does not directly influence the NPY neuron population. So, whilst these interactions 

have not been proven to be direct as of yet, the current studies suggest that there is some 

interaction between  kisspeptin, POMC and NPY neurons, which are not only involved in 

regulating gonadotrophin secretion but also in regulation of food intake, probably relaying the 

actions of metabolic hormones such as leptin and insulin (Crown et al., 2007; Backholer et al., 

2010). 

1.3.2.4 Kisspeptin receptor: Kiss1R  

The G protein-coupled receptor, Kiss1R,  was first found in the rat, with a 45% similar sequence 

to galanin receptors (Lee et al., 1999). In 2001, four independent studies showed that Kiss1R 

has a high affinity for kisspeptin and all of its forms (-54, -14, -13, 1-10) in a variety of species 

(Kotani et al., 2001; Muir et al., 2001; Ohtaki et al., 2001).  Kisspeptin binding with Kiss1R 

activates phospholipase-C, and stimulates intracellular Ca2+ mobilisation, arachidonic acid 

release, ERK1/2 and p38 kinase recruitment and phosphatidylinositol-4, 5-bisphosphate 

hydrolysis (Kotani et al., 2001; Ohtaki et al., 2001; Castellano et al., 2006; Millar & Babwah, 
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2015). This occurs through activation of canonical transient receptor potential channels (TRPC) 

and inhibition of the potassium inward rectifying channels (Liu, Lee, & Herbison, 2008; 

Pielecka-Fortuna, Chu, & Moenter, 2008; Zhang et al., 2008; Kroll et al., 2011). These studies 

have indicated that all forms of kisspeptin bind onto Kiss1R through which they then activate a 

complex signalling pathway within the cell.  

Messager and colleagues (2005) demonstrated that in male mice, GnRH neurons and fibres can 

express Kiss1R.  The percentage of GnRH neurons expressing Kiss1R mRNA in the male rat 

(Irwig et al., 2004), and mouse was 77% (Herbison et al., 2010). Another study found more 

than 90% of GnRH neurons co-expressed Kiss1R  in juvenile and adult male mice (Han et al., 

2005). This varies during development, since, Parhar and colleagues, (2004) demonstrated 45-

60% of mature GnRH neurons (neurons which had migrated to their final location) contained 

Kiss1R, whereas only 0.5% of immature GnRH neurons contained Kiss1R. Physiological role of 

Kiss1R in puberty and maintaining healthy reproductive organs was investigated in Kiss1R 

knockout mice (Seminara and colleagues (2003)). They found that the lack of Kiss1R lead to 

smaller testis size in males and delayed vaginal opening and lack of follicle development 

compared to wild type mice (Seminara et al., 2003). This indicates a key role for the kisspeptin 

receptor in maturation of the reproductive system. 

1.3.2.5 Effects of sex steroids on Kisspeptin 

1.3.2.5.1 Testosterone influence on Kisspeptin 

Both kisspeptin and AR are located in the ARC in sheep (Scott et al., 2004; Smith et al., 2007) 

and co-expression of AR and kisspeptin has been investigated in the sheep, but the extent and 
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sex of the animals is unknown as the original data is unpublished as noted in Lehman et al, 

2010b.   In male mice, using double labelled in situ hybridisation, approximately 64% kiss1 

mRNA expressing cells were found to co-express AR mRNA in the ARC (Smith et al., 2005b). 

Using in situ hybridisation, studies have found that kisspeptin gene expression in the ARC of 

rodents was regulated by testosterone (Irwig et al., 2004; Smith et al., 2005b). In general, 

castration of male mammals (goats, monkeys, mice and rats) led to a significant increase in the 

expression of Kiss1R and kisspeptin mRNA as well as number of kisspeptin neurons in the ARC 

(Navarro et al., 2004; Smith et al., 2005b; Shibata et al., 2007; Ohkura et al., 2009). When 

castrated male mice and rats were treated with testosterone, the stimulatory effect of 

castration on kisspeptin mRNA expression was inhibited (Navarro et al., 2004; Smith et al., 

2005b). This suggests that this population is inhibited by testosterone (Navarro et al., 2004; 

Smith et al., 2005b; Shibata et al., 2007; Smith et al., 2007; Oakley et al., 2009).In contrast, in 

intact male goats, kiss1 mRNA and kisspeptin neurons were expressed in the POA (Matsuyama 

et al., 2011), but in castrated male goats this population of kisspeptin neurons had apparently 

disappeared (Ohkura et al., 2009). However, in the ARC, gonadectomy of both sexes of goats 

led to an increase in kisspeptin neuron expression (Ohkura et al., 2009) compared to the intact 

animals (Matsuyama et al., 2011). These studies results suggest that sex steroids may inhibit 

kisspeptin expression within the ARC of the goat. 

In the POA and AVPV, the population of kisspeptin neurons as well as the expression of mRNA 

have very different responses to testosterone treatment and castration than those of the ARC. 

In male mice, castration increased and testosterone treatment decreased kisspeptin mRNA 

expression in the ARC. These treatments had the opposite effect on kisspeptin expression in 
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the AVPV  (Smith et al., 2005b).  These expressions of Kisspeptin mRNA were lower in castrates 

compared to the intact male mice (Smith et al., 2005b). Similar results were observed in the 

POA of intact and castrated goats (Ohkura et al., 2009; Matsuyama et al., 2011).  

Furthermore, in both female and male mice testosterone but not DHT treatment increased 

kisspeptin mRNA expression in the POA. Since testosterone but not DHT can influence 

kisspeptin mRNA, this suggests that oestrogen may be the key to stimulating the expression of 

kisspeptin in the POA (Smith et al., 2005b).  

1.3.2.5.2 Oestrogen influence on kisspeptin 

In rams, no studies have investigated the co-expression of ERα with kisspeptin, or the effects 

of oestrogen treatment on kisspeptin expression in the hypothalamus. Essentially all kisspeptin 

neurons in the ARC of the female mouse co-expressed ERα (Smith et al., 2005a), with similar 

expression found in ewes, where the majority of kisspeptin neurons in the POA and ARC 

expressed ERα (Franceschini et al., 2006; Smith et al., 2008a; Smith et al., 2008b; Smith et al., 

2011).  The majority of normal oestrogen negative feedback is thought to act through the ARC 

kisspeptin population (Yeo & Herbison, 2014),however further studies are needed to confirm 

this.  Using female mice with a kisspeptin cell-specific deletion of ERα knockout (kERαKO), 

Dubois and colleagues (2015) found that oestrogen treatment inhibited GnRH/LH secretion 

despite being unable to inhibit kisspeptin mRNA. This suggests that oestrogen negative 

feedback may not solely work through the kisspeptin cells in the ARC but through other 

pathways as well, at least in female mice(Dubois et al., 2015).   
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Oestrogen has been found to influence the organisation and activation of the POA and ARC 

populations of kisspeptin neurons differently (Brock & Bakker, 2013).  Expression of kisspeptin 

mRNA in the ewe changed throughout the oestrous cycle (Estrada et al., 2006; Smith et al., 

2007). Specifically, expression of kisspeptin mRNA increased in the ARC during the late 

follicular phase (Estrada et al., 2006), a time when circulating oestrogen levels are at their peak 

due to ovulation. The number of kisspeptin neurons in the ARC was also higher in OVX ewes 

compared to intact ewes that were in the luteal phase of the oestrous cycle (Pompolo et al., 

2006), a time when both progesterone secretion and oestrogen negative feedback actions are 

at their strongest. Thus these neurons may be involved in both the positive and negative 

feedback actions of oestrogen in the ewe.  These studies show that as oestrogen levels vary 

across the oestrous cycle, so does kisspeptin neuron and mRNA expression. This suggests that 

in females, oestrogen and possibly progesterone, have a strong regulatory action on kisspeptin 

neuron expression.  

In contrast, however, another study found that gonadectomy decreased Kiss1 mRNA in the 

ARC, in both sexes of mice (Smith et al., 2005a; Smith et al., 2005b), with similar levels seen in 

aromatase knockout mice (ArKO mice) (Brock & Bakker, 2013).  Once treated with oestrogen 

or DHT, kisspeptin mRNA expression increased to levels seen in intact animals. Long term 

castration and oestrogen treatment to short term castrated WT male mice had no effect on 

Kiss1 mRNA in the POA, however oestrogen treatment increased kiss1 mRNA in both sexes of 

ArKO mice and OVX females. (Smith et al., 2005a; Smith et al., 2005b; Brock & Bakker, 2013). 

These studies suggest that in males the regulation of kisspeptin by oestrogen may not be as 

potent as it has been demonstrated in females.  
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1.3.2.6 Kisspeptin expression and secretion across season 

Studies in ewes across seasons show indicate that there seems to be a regulatory role for 

kisspeptin in this species; however, in the ram the regulatory role of kisspeptin is still 

unknown. Smith and colleagues (2008), hypothesised that variation in GnRH secretion 

between seasons is at least partially due to kisspeptin. Their trial examined the hypothalamus 

of both OVX ewes and OVX ewes treated with oestradiol during both the breeding and non-

breeding seasons, to determine if seasonal differences are dependent on oestrogen (Smith et 

al., 2008a). In the caudal ARC, oestrogen treatment to OVX ewes decreased the number of 

kisspeptin cells in the non-breeding season, but not in the breeding season (Smith et al., 

2008a). Thus, there is a seasonal regulation of the ability of oestrogen to regulate kisspeptin 

neurons in the caudal ARC. Notably, the number of kisspeptin cells increased in the POA, but 

decreased in the mid ARC when OVX ewes were treated with oestrogen, independent of 

season (Smith et al., 2008a). Since the dose of oestrogen was constant across seasons, Smith 

and colleagues (2008a) concluded that kisspeptin neurons in the caudal ARC regulate GnRH 

secretion and could be potential mediators of the seasonal shift in the response to oestrogen 

negative feedback.  Similarly, kisspeptin numbers or Kiss1 mRNA expression were higher in the 

ARC during a stimulatory photoperiod (breeding season) compared to an inhibitory 

photoperiod (non-breeding season) in female goats (Jafarzadeh Shirazi et al., 2014), both sexes 

of jerboas (Janati et al., 2013) and male Syrian hamsters (Simonneaux et al., 2009). In contrast, 

Siberian hamsters displayed a decrease in kisspeptin numbers in the ARC population during the 

stimulatory photoperiod compared to animals in the inhibitory photoperiod (Greives et al., 

2008). The reason for this species difference is still to be determined. These studies suggest 

that either or both season and species influences the expression of kisspeptin, however 
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whether it is inhibitory or stimulatory is dependent on the species. Thus, what role kisspeptin 

plays in the seasonality of reproduction is unclear.  

Season is thought to influence kisspeptin neuron expression but also the percentage of 

Kisspeptin fibres in close apposition to GnRH neurons in ewes. In ewes, the percentage of 

kisspeptin fibre appositions onto GnRH neurons in the MBH is higher in breeding season 

compared to non-breeding season in the ewe (Smith et al., 2008a), but no seasonal effect was 

found on the percentage of kisspeptin appositions on GnRH neurons in the POA or AHA (Smith 

et al., 2008a). Reciprocal seasonal changes in both kisspeptin and RFRP-3 interactions with 

GnRH neurons across breeding seasons further support the role of these two RF-amides in the 

feedback cycle of mammals to control reproduction (Smith et al., 2008a). Smith and colleagues 

(2008a) further suggest that each RF-amide regulates different aspects of GnRH, where RFRP-3 

inputs may control GnRH neurons in the rostral hypothalamus while kisspeptin actions are at 

the caudal subpopulation of GnRH neurons. As to whether these actions by RFRP-3 neurons 

onto GnRH neurons are stimulatory or inhibitory is still to be determined. Kisspeptin neurons, 

on the other hand, seem to have a stimulatory action on GnRH neurons. Specifically, kisspeptin 

has been found to regulate GnRH/LH pulses during the inhibitory season through dopamine in 

the ewe (Goodman et al., 2012).  

1.3.2.6.1 Melatonin regulation of kisspeptin  

The role of melatonin in the seasonal regulation of kisspeptin has yet to be investigated in the 

ram. Other studies have investigated this role in other species. The suppression of kisspeptin 

normally seen during the  inhibitory photoperiod in male Syrian hamsters was prevented in 

animals where the pineal gland was ablated (Revel et al., 2006). Administration of melatonin in 
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both female and male intact Syrian hamsters reduced kisspeptin mRNA in both the AVPV and 

ARC (Ansel et al., 2010). In contrast, castrated Syrian hamsters treated with melatonin showed 

a reduction in kisspeptin mRNA expression only in the ARC, with no effects on expression in 

the AVPV. Furthermore, removing the pineal gland in both sexes of photo-inhibited hamsters, 

stimulated the expression of kisspeptin in the ARC, but no effect was seen in the AVPV (Ansel 

et al., 2010).  These results suggest that in the ARC, melatonin inhibits the expression of 

kisspeptin mRNA in the hypothalamus, and for the AVPV this inhibitory action may depend on 

sex steroids (Ansel et al., 2010).  

An abundant population of melatonin receptors are found in the premammilary region, an 

area which contains the caudal ARC (Sliwowska et al., 2004) raising the possibility that 

kisspeptin may be directly regulated by melatonin. However, in OVX ewes, using double 

labelled in situ hybridisation, kisspeptin mRNA neurons in the ARC did not co-express the 

receptor for melatonin (MTNR1A), suggesting that melatonin does not directly regulate 

kisspeptin neurons in the ewe (Li et al., 2011). Thus further studies are needed to fully 

understand the pathway and relationship between melatonin and kisspeptin.   

1.3.2.7 Kisspeptin action on GnRH and gonadotrophin secretion 

The role of kisspeptin in regulation of gonadotrophin secretion in the ram is unknown. In male 

mammals, kisspeptin is the only known robust stimulator of GnRH/gonadotrophin secretion 

(Matsui et al., 2004), therefore it is possible that kisspeptin has the same effect on rams. This 

effect on gonadotrophin secretion is seen in various mammals, however its efficacy seems to 

vary depending on species, age, sex, season, route, dose, and dose rate of the administered 

peptide (Caraty et al., 2007; Lents et al., 2008; Smith, 2009; Caraty et al., 2012).  
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Kisspeptin treatment increased LH in male rats and mice (Gottsch et al., 2004; Matsui et al., 

2004; Castellano et al., 2006), and castrated male goats  (Ohkura et al., 2009). It also 

stimulated LH secretion in ewes (Smith, Saleh, & Clarke, 2009; Smith et al., 2011) and in OVX 

cows(Whitlock et al., 2008). In addition, kisspeptin treatment to kisspeptin knockout mice, 

produced a robust increase in LH secretion, indicating that the HPG axis is still viable in these 

animals (d'Anglemont de Tassigny et al., 2007). To further support the relationship between 

GnRH and kisspeptin, exogenous GnRH treatment to kisspeptin and Kiss1R knockout mice and 

in humans with mutations in these, lead to an increase in gonadotrophin secretion (Seminara 

et al., 2003).  

In contrast, various animal species, including ewes, exhibited a suppressed secretion of 

gonadotrophins when given a continuous dose of kisspeptin. This was found in monkeys 

(Seminara, 2006),  rats  (Matsui et al., 2012), sheep  (Messager et al., 2005) and goats (Ohkura 

et al., 2011). Caraty and colleagues (2012) decided to investigate the effects of administering 

kisspeptin in intervals to ewes, this resulted in pulse like secretions of GnRH and LH in the 

ewes. This suggests that there is a threshold point for kisspeptin over which the stimulation 

effects of kisspeptin become inhibitory to gonadotrophin secretion.   

1.3.2.7.1 Action at the brain 

There is a great deal of evidence that kisspeptin exerts an action in the brain to stimulate 

GnRH secretion. In vitro studies on hypothalamic fragments from mice, rats and sheep 

demonstrated that kisspeptin stimulates GnRH secretion (Castellano et al., 2006; d'Anglemont 

de Tassigny et al., 2008; Smith et al., 2011; Uenoyama et al., 2011). Similar effects of kisspeptin 

were seen in the ewe, where kisspeptin injections into the third ventricle stimulated a rapid 
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increase of GnRH secretion in the CSF and LH in blood (Messager et al., 2005). Kisspeptin and 

GnRH treatment alone both increased LH secretion levels in male Wistar rats, but when both 

were administered together, there was no further increase in LH secretion (Navarro et al., 

2005). This suggests that kisspeptin does not have a synergistic effect with GnRH on LH 

secretion, but instead stimulates LH secretion via GnRH.  

The kisspeptin population in the ARC was found to have a role in regulating LH secretion. 

Animals given a Kiss1R antagonist in the ARC had suppressed LH levels (Li et al., 2009). This is 

further supported by studies where central administration of an antagonist for Kiss1R blocked 

pulsatile LH secretion in both ewes and in female and male goats (Ohkura et al., 2011; Roselli, 

Reddy, & Kaufman, 2011; Smith et al., 2011; Wakabayashi et al., 2011; Goodman et al., 2012).  

Kisspeptin ICV infusion led to a prolonged elevation of GnRH secretion  (Pineda et al., 2010). 

Similarly, an electrophysiology study showed that mouse brain slices containing the POA, when 

treated with kisspeptin, activated GnRH neurons for a prolonged period of time (Han et al., 

2005; Pielecka-Fortuna et al., 2008). 

GnRH neuron-specific Kiss1R knockout male and female mice had very low LH secretion levels 

and were classed as infertile (Novaira et al., 2014). This highlights the importance of kisspeptin 

action directly onto GnRH neurons. Peripheral administration of kisspeptin induced c-Fos in 

60% of GnRH neurons, indicating activation of GnRH neurons. GnRH neurons are strongly 

depolarised by kisspeptin, through its receptor Kiss1R, by inhibiting the voltage-gated 

potassium channels within the GnRH neuron (Pielecka-Fortuna et al., 2008; Pielecka-Fortuna, 

DeFazio, & Moenter, 2011).  Kisspeptin was unable to stimulate GnRH secretion in both the 

POA and ME in brain slices of female mice when Ca2+ release was blocked suggesting that 
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kisspeptin stimulatory action involves the releasing intracellular Ca2+ (Glanowska & Moenter, 

2015). GnRH mRNA levels however, were not affected by chronic administration of KiSS1 in 

whole hypothalamic or POA samples in pubertal male rats (Navarro et al., 2005). These studies 

suggest that kisspeptin can influence GnRH secretion but not the synthesis of GnRH mRNA.  

Kisspeptin has been found to stimulate GnRH secretion and ultimately LH secretion through 

peripheral administration and by direct injection at the ME in the ewe (Ezzat et al., 2015). An 

IV injection of kisspeptin led to an increase of GnRH and LH concentration in both the female 

sheep and goat (Smith et al., 2011; Li et al., 2012a; Tanaka et al., 2012). Microinjections into 

the ME of conscious OVX ewes produced an LH pulse, suggesting that kisspeptin acts at the ME 

to stimulate GnRH secretion (Ezzat et al., 2015). A greater proportion of kisspeptin cells 

labelled with c-Fos in ewes that produced an LH pulse within 30min prior to tissue collection 

compared with those that had not produced a recent LH pulse suggests that arcuate kisspeptin 

neurons drive GnRH secretion at the ME (Ezzat et al., 2015).  

1.3.2.7.2 Action at the anterior pituitary  

Kisspeptin has the potential to work at the pituitary level, as Kiss1R are expressed in ewe 

pituitary cell culture (Ohtaki et al., 2001; Sanchez-Carbayo et al., 2003; Smith et al., 2008b), 

and Kiss1R null mice have low LH levels and a reduced pituitary response to GnRH (Seminara et 

al., 2003).  In vitro studies on pituitary cell cultures from rat, ewe, pig and cattle and showed 

that kisspeptin administration led to a dose dependant increase in LH concentrations 

measured from culture medium (Navarro et al., 2005; Ezzat et al., 2010). The stimulatory 

action of kisspeptin was blocked by disconnecting the hypothalamus from the pituitary 
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disenabling the delivery of GnRH to the pituitary (Clarke, Cummins, & de Kretser, 1983; Smith 

et al., 2008b). 

When considering the studies discussed in the this section and the previous one, these studies 

indicate that the action of kisspeptin seems to be at both the hypothalamus and pituitary, 

however the role and significance of kisspeptin action at the pituitary is yet to be fully 

understood. 

1.3.2.7.3 GnRH pulse generator 

There is evidence that the KNDy neurons of the ARC may be involved in regulating GnRH 

pulses. Episodic pulses of kisspeptin from the ARC coincide with GnRH pulses  and may even be 

THE GnRH pulse generator.  In goats, using electrophysiology, multiunit activity (MUA) was 

measured in the ARC and considered to be associated with GnRH pulse generator activity, as 

increases in MUA occurred in conjunction with LH pulses. Notably, the region where the 

increase MUA was recorded (the ARC), is also the location of a kisspeptin neuron population 

(Ohkura et al., 2009; Wakabayashi et al., 2010). In the monkey, kisspeptin was seen to secrete 

periodically into the ME, and these pulses were associated with GnRH secretion (Keen et al., 

2008). Additionally, microinjections of a kisspeptin antagonist into the ARC of ewes and rats 

suppressed LH pulse frequency (Goodman et al., 2009; Li et al., 2009). Several review papers 

have examined the literature on this area and concluded that kisspeptin neurons found in the 

ARC have a role in generating GnRH pulses (Navarro et al., 2009; Lehman et al., 2010a; Maeda 

et al., 2010; Rance et al., 2010).  
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The population of KNDy neurons in the ARC is now described as being a self-regulating 

network (Burke et al., 2006; Foradori et al., 2006; Krajewski et al., 2010; Wakabayashi et al., 

2013) and it is this self-regulation which is thought to be involved in regulating pulsatile GnRH 

secretion, as kisspeptin (de Roux et al., 2003; Seminara et al., 2003) and neurokinin B 

(Topaloglu et al., 2009) are both vital in regulating GnRH secretion. The three neuropeptides 

co–expressed in KNDy neurons have been investigated to determine their role in this self-

regulation (Lehman et al., 2010a; Ruka et al., 2013). This theory that KNDy neurons can self-

regulate their expression is supported by the fact that they express the receptors for both NKB 

(in female mice (Navarro et al., 2009) and ewes (Amstalden et al., 2010)), and Dyn (in female 

mice (Navarro et al., 2009)). Treatment with an agonist for NK3R led to an increase in the firing 

rate of kisspeptin neurons (de Croft et al., 2013) and LH pulse frequency (Navarro et al., 2011), 

while an NKB receptor antagonist decreased LH pulse frequency and kisspeptin firing rate (de 

Croft et al., 2013; Goodman et al., 2013). Similarly, de Croft and colleagues 2013, found that 

treatment with Dyn and a KOR agonist led to an abrupt and long lasting suppression of the 

firing frequency of kisspeptin neurons in male mice. Likewise, central treatment of an 

antagonist of KOR led to an increase in GnRH/LH secretion in ewes (Goodman et al., 2004). In 

oestrogen treated OVX rats, pre-treatment with a KOR antagonist in the ARC, blocked the 

suppressive effects of a NK3R agonist treatment on LH secretion but had no effect on LH pulse 

frequency on its own (Grachev et al., 2012), and ICV treatment of a KOR antagonist alone has 

no effect on LH pulse frequency in OVX rats (Bowe et al., 2005). A KOR antagonist administered 

intra-ARC decreased LH pulse frequency in oestrogen treated OVX rats.  The actions of Dyn 

may be species specific, however, as central treatment of an antagonist of KOR led to an 

increase in GnRH/LH secretion in sheep (Goodman et al., 2004). Goodman and colleagues 
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(2013) concluded that their results support the hypothesised roles of KNDy neuron network, 

that NKB initiates the GnRH pulse by stimulating kisspeptin to start the GnRH pulse secretion, 

and Dyn terminates the GnRH pulse, by inhibiting NKB stimulation of KNDy neurons, as 

summarised by (Ruka et al., 2013). Overall the studies in this section suggest that the KNDy 

neurons may be the GnRH pulse generator, although KNDy neurons may not be the only pulse 

generator.  IV treatment of kisspeptin to OVX ewes increased c-FOS labelling of kisspeptin and 

glutamate neurons in the ARC, but with no increase in GnRH cell labelling (Ezzat et al., 2015). 

This study suggests that whilst kisspeptin appears to be involved in generating GnRH pulses, it 

may not be the only factor involved in this action. 

 

There are questions surrounding the hypothesis, however.  Kisspeptin infusion causes large 

increases in GnRH secretion (Smith et al., 2008b; McGrath et al., 2016) instead of an increase 

in the frequency of pulses, although the probably role of kisspeptin in the generation of the 

preovulatory LH surge does complicate this interpretation.  In addition, the sex difference in 

the number of KNDy neurons in the ovine ARC does raise questions, considering that both 

rams and ewes exhibit pulsatile GnRH secretion (Cheng et al., 2010). Finally, the studies on 

the role of KNDy neurons do not discount the possibility that pulse generation could be 

induced by afferent systems that input to the KNDY neurons, although deafferentation 

lesions that isolate the mediobasal hypothalamus in ewes do not disrupt pulsatile LH 

secretion (Pau, Kuehl, & Jackson, 1982), so any hypothetical afferents must be local to 

the ARC. Nonetheless, the consensus of all recent reviews, is that the evidence points 
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very strongly to KNDY neurons as being integral to GnRH pulse generation (Lehman et 

al., 2010a; Maeda et al., 2010; Goodman & Lehman, 2012; Goodman et al., 2014).  

1.3.2.7.4 Kisspeptin and RFRP-3 

Studies suggest that RFRP-3 and kisspeptin interact with each other to stimulate or inhibit the 

release of gonadotrophins and ultimately regulate reproduction. Kisspeptin stimulated GnRH 

neuron activity was decreased with RFRP-3 administration in vitro (Wu et al., 2009), and 

similarly using GT1-7 cells, kisspeptin treatment effectively increased GnRH secretion, which 

was decreased when these cells were co-treated with kisspeptin and RFRP-3 in comparison to 

kisspeptin alone (Kelestimur et al., 2013). Whether RFRP-3 and kisspeptin neurons can 

communicate directly with each other is still to be investigated. No studies to date have 

investigated if RFRP-3 neurons express Kiss1R but GPR147 was found to be expressed in a 

small percentage (9-16%) of kisspeptin neurons in the PeVN in female mice (Rizwan et al., 

2012). These studies suggest that it is unlikely that kisspeptin neurons are directly influenced 

by RFRP-3, however further studies are needed to identify the influence that kisspeptin has on 

RFRP-3 neurons.  

 

 

.  
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1.4 Conclusion and Aims 

This thesis was designed to test the hypothesis that RFRP-3 and kisspeptin are involved in the 

negative feedback actions of testicular hormones on GnRH and hence LH secretion in the 

merino rams. This PhD had the following aims: 

1. To determine whether RFRP-3 and kisspeptin neurons in the ram hypothalamus are targets 

for testicular hormones and if RFRP-3 and kisspeptin neurons interact with GnRH neurons.  

2. To analyse the fibre interactions between RFRP-3 and kisspeptin with GnRH neurons in the 

ram hypothalamus and to determine if testicular hormones influenced this relationship.  

3. To determine whether RFRP-3 regulates LH secretion in the ram. 

The neuroendocrine model used in this thesis was the merino ram as it has many advantages, 

the larger brain size (similar size to humans and easier for analysis), detailed hormone profile 

and high blood volume, which allows for easy collection of serial blood samples for the analysis 

of the pulsatile pattern of plasma LH concentrations. Seasonality is well known to have a role 

in regulating reproduction, but not all breeds of sheep have the same seasonality in their 

reproductive cycles. This is why merino rams were the preferred breed, as they are not as 

reliant on seasonal cues for breeding, but are more reliant on nutrition as an important cue for 

stimulating reproduction.  This trait will also enable more comparability with human studies, 

since the human reproductive system does not exhibit an annual cycle controlled by 

photoperiodic signals. It will also decrease the number of variables within this study.  
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Chapter 2  

Castration decreases the expression of RFRP-3 

mRNA in the merino ram hypothalamus. 
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2.0 Abstract 

Testosterone exerts a negative feedback action on GnRH and gonadotrophin (LH and FSH) 

secretion in male mammals. The mechanism by which this occurs is still unclear, as GnRH 

neurons do not contain receptors for androgen or oestrogen.  One possibility is to relay via a 

novel neuropeptide, RFRP-3, which has been discovered to regulate GnRH secretion in a 

number of species and directly affects the anterior pituitary secretion of gonadotrophins in 

females. Little, however, is known of its role in males. This study aimed to determine if 

testicular hormones regulate the amount of RFRP-3 mRNA expressed in the hypothalamus. In 

situ hybridisation histochemistry using an 35S-labelled riboprobe for ovine RFRP-3 was used to 

compare the RFRP-3 mRNA cell number and the number of silver grains/cell in the 

hypothalamus of rams and wethers. Animals were processed in pairs of a wether and ram 

(n=4/reproductive status) and these pairs were maintained for the duration of the study 

RFRP-3 mRNA expressing cells were found in the DMH and PVN of the dorsal hypothalamus in 

both the intact ram and long term wether. For analysis, the hypothalamus was divided into 5 

regions, rostral to caudal. The most caudal region in wethers had a lower number of RFRP-3 

mRNA expressing cells compared to intact rams. No differences were found in any other 

region.  The presence or absence of testicular hormones did not affect the number of silver 

grains/cell in any region. This study indicates that RFRP-3 may be regulated by testicular 

hormones, albeit in a region-specific manner.  
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2.1 Introduction 

In male mammals, testosterone exerts a negative feedback action on the HPT axis to regulate 

the reproductive system. This occurs primarily in the brain through the inhibition of GnRH 

secretion (Jackson et al., 1991; Tilbrook et al., 1991). The mechanism by which this occurs is 

unclear, as very few GnRH neurons express androgen or oestrogen receptors (Herbison & 

Pape, 2001). One possibility is that the feedback mechanism is mediated through the 

neuropeptide RFRP-3. 

The actions of RFRP-3 on GnRH and gonadotrophin gene expression and secretion have been 

investigated in a number of mammalian species using both in vitro and in vivo techniques 

(Johnson et al., 2007; Li et al., 2013). To date no studies have looked at the role of RFRP-3 in 

the ram. Using a mHypoA-GnRH/GFP GnRH neural cell model, treatment of RFRP-3 led to a 

decrease in GnRH mRNA (Gojska et al., 2014). Direct treatment of RFRP-3 to GnRH cells 

decreased the firing rates of GnRH neurons that expressed GPR147 (Ducret et al., 2009), 

similarly an ICV injection of RFRP-3 to male rats, decreased plasma LH levels (Johnson et al., 

2007). These studies indicate that there is an action in the brain to regulate GnRH secretion. In 

addition, there is likely to be an action at the anterior pituitary. In pituitary cell cultures 

derived from ewes, combined GnRH and RFRP-3 treatment had a reduced effect on LHβ gene 

expression compared to GnRH treatment on its own (Sari et al., 2009). In vivo RFRP-3 

treatment suppressed LH section in male rats (Johnson et al., 2007), OVX ewes (Clarke et al., 

2008) and hypothalamo-pituitary-disconnected ewes (Smith et al., 2012). These all suggest the 

pituitary is a site of action for RFRP-3. 
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In the ewe and mare hypothalamus, RFRP-3 mRNA-expressing  and –ir cells are located in the 

DMH and PVN (Clarke et al., 2008; Thorson et al., 2014), with one study claiming to have also 

found RFRP-3 neurons in the POA of ewes during the luteal phase (Jafarzadeh Shirazi, 

Namavar, & Tamadon, 2011). In Corriedale ewes, the number of RFRP-3 neurons in the non-

breeding season was near double that of the breeding season, with more than double the 

contacts from RFRP-3 fibres onto GnRH cells in the non-breeding season compared to breeding 

season (Smith et al., 2008a). Studies have investigated the effects of gonadectomy and 

testosterone or oestrogen treatment on RFRP-3 mRNA expression (Revel et al., 2008; Mason et 

al., 2010). Specifically, in castrated male Syrian and Siberian hamsters, no changes in RFRP-3 

mRNA expression were seen when treated with testosterone (Revel et al., 2008), suggesting 

sex steroids have little effect on the expression of RFRP-3 mRNA in the mammalian 

hypothalamus. In both sexes of Syrian hamsters approximately 40% of RFRP-3 neurons 

expressed AR, suggesting RFRP-3 can be directly affected by testosterone (Kriegsfeld et al., 

2006).  Oestrogen treatment in OVX mice lowered RFRP-3 mRNA expression (Molnar et al., 

2011; Poling et al., 2012), and in OVX Syrian hamsters resulted in FOS activation of RFRP-3 

neurons (Kriegsfeld et al., 2006). These studies highlight that there are species differences and 

that it is possible that both oestrogen and testosterone could regulate RFRP-3 expression in 

the ram. 

The current study investigated the effects of castration on RFRP-3 mRNA expression in the 

merino ram hypothalamus. This study tested the hypothesis that the absence of testicular 

steroids would reduce RFRP-3 mRNA expression.  
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2.2 Materials and Methods 

Animal procedures involved in this project were conducted with approval from Charles Sturt 

University (CSU) Animal Care and Ethics Committee (12/043) and (11/013) in accordance with 

the Australian Prevention of Cruelty to Animals Act 1986 and the Code of Practice for the Care 

and Use of Animals for Scientific Research, outlined by the National Health and Medical 

Research Council (2004). 

2.2.1 Animals 

Adult male merino sheep (Ovis aries) raised on pasture, were used in this study, either long 

term castrated wethers (n=4) (castrated approximately 3-4 years before the study) or intact 

merino rams (n=4). Merino sheep were chosen for this study as photoperiod changes are not a 

major the sole regulator for breeding season but also rely more on nutritional status and food 

availability (Martin et al., 2002). Wether hypothalami were collected in May, and ram 

hypothalami were collected in April. Both of these months are considered to be the in main 

breeding season, so both rams and wethers would be under the same seasonal effects, if there 

were any. Both groups of male sheep were quarantined for 3 weeks before tissue collection, 

during which animals were monitored daily for signs of stress or injury, water and food 

availability was monitored. All animals had a body condition score of 2.5-3 in a scale of 1-5, 

with 1 being underweight and 5 classed as obese (Curnow, 2014) and were on a similar plane 

of nutrition. The collection of hypothalami from the wethers occurred three week before in 

situ hybridisation commenced with the hypothalami from intact rams previously collected a 
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year earlier and stored at -20°C. Animals were processed in pairs of a wether and ram (n=4) 

and these pairs were maintained for the duration of the study.  

2.2.2 Tissue Collection 

Both rams and wethers were processed using the same collection protocol. Sheep were 

initially intravenously injected with 25,000 iu sodium heparin (DBL Heparin Sodium injection, 

Hospira, Melbourne, VIC, Australia) five minutes prior to lethal injection.  Animals were killed 

with an overdose of sodium pentobarbitone (approximately 20 ml) via an intravenous injection 

(Lethobarb, 325mg/ml, Virbac, Peakhurst, NSW, Australia), followed by decapitation. Perfusion 

of the whole head started immediately after decapitation, by pumping the following solutions 

through the carotid arteries using a peristaltic pump. Each head was perfused with 2L 

heparinised saline (0.9% sodium chloride with 25,000iu heparin), followed by 2L 4% 

paraformaldehyde (Sigma-Aldrich, Australia) in 0.1M phosphate buffer (PB) at pH 7.4, then 1L 

4% paraformaldehyde solution containing 20% sucrose. Once the perfusion was completed, 

the lines were removed from the carotid arteries and the head was scalped from the crown to 

the eyes. To gain access to the brain, the crown of the skull was removed with a bandsaw. The 

brain was dissected from the skull by cutting the cranial nerves, starting with the olfactory 

nerves, the bottom of the optic chiasm and median eminence, ensuring that the latter was 

kept intact with the hypothalamus. The hypothalamus was dissected from the rest of the brain 

by cutting approximately 5-10mm rostral of the optic chiasma, and caudal to the mammillary 

body.  The hypothalamic block was trimmed laterally at the hypothalamic sulci and dorsally at 

the top of the thalamus. Once hypothalami had sunk in solution, they were then frozen using 

dry ice and stored at -20°C until sectioning. Collected hypothalami were stored at 4°C in 30% 
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sucrose (Sigma) in 0.1M PB for 7 days to allow cells to displace water (and reduce freezing 

artefact). Once hypothalami had sunk in solution, they were then frozen using dry ice and 

stored at -20°C until sectioning. Twenty µm thick sections were cut using a Shandon cryotome 

E cryostat and stored at -20°C in an RNAse free cryoprotectant solution (2% paraformaldehyde, 

30% ethylene glycol, 20% glycerol in 0.1M PB made with DEPC treated water).  

2.2.3 In situ Hybridisation Protocol 

Using mRNA-free utensils (including autoclaved solutions) and techniques, pre-hybridisation 

treatment of slides was completed at Charles Sturt University, Wagga Wagga, NSW, and slides 

were then transported to Monash University, Melbourne, Vic to complete the in situ 

hybridisation protocol as described by Simmons et al (1989) using 35S labelled riboprobes.    

2.2.3.1 Preparation of slides 

Sections from the rostro-caudal extent of the hypothalamus, covering the area of 

hypothalamus that was expected to contain the RFRP-3 expressing cells (Dardente et al., 2008; 

Papargiris et al., 2011) were mounted as anatomically matched pairs of a wether and ram 

section. Each animal had one section/region processed through in situ hybridisation and 

counted. This is a standard procedure and has been published numerous times for example 

(Scott et al., 2000; Scott et al., 2004; Smith et al., 2007). Sections were mounted onto 

Superfrost Plus charged slides (Menzel-glaser, Germany) using 0.05M phosphate buffer and 

then dried overnight at room temperature. The position of the slide was randomised and 

documented to allow future analysis to be conducted blinded to treatment. 
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2.2.3.2 Pre-hybridisation Washes 

All reagents were obtained from Sigma. Slides were incubated in 0.001% proteinase K (in 0.1M 

Tris hydroxymethyl aminomethane and 0.05M Ethylene diamine tetra acetic acid (EDTA) in 

deionised H2O (dH2O)) for 30min at 37°C, before being dipped three times in dH2O. Slides were 

washed in 0.1M Triethanolamine (TEA), for 3min before acetylation (0.003% acetic anhydride 

in 0.1M TEA in dH2O) for 10min. Slides were gently washed in 2xSSC solution (where 20xSSC is 

175.3g sodium chloride, 88.2g sodium citrate in 1L dH2O) twice for 2min, before being 

dehydrated in ascending concentrations of ethanol (dehydration protocol: 50%, 70%, 95%, 

100% x2 (3min each), then chloroform  for 15min, followed by a final wash in 100% ethanol for 

3 min). Slides were placed into a slide box with silica gel (Selby Biolab, Australia) and sealed 

before being stored at -20°C until transported (on dry ice) to Melbourne.  

From each pair, two slides were selected from each hypothalamic region A, B, C, D and E 

(Figure 2.1). An additional slide from each pair was included as a sense probe control. 
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(A)                  (B)    (C)    (D)    (E) 

Regions A-E was used to select the sections of the hypothalamus of both rams and wethers. These regions were selected as these areas are known to express 
RFRP-3 mRNA. The regions highlighted in three different colours, blue: dorsomedial hypothalamus (DMH), green: ventromedial hypothalamus (VMH). Map 
modified from (Lehman et al., 1986).  

Figure 2.1 Map used to select sections for in situ hybridisation study (Region A-E). 
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2.2.3.3 Preparation of 35S riboprobe for hybridisation 

The DNA used in the protocol was linearised ovine RFRP-3 DNA (gift from Dr George Bentley, 

Berkeley, CA, USA); a 460 base cDNA sequence which had been amplified in a pGemT-easy 

plasmid (Clarke et al., 2008).  Antisense and sense riboprobes were transcribed with T7 and 

SP6 polymerase respectively (Promega Corp, Madison, WI, USA) with 35S‐UTP (Perkin Elmer). 

Using a sterile microfuge tube, a cRNA probe was made using a Gemini System II kit (Promega 

Corp, Madison, WI, USA) (3.4µl DEPC water, 4µl 5x transcription buffer, 0.8µl 100mM DTT 

(Promega Corp, Madison, WI, USA), 32IU RNAsin, 2.4µl 1.25mM ATP, CTP and GTP, 1.2µl sheep 

RFRP-3 linearised DNA template (1 µg/ µl), 1.2 µl T7 polymerase and approximately 70µCi 

(6.2µl) 35S UTP (Perkin Elmer, USA) and incubated at 37°C for 1h, a further 32IU T7 RNA 

polymerase was added and the solution incubated for another hour at 37°C. The reaction was 

stopped with 30µl SET (10mM Tris pH 7.4, 1mM EDTA with 0.1% sodium docecyl sulphate) 

solution. Unincorporated nucleotides were removed by centrifuging for 2min at 2000rpm 

through a spin column, containing sephadex G25 medium gel in TNES buffer (0.1M sodium 

chloride, 0.02M Tris, 0.05M EDTA, 5ml 10% SDS in 446ml DEPC water). The probe was diluted 

in a hybridisation buffer containing 50% formamide, 10% dextan sulphate, 1x Denhards 

solution, 1nM EDTA, 10mM Tris, and 12mM sodium chloride, to a final specific activity of 5 

x106cpm/µl. 
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2.2.3.4 Hybridisation  

Slides were allowed to warm to room temperature before being hybridised. Prior to 

application, the hybridisation solution was placed in a 65°C water bath for 10min and then 

centrifuged at 2000rpm for 5min. One hundred and twenty microlitres of hybridisation 

solution was applied to the sections, covered with a glass coverslip and placed flat in a slide 

box containing 50% formamide + 4xSSC to maintain humidity, and incubated overnight at 53°C.  

2.2.3.5 Post hybridisation washes 

Following hybridisation, slides were cooled to room temperature before being rinsed for 

approximately 5min in 4xSSC solution to soak off the coverslips. Slides were then rinsed in 

4xSSC solution for 4 x 5min washes while being shaken gently. They were then incubated at 

37°C for 30min in RNAse solution (20µg/ml RNAse A  (Promega Corp, Madison, WI, USA) in 

0.5M sodium chloride, 40mM Tris buffer, 1mM EDTA  (pH 8) in dH2O). Slides were then put in a 

series of de-salting rinses, each containing 1mM DTT; 2x 5min in 2xSSC, 10min in 1xSSC, 10min 

in 0.5xSSC and 30min in 0.1xSSC solution at 65°C, followed by a quick rinse in 0.1xSSC solution 

at room temperature.  The sections were then dehydrated with ascending concentrations of 

ethanol for 3 minutes each; 50% (in 0.08x SSC plus 1mM DTT), 70% (0.08xSSC plus 1mM DTT), 

95%, 100% x3. The hybridisation procedure was tested by exposing the slides to a phospho-

imaging screen overnight and the image was developed using Typhoon 9410 Variable Mode 

Image with ImageQuant software (GE healthcare, Australia). 
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2.2.3.6 Autoradiography  

In a darkroom, slides were dipped in Ilford K5 photographic emulsion (Ilford Australia, Mount 

Waverly, Australia) at 40°C and allowed to dry for 1 hour in a moist and dark environment. The 

slides were stored at 4°C for one week. The slides were then developed using Ilford Phenisol x-

ray developer (Ilford Australia, Mount Waverly, Australia) for 5min, stop bath (IIforstop, 

odourless, stop bath Ilford, Germany) for 2min and fixer (Ilford hypam rapid fixer, Germany) 

for 4min. The developed slides were lightly counterstained with 1% cresyl violet (Sigma-aldrich, 

Australia) before being dehydrated with ascending concentrations of ethanol (Sigma-aldrich, 

Australia) and xylene (Sigma-aldrich, Australia) x2 (10min each) before being coverslipped with 

DPX (BDH, VWR, international, England).   

2.2.4 Counting and statistical analysis 

The locations of RFRP-3 mRNA containing cells were mapped manually.  At a magnification of 

x20, the number of labelled cells per section was counted (Fig 2.1). The number of silver 

grains/cell was estimated using Image-ProPlus 7.0 (Mediacybernetics, USA, 2009) for 20 cells 

per section at 400x magnification.  Using SPSS, two-way ANOVA was utilised on a split file by 

brain regions (A-E) whereby the fixed value was treatment (ram vs wether) and the dependant 

variables was either the number of RFRP-3 mRNA-containing cells/section or number of silver 

grains/cell. This was used to determine if a significant difference (P<0.05) was present 

between the treatment groups (wethers VS rams) for the number of RFRP-3 mRNA-containing 

cells/section and number of silver grains/cell. All graphs were produced using Graphpad Prism 

(Graphpad software, San Diego, CA, version 6). 
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2.3 Results 

2.3.1 Identification of RFRP-3 mRNA containing cells 

Analysis of all the sense slides (negative control), showed no silver grain clusters over NissL 

stained nuclei (Fig 2.2A). RFRP-3 mRNA-containing cells were defined as clusters of silver grains 

over a Nissl-stained cell, where the number of silver grains was five times the background (Fig 

2.2B). 

 

 

 

 

 

 

 

 

  

(A) Sense slide around the third ventricle (3V) in the ram (scale bar: 250µm), (B) A high 
power image of a silver grain cluster within a cell (scale bar: 25µm).  

 

Figure 3.2 Examples of a sense slide and a cell containing RFRP-3 mRNA (shown by clusters 
of silver grains) in the ram hypothalamus. 

3V 

 A                                             B 
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2.3.2 Location of RFRP-3 mRNA in cell bodies in the wether brain 

RFRP-3 mRNA expressing cells were observed in the DMH, in the dorsal region of the 

hypothalamus of the wether (Fig 2.3). As very few cells expressing RFRP-3 mRNA were located 

in the PVN and VMH the statistical analysis was conducted as regions A-E (Fig 2.1) and not as 

functional brain regions. Cells observed in the PVN or VHM were not counted. By doing this it 

has enabled the analysis of RFRP-3 mRNA expression within the DMH rostral to caudal, with 

region A being rostral and region E being most caudal DMH.  In addition, lightly, less defined 

RFRP-3 mRNA cell clusters, were also found in the POA as shown in figure 2.3.  
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The distribution of RFRP-3 mRNA-containing cells in wether hypothalamus. Silver grain clusters 
were found around the 3V in the PVN and DMH regions. * represent where silver grain clusters 
were found and    represents faint clusters found in the mPOA. 
Scale bar: 25mm 
3V: third ventricle, ac: anterior commissure, fx: fornix, ME: median eminence, mPOA: medial 
preoptic area, mt: mammillothalamic tract, oc: optic chiasm, ot: optic tract, OVLT: organum 
vasculosum of the lamina terminalis-supraoptic organ, PVN: paraventricular nucleus, DMH: 
dorsomedial hypothalamus, VMH: ventromedial hypothalamus 
 

Figure 4.3 Map of RFRP-3 mRNA expression in the wether hypothalamus. 
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2.3.3 Effect of long term castration on RFRP-3 mRNA expression 

The mean number of RFRP-3 mRNA-containing cells/section varied significantly with brain 

region (F(4,30) =4.0, P<0.5). In region E, the mean number of RFRP-3 mRNA-containing 

cells/section was significantly higher in the intact rams compared to the long term castrated 

rams (wethers) (F(1,6) = 9.4, P<0.05, Fig2.4C-D and Fig2.5A). In all other regions (A-D), there 

were no significant differences between the two treatment groups (F(1,6) = 2.6, 0.3, 0.1 and 0.5, 

respectively, P>0.05, Fig 2.4A-B and Fig 2.5A).  

The mean number of silver grains/cell did not change with treatment or with brain region 

(F(1,30) =1.9, and F(4,30) =1.2, P>0.05, Fig2.5B). 
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Examples of labelled silver grain containing cells around the 3V in the ram and wether in 
regions C and E. Scale bar: 250µm 
3V: Third Ventricle, RFRP-3: RF-amide related peptide-3 
 

Figure 5.4 Expression of RFRP-3 mRNA in the male merino hypothalamus. 
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 Figure 6.5 Expression of RFRP-3 mRNA in the ram hypothalamus. 
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2.4 Discussion  

The current study is the first to demonstrate the location of RFRP-3 mRNA and the effects of 

testicular hormones on the expression of RFRP-3 mRNA in the male merino sheep. This study 

showed that RFRP-3 mRNA is abundantly expressed in the DMH of the ram and wether 

hypothalamus, with smaller numbers of RFRP-3 mRNA-containing cells observed within the 

POA, PVN and VMH. These findings coincide with previous work in the ewe that observed 

RFRP-3 mRNA-containing cells in the medial DMH (Clarke et al., 2008) and POA hypothalamic 

regions (Jafarzadeh Shirazi et al., 2011), however  these differ from studies in males of other 

mammalian species. In male Syrian hamsters, most RFRP-3 mRNA containing cells are located 

throughout the DMH only (Revel et al., 2008), however another study in Syrian hamsters found 

RFRP-3 cells in the DMH and the VMH (Ancel et al., 2012), which is similar to studies in male 

rats and mice (Johnson et al., 2007; Rizwan et al., 2009; Ancel et al., 2012).  

The current study found a significant decrease in the number of RFRP-3 cells expressed in the 

wether, compared to the intact ram, but only in the most caudal region of the DMH. There was 

no change in the other regions or in the mean level of RFRP-3 mRNA expression within a cell. 

The reason why there is an increase only in region E of the DMH is unknown, but a previous 

study, using a retrograde tracer, found a moderate number of cells projecting to the POA from 

this region in the ram and ewe, but unfortunately the identity of these cells was unknown 

(Scott, Clarke, & Tilbrook, 2003).  It is possible that this population, found by Scott and 

colleagues (2003) included RFRP-3 cells. This is the opposite to previous studies in mice where 

both testosterone and oestradiol moderately repressed RFRP gene expression in the DMH 
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compared to gonadectomised animals (Poling et al., 2012).  Studies in male Syrian and Siberian 

hamsters, however, showed no difference in RFRP-3 mRNA expression in the DMH four weeks 

post castration or sham castration or following testosterone treatment (Revel et al., 2008). 

Similarly, in ewes, Smith and colleagues (2008) found that oestrogen treatment did not affect 

RFRP-3 cell numbers. These studies results suggest that RFRP-3 mRNA expression is species-

specific, but in all species studied so far, the effects of sex steroid alteration was relatively 

small and suggests that it may not be strongly regulated by sex steroids.  

While the absence of testicular steroids (due to long-term castration) resulted in lower 

numbers of cells expressing RFRP-3 mRNA in the most caudal region of the DMH, no 

differences were seen in the more rostral regions of the DMH. Whilst these results do not rule 

out a role for these areas in the relay of the negative feedback actions of testosterone , 

considering that testosterone treatment reduced GnRH secretion without altering GnRH mRNA 

levels in castrated rams (Hileman et al., 1996), it would seem less likely than the most caudal 

region, which is clearly responsive to testosterone. Nonetheless, they could still be involved in 

regulating GnRH. There are numerous projections from the DMH to the POA in the ram, 

indeed in greater numbers than in the ewe (Scott et al., 2003), but how many of these make 

RFRP-3, and whether they input to GnRH neurons is unknown.  

Season and associated changes in steroid levels have been found to influence the expression 

of RFRP-3 mRNA in the DMH and VMH in the ewe and other mammalian species. In ewes, both 

RFRP-3 cell number and mRNA expression was higher in during inhibitory photoperiod (long 

days), compared to a stimulatory photoperiod (short days) (Smith et al., 2008a). Conversely, 
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RFRP-3 mRNA expression was higher in both Syrian and Siberian male hamsters during a 

stimulatory long day photoperiod compared to animals during an inhibitory period (Revel et 

al., 2008).  In a number of species, there is an association between RFRP-3 expression and the 

changes in day length, suggesting that day length is a major regulating factor in RFRP-3 

expression in those species (Revel et al., 2008). The current study, used merino rams, which 

are known to not rely solely on photoperiod for regulating seasons but on nutritional status 

and availability (Martin et al., 2002).  Nonetheless, the studies cited above suggest that 

seasonal variation in RFRP-3 expression is possible, and there is a small chance that we may 

have obtained a different result had we collected our tissue during an inhibitory photoperiod 

or other situation of reproductive quiescence. 

In conclusion, this study has demonstrated that testicular hormones have a regulatory effect 

on RFRP-3 mRNA expression in a subset of RFRP-3 neurons in the ram. Although this regulation 

appears relatively small, it does raise the possibility that RFRP-3 neurons have a role in 

testosterone feedback on GnRH secretion in the merino ram.  
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3.1 Approval of animal care and ethics committee 

Animal procedures involved in this project were conducted with prior approval from Charles 

Sturt University (CSU) Animal Care and Ethics Committee (brain collection: 11/013, 12/043, 

12/104 and 13/031, and for horse serum collection: 11/047 and 15/054). This prior approval is 

mandatory as stated by the Australian Prevention of Cruelty to Animals Act 1986 and the Code 

of Practice for the Care and Use of Animals for Scientific Research, outlined by the National 

Health and Medical Research Council (2004). 

3.2 Animals   

The animals used in these studies were adult merino sheep (Ovis aries). Upon arrival at the 

university, all sheep were quarantined for three weeks before tissue collection, during which 

time animals were monitored daily for signs of stress or injury.  Animals were kept on ad lib 

pasture and water, and checked daily. The hypothalamic tissue was collected in autumn for all 

treatment groups, intact ram and wether tissue collected in May 2012 and short term castrate 

and sham castrated ram collected in March 2013.  Initially two experiments were completed, 

experiment 1 compared intact rams and wethers (castrated over a year prior to tissue 

collection) (n=4/group). The hypothalamic tissue from the rams and wethers was collected and 

cut two years before, for the in situ hybridisation study (chapter 2) and stored at -20°C in 

cryoprotectant. Sections from this tissue that were designated for immunohistochemistry 

were stored in cryoprotectant that did not contain paraformaldehyde. Experiment 2 compared 
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sham castrated rams and short term castrated rams (4 weeks post-surgery) and intact ewes in 

the luteal phase (n=4/group). Both the sham castrated ram and short term castrate 

hypothalamic tissue was collected just prior to this study.  

3.3 Castration surgery 

Adult rams (older than 2 years of age) were kept off feed the night before surgery to prevent 

complications that can occur under anaesthetic. Each animal was given an anaesthesia 

combination of 800mg Ketamil (100mg/ml ketamine) (Ilium, Australia) and 15mg/3ml 

midazolam (Alphapharm, France) intramuscularly, 10 min before castration. Between 2-4 

minutes before castration, a local anaesthetic was injected into the scrotum of each testis (4ml 

of 20mg/ml lignocaine hydrochloride, Ilium). 

Wool on the scrotum was shaved followed by an initial clean with chlorhexidine scrub, 

followed by an iodine scrub which was wiped away prior to a final spray with 70% ethanol. A 

midline incision (along the tail of epididymis of one testis), was created using a scalpel. Each 

testis was externalised, and the connective tissue (tunica vaginalis) was cut through, whereby 

the connective tissue was then pushed down freeing the spermatic cord. A clamp crush was 

used to crush the spermatic cord, and the cord was tied off using poly-p-dioxanone suture 

(MonoPlus, Australia) proximal to the clamp. The cord was cut distally from the clamp and the 

testis was removed, while the clamp was still attached to the cut spermatic cord. The same 

procedure was then carried out to the second testis. Any major bleeding from cord of both 

testes were checked and ligated before the cord was put back into scrotal sac. The wound was 
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left open to allow for drainage. Sham castrations followed the same protocol until the use of 

the clamp crush on the spermatic cord and then the testes were placed back into the scrotum 

and the incision site left open to drain for the remainder of the recovery period (4 weeks). One 

hour after surgery, an analgesic (1ml of Temgesic (324μg Buprenorphine hydrochloride)) 

(Reckitt Benckiser, Australia) was given to each animal, as well as an intramuscular injection of 

penicillin 5ml (300mg/ml) (Reckitt Benckiser). Three days after surgery, to reduce the risk of 

blowfly strike, the wound site was sprayed with a combined antiseptic and insect repellent, 

Cetrigen (Virbac, Australia) each day until the animals were returned to a paddock. Animals 

were monitored closely until the end of the 4 week recovery period.  

3.4 Tissue Collection 

All sheep were processed with the same protocol, regardless of the experiment.  Sheep were 

initially administered 25,000iu sodium heparin (Hospira, Australia) via the jugular vein, five 

minutes prior to lethal injection.  Animals were killed with a 20ml injection of Lethobarb 

(sodium pentobarbitone, 325mg/ml, Virbac, Peakhurst, NSW, Australia) through the jugular 

vein followed by decapitation. Immediately following this, bilateral perfusion of the head was 

initiated by inserting silicone tubing attached to a peristaltic pump into each of the carotid 

arteries. Each head was perfused with 2L heparinised saline (0.9% sodium chloride with 

25,000iu heparin (Hospira)), followed by 2L 4% paraformaldehyde in 0.1M PB, pH 7.4.  This was 

followed by 1L 4% paraformaldehyde in 0.1M PB, pH 7.4 containing 20% sucrose. Once the 

perfusion was completed, the lines were removed from the carotid arteries and the head was 
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scalped from the crown to the eyes. To gain access to the brain, the crown of the skull was 

removed with a bandsaw. The brain was dissected from the skull by cutting the cranial nerves, 

starting with the olfactory nerves, the bottom of the optic chiasm and median eminence, 

ensuring that the latter was kept intact with the hypothalamus. The hypothalamus was 

dissected from the rest of the brain by cutting approximately 5-10mm rostral of the optic 

chiasma, and caudal to the mammillary body.  The hypothalamic block was trimmed laterally 

at the hypothalamic sulci and dorsally at the top of the thalamus.  

Collected brain tissue blocks were stored at 4°C in 30% sucrose in 0.1M PB for a week or until 

tissue had sunk. Tissue blocks were frozen by slowly covering them with dry ice. Once 

completely frozen, brain blocks were wrapped in parafilm and stored at -20°C until microtomy. 

Sections of hypothalamus were cut  20µm using a sliding microtome (Leica, SM 2010R, Leica 

Microsystems, Germany), and stored in cryoprotectant solution (20% glycerol (Ajax Finechem, 

Auckland), 30% ethylene glycol (Chem-supply, SA, Australia) in 0.1M PB) at -20°C until 

processed for immunohistochemistry.  

3.5 Fluorescence Immunohistochemistry  

All immunohistochemical procedures were carried out on free floating sections at room 

temperature on a platform orbital mixer (Ratek, Australia), unless otherwise stated. Sections 

were selected across the hypothalamus from the rostral region (POA), to the most caudal ARC, 

as described by Sliwowska and colleagues (2004). Wether and ram hypothalamic sections were 

used at 480µm intervals and for short term castrated rams, sham castrated rams and ewes, 
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sections were at 360µm intervals.  Sections were washed with 0.05M PBS for 30min between 

incubations. Antigen retrieval was performed by heating sections in a water bath at 90°C 

submerged in 0.01M Tris buffer, pH 6, for 20min and allowed to cool for 10min. This was 

followed by a one hour incubation in blocking solution (5% normal horse serum (NHS) (sourced 

from the CSU horse herd), 0.3% Triton X100 (Sigma) in 0.1M PB). Primary antibodies were 

diluted in 0.3% Triton X100 (Sigma), 2% NHS and 0.1% sodium azide (Sigma) in 0.1M PB. 

Sections were incubated in primary antibody solution for 72 hours at 4°C. Following this, 

sections were washed in 0.05M PBS and then incubated with secondary antibodies diluted in a 

solution containing 0.3% Triton X100, 2% NHS and 0.1% sodium azide in 0.1M PB) for 24 hours 

at room temperature in the dark on a platform orbital mixer (Ratek). After washing, sections 

were mounted on Superfrost glass slides in MilliQ water followed by the application of anti-

fade fluorescent mounting medium (DAKO, Carpinteria, CA, USA) or buffered glycerol, onto the 

sections before a coverslip was applied. The coverslip was sealed with clear nail polish before 

slides were covered with foil and stored at 4°C until sections were counted. Sections from each 

hypothalamus were mounted from rostral to caudal, and the order of treatment groups was 

randomised in each run and recorded to allow for analysis blinded to treatment.  
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3.6 Immunohistochemistry Controls  

3.6.1 Negative and positive controls 

Negative and positive controls were run through the protocol in parallel with the sections 

being treated with the primary and secondary antibodies. A negative control section (antibody 

diluent with omission of primary antibodies) was included in each IHC run. A second control 

was included in the first run of any double labelled IHC, and was achieved by making a single 

label of each primary antibody but treating with both secondary antibodies. By using this single 

label control it enabled the comparison of positive cell labelling between the double and single 

labelling. These controls were carried out on sections from either the mPOA or the ME brain 

region. In all negative controls, no cells were labelled, whilst the single labelled controls were 

used to ensure that there was no cross reactivity with the antibodies (Fig 3.1 A-D and Fig 3.2 A-

D), although a small amount of autofluorescence was observed, though this was easily 

distinguished from positive labelling.  

Hypothalamic sections from intact ewes were used as a positive control for this study, as a 

positive control tests the protocol by using a specimen that has previously been published 

using the antibody in question (Hewitt et al., 2014). Intact ewes in the luteal phase (oestrous 

cycles of the ewes were synchronised with two 0.5ml IM injections of 2.5mg prostaglandin F2α 

(Lutalyse (Pfizer, Aust.). The ewe tissue was collected in April 2011, for a previous study two 

years earlier and stored at -20°C as a block. The reasoning for using these ewes in the current 
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study was because they were under the influence of negative feedback by gonadal steroids 

and hence were comparable to rams physiologically. 

  

A representative example of: (A) Kisspeptin cell labelled with Alexa 488 goat anti-rabbit 
(green) under FITC wavelength, and (B) the same area under the TXRED wavelength. (C) AR 
containing cell labelled with Alexa 594 goat anti-rabbit (red) under the TXRED wavelength and 
(D) the same area under FITC wavelength. Scale bar: 200µm, AR: Androgen receptor  

Figure 7.1 Controls for single labelled kisspeptin and AR immunohistochemistry. 
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Figure 8.2 Controls for single labelled GnRH and RFRP-3 immunohistochemistry in the 
mPOA. 

A representative example of: (A) GnRH cell incubated with both Alexa 488 goat anti-mouse 
(green) and 594 goat anti-rabbit (red) under both excitatory wavelengths, and (B) RFRP-3 cell 
incubated with both Alexa 488 goat anti-mouse and 594 goat anti-rabbit under both 
excitatory wavelengths. (C) Negative control and (D) a dual label for GnRH and RFRP-3 where 
the secondary antibodies were swapped (GnRH neurons were labelled with Alexa 594 goat 
anti-mouse and RFRP-3 neurons were labelled with Alexa 488 goat anti-rabbit).  
Scale bar: 100µm 
 

(A)                                                    (B)  

(C)                                                    (D)  
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3.6.2 Pre-adsorption of antibodies with peptides.  

The antibody specificity of both RF-amides (kisspeptin and RFRP-3) and GnRH was tested by 

completing pre-adsorption tests with synthetic human RFRP-3 peptide (VPNLPQRF-NH2) 

(Auspep, Australia), human kisspeptin-10 peptide (YNWNSFGLRF-NH2) (Auspep) and human 

GnRH peptide (EHWSYGLRPG) (ABCAM, Australia, ab41769). The primary antibodies were 

incubated with 2ng, 20ng, 200ng or 2000ng of each peptide (Table 3.1) made in 0.3% Triton 

X100 (Sigma), 2% NHS and 0.1% sodium azide (Sigma) in 0.1M PB. This solution was kept at 4°C 

for 24 hours before being used as the primary antibody solution on hypothalamic sections as 

stated above.  

Table 5.1 Peptide solutions that were used to pre-adsorb with the primary antibodies  

 

 

 

 

 

  

Primary Antibody Pre-adsorbed separately with 

Mouse anti-GnRH GnRH, kisspeptin and RFRP-3 peptides 

Rabbit anti-kisspeptin GnRH, kisspeptin and RFRP-3 peptides 

Rabbit anti-RFRP-3 GnRH, kisspeptin and RFRP-3 peptides 
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In the pre-adsorption tests, labelling for GnRH, kisspeptin and RFRP-3 were successfully 

blocked by pre-incubating the primary antibody with their respective peptide as determined 

by visual assessment. Conversely, no effect on labelling was observed when an antibody was 

pre-adsorbed with one of the other two peptides. Specifically, with mouse anti-GnRH (1:1000, 

MAB5456, Millipore, USA) the degree of labelling of cells and fibres in the POA and ME was 

reduced as the GnRH peptide concentration increased, with no effects on the level of labelling 

when the antibody was pre-adsorbed with kisspeptin or RFRP-3 peptides (Fig 3.3). Similarly, 

the number of cells and fibres in the ARC labelled by rabbit anti-kisspeptin (1:100,000, #566, 

gift from Prof. Alain Caraty) decreased as concentrations of kisspeptin peptide increased, with 

no effect seen on the antibody’s ability to label cells when pre-adsorbed with GnRH and RFRP-

3 peptides (Fig 3.4). In addition, when rabbit anti-RFRP-3 (1:20,000, PAC123/124, gift from Dr 

George Bentley) was pre-adsorbed with RFRP-3 peptide, the number of cells in the POA and 

fibres in the ARC labelled lowered as the concentration of RFRP-3 peptide increased, with no 

effect seen on the level of RFRP-3 labelling when the antibody was pre-adsorbed with either 

GnRH or kisspeptin peptides (Fig 3.5).  
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All images were captured at low magnification in the ARC/ME of the sheep hypothalamus, where a large GnRH-ir fibre population was located. 
The number of GnRH-ir fibres decreased as GnRH peptide concentration in the antibody solution increased. There were no differences in the 
amount of GnRH-ir labelled when GnRH antibody was pre-adsorbed with any concentration of either the kisspeptin or RFRP-3 peptide.   
Scale bar: 200μm 
-ir: immunoreactive, ARC: arcuate nucleus, ME: median eminence, GnRH: gonadotrophin releasing hormone,  
RFRP-3: RF-amide relatedpeptide-3 

 

Figure 9.3 Pre-adsorption of mouse anti-GnRH with 2ng, 20ng, 200ng and 2000ng of GnRH, kisspeptin and RFRP-3 peptides. 
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All images were captured at low magnification in the ARC/ME of the sheep hypothalamus, where kisspeptin-ir cells and fibres were located. 
The level of labelling for kisspeptin-ir cells and fibres decreased as kisspeptin peptide concentration in the antibody solution increased, 
with no cells detected in the 2000ng kisspeptin pre-adsorption test. No differences were noted for the in the level of kisspeptin-ir labelling 
when pre-adsorbed with any concentration of either the GnRH or RFRP-3 peptide.  Scale bar: 200μm 
-ir: immunoreactive, ARC: arcuate nucleus, ME: median eminence, GnRH: gonadotrophin releasing hormone, RFRP-3: RF-amide related 
peptide-3 

Figure 10.4 Pre-adsorption of rabbit anti-kisspeptin with 2ng, 20ng, 200ng and 2000ng of GnRH, kisspeptin and RFRP-3 peptides. 
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All images were captured at low magnification in the ARC/ME of the sheep hypothalamus, where RFRP-3-ir fibres were located. The level of 
labelling for RFRP-3-ir fibres decreased as RFRP-3 peptide concentration in the antibody solution increased. No differences were noted for 
the in the level of RFRP-3-ir labelling when pre-adsorbed with any concentration of either the GnRH or kisspeptin peptide. Scale bar: 200μm 
-ir: immunoreactive, ARC: arcuate nucleus, ME: median eminence, GnRH: gonadotrophin releasing hormone, RFRP-3: RF-amide related 
peptide-3 
 

Figure 11.5 Pre-adsorption of rabbit anti-RFRP-3 with 2ng, 20ng, 200ng and 2000ng of GnRH, kisspeptin and RFRP-3 peptides. 
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3.7 Fluorophore visualisation  

The visualisation of the three fluorophores used in this thesis was done using the following 

filters:  FITC filter for Alexa Fluor® 488 and TxRED filter for Alexa Fluor® 594. Using ultra-violet 

light (DAPI) filter all labelled cells were checked for auto-fluorescence and non-specific 

labelling. In Table 3.2, the fluorophores used in this thesis are listed, including for their 

excitation and emission wavelengths.  

Table 6.2 The excitation and emission wavelengths of fluorophores. 

Fluorophore Maximum Excitation 
wavelength (nm) 

Maximum Emission  
wavelength (nm)  

Confocal Filter cubes 

Alexa Fluor 488 495 519 480/50 

Alexa Fluor 594  590 617 595/50 

 

3.8 Microscopical analysis 

All cell counting was completed using an Olympus, BX61 fluorescent microscope (Olympus, 

Tokyo, Japan) equipped with an fView digital camera (Olympus), which was used to capture 

images of cells at different magnifications using DP controller software (version: 3.1.1.267, 

Olympus).  A Nikon T1 confocal microscope (Nikon, Tokyo, Japan) was used to further verify 

dual labelling by z-stacking images, with a minimum of 5 optical slices (5-10µm between 

slices), captured using a CAM DS Qi MC-U3 camera (Nikon). Each potential co-expression was 

captured in each fluorescent channel and saved as a tagged image file format. Images were 

overlayed using alpha transparencies at 200% magnification, with minor colour balance and 
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brightness adjustments using GNU Image Manipulation Program (GIMP) version no. 2.8.14 

(http://gimp.org), before any co-expression was counted.  Double labelled cells were classed 

as pseudo-fluorescing yellow. To verify that fibres were indeed punctate fibres rather than a 

few isolated vesicles, the pathway of the fibre was traced through the section by shifting the 

focus up and down to follow the labelling. 

3.9 Statistical Analysis 

For each animal there were up to 5 sections within the mPOA, 4 sections for the PVN and 

rostral DMH/ARC and 3 sections for the caudal ARC. However it must be noted that for some 

animals sections were damaged or lost during the immunohistochemical labelling protocol. 

The raw data from the studies described in Chapters 4 and 5 were initially analysed as the two 

separate experiments, where one experiment compared intact rams to wethers and the 

second experiment compared sham castrated rams and short term castrated rams. The 

number of single and co-expressing cells were counted once two images were overlayed each 

other. Cell numbers were averaged for individual animals within each hypothalamic region 

before a group average was calculated.  Cell numbers for rams and sham castrated rams were 

found to be statistically the same, so the data from the two experiments were pooled. The 

analysis was completed again to compare the three treatment groups (intact rams (±sham 

castration), wethers, and short term castrate). When statistical assumptions failed, the data 

was transformed by adding a 1 to all numbers to deal with zeros in the data set. This type of 

transformation was only needed for the data analysing the number of kisspeptin neurons 

expressing AR. Statistical analysis was performed using SPSS (version 20, SPSS Inc, Chicago, 

USA). A two-way comparison test (ANOVA) was conducted with treatment (intact rams, 
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wethers, or short term castrated rams) and hypothalamic regions (POA, rostral, mid and caudal 

hypothalamus) as dependant variables. Post-hoc analysis was completed using Tukey’s test 

when a significant difference was found from the two-way ANOVA P<0.05 was used to 

describe statistical significance. All graphs were produced using Graphpad Prism (Graphpad 

software, San Diego, CA, version 6) where data were presented as mean (±SEM). 

Note that the statistical analysis was conducted on the number of cells/section. The 

percentage of cells/section is provided within the results section for context only. With the 

exception of the proportion of cells that were double labelled, this data was transformed using 

ARCSIN before being analysed by 2-way ANOVA.  
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Chapter 4 

Kisspeptin neurons but not RFRP-3 neurons 

express both androgen and oestrogen receptors in 

the hypothalamus of the merino ram. 
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4.0 Abstract  

As GnRH neurons contain few receptors for androgen or oestrogen, the mechanism through 

which testicular steroid hormones exert their negative feedback action on GnRH secretion in 

the ram hypothalamus is still unclear. Two potential afferent neuronal populations are those 

producing kisspeptin and RFRP-3. However, whether these neurons contain receptors for sex 

steroids is unknown in this species. This study aimed to determine, firstly if kisspeptin and 

RFRP-3 neurons in the ram express AR and ERα and secondly whether this co-expression is 

influenced by the presence (intact ram) or absence (short or long term castrated ram) of 

testicular hormones. Dual fluorescence immunohistochemistry was used to visualise and 

compare the proportion of kisspeptin and RFRP-3 neurons that co-express AR and ERα in the 

merino ram hypothalamus. 

Kisspeptin neurons were only localised in the caudal ARC of wethers and short term castrated 

rams but essentially undetectable in intact rams and thus, the number of kisspeptin neurons 

was significantly higher in wethers and short term castrated rams compared to intact rams. Up 

to 95% of kisspeptin cells co-expressed AR and ERα. RFRP-3 neurons were located in the DMH 

and VMH in all treatment groups. In all males, an additional population of RFRP-3 cells was 

found in the medial preoptic area (mPOA) with some scattered cells in the AHA. RFRP-3 cell 

numbers were higher in the wether and short term castrated ram compared to the intact ram, 

but no RFRP-3 neurons co-expressed ERα or AR in any treatment.  This study demonstrated the 

co-localisations of both AR and ERα with kisspeptin but not RFRP-3 neurons in the merino ram 

hypothalamus. It also suggests that testicular hormones have a strong inhibitory effect on the 

expression of kisspeptin in the hypothalamus, most likely directly through AR and ERα. RFRP-3 
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neurons appear to also be negatively regulated by testicular hormones in the ram, but this 

action by testicular hormones is most likely an indirect one. 

4.1 Introduction 

The regulation of reproduction involves feedback actions of sex steroids in the brain, which 

influence hypothalamic neurons and ultimately GnRH secretion. Oestrogen action on GnRH 

secretion differs between sexes; in females high circulating levels of oestrogen has a positive 

feedback action to induce a GnRH/LH surge whilst low levels of oestrogen exerts a negative 

feedback action to inhibit GnRH/LH secretion, whereas in males only a negative feedback 

action on GnRH secretion is seen. In both sexes, androgens exert a negative feedback action on 

GnRH/LH secretion (Hileman et al., 1996). However, GnRH neurons express few receptors for 

oestrogen or androgen (Lehman & Karsch, 1993; Herbison, 1995). Thus it is likely that the 

feedback actions of sex steroids are indirect, relayed via afferents to GnRH neurons which do 

express these receptors. Two neuropeptides that could be involved in relaying the oestrogen 

and androgen feedback to GnRH neurons are kisspeptin and RFRP-3. Over the last decade 

many studies have demonstrated that kisspeptin is highly involved in regulating gonadotrophin 

secretion and ultimately reproduction in a range of mammalian species. Overall kisspeptin 

populations are well conserved across mammalian species. Kisspeptin neuron expression has 

been compared between rams and ewes, where rams had significantly fewer kisspeptin cells 

than ewes in the mPOA an ARC (Cheng et al., 2010).  Ewes also have a smaller population in 

the DMH (Estrada et al., 2006; Franceschini et al., 2006; Smith et al., 2007). The population of 

kisspeptin cells in the caudal ARC of the ewe hypothalamus appears to have a role in the 

negative feedback regulation of GnRH secretion as well as being involved in the initiation of 
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the GnRH/LH surge though the positive feedback  mechanism (Estrada et al., 2006; Smith, 

2009; Ezzat et al., 2010).   

RFRP-3 was first discovered to inhibit gonadotrophin secretion in birds (and hence named 

GnIH in these species)(Tsutsui et al., 2012). Many mammalian studies have aimed to 

determine if its role is the same as in birds. The role of RFRP-3 has been difficult to determine, 

as its influence on gonadotrophin secretion and reproduction seems to be species and sex 

specific, with either inhibitory, stimulatory or no effects seen (Kriegsfeld et al., 2006; Decourt 

et al., 2015).In ewes RFRP-3 neurons are located in the ventral PVN and throughout the DMH 

(Clarke et al., 2008), with possible expression in the mPOA, especially during the luteal phase 

(Jafarzadeh Shirazi et al., 2011), however RFRP-3 neuron location has not been investigated in 

the ram. In chapter two of this thesis, I described the locations of RFRP-3 mRNA within the ram 

and wether, where cells expressing mRNA were found mainly in the DMH but also in the 

mPOA, PVN and VMH. Rats, mice and hamsters have shown no differences between sexes in 

cell number or fibre density of RFRP-3 neuron populations in the DMH (Kriegsfeld et al., 2006), 

suggesting that there may be no differences in RFRP-3 cell expression between the ram and 

ewe.  

Oestrogen and testosterone exert their feedback actions primarily through their cognate 

receptors, androgen and oestrogen receptors (AR, ERα and ERβ). These have been mapped 

across the ovine hypothalamus with populations located in the mPOA, BNST, PVN, VMH and 

ARC (Lehman et al., 1993; Blache et al., 1994; Herbison et al., 1996; Scott et al., 2000; Scott et 

al., 2004). In the sheep, the hypothalamic regions that express AR, ERα and ERβ are also some 
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of the locations where kisspeptin and RFRP-3 containing neurons are found, suggesting there is 

a possibility of co-localisation.  

The majority of kisspeptin cells in the ARC co-express ERα in both ewes and female rats 

(Franceschini et al., 2006; Adachi et al., 2007; Smith et al., 2007). Specifically, in the ARC of the 

ewe, 93% of kisspeptin neurons expressed ERα, but only 50% were co-expressed in the mPOA 

(Franceschini et al., 2006). However no studies have determined the percentage of kisspeptin 

neurons expressing ERα in the ram hypothalamus. In both rams and ewes, no studies have 

investigated the co-expression of kisspeptin and AR in the hypothalamus, however there is 

potential for kisspeptin to co-express AR in the mPOA and ARC (Scott et al., 2004; Smith et al., 

2007). A study in male mice found that kisspeptin neurons in the ARC express AR (Smith et al., 

2005b). 

In both sexes of mice and Syrian hamster, virtually no RFRP-3 neurons co-expressed AR 

(Kriegsfeld et al., 2006; Kriegsfeld et al., 2010; Poling et al., 2012). Currently, no studies have 

investigated whether RFRP-3 neurons in the ram or ewe co-express either AR or ERα. If this is 

to be the case, the PVN is the most likely brain region, as all three proteins have been localised 

there (Scott et al., 2000; Scott et al., 2004; Smith et al., 2008a)  

This study used dual label immunohistochemistry to test the hypotheses that RFRP-3 and 

Kisspeptin neurons co-express ERα and AR in the merino ram hypothalamus, and that 

castration will change the number of RFRP-3 and kisspeptin neurons and their co-expression 

with ERα and AR in rams. To investigate the physiological effects of the length of time since 

castration we used rams that had been castrated one year prior (long term) and rams 

castrated one month prior (short term). .  
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4.2 Materials and Methods 

For full methodology of immunohistochemistry please refer to Chapter 3. Below is specific 

information of the antibodies used for this chapter.  

4.2.1 Fluorescent Immunohistochemistry  

- Rabbit polyclonal antibody against human kisspeptin-10 (Franceschini et al., 2006) 

(1:100,000, batch #566, provided by Prof. Alain Caraty, INRA, France)  

- Rabbit polyclonal antibody against white crowned sparrow RFRP-3 (SIKPFSNLPLRF-NH2) 

(1:20,000, PAC 123/124, provided by Dr George Bentley, CA, USA)  

The primary antibodies used to detect steroid receptors were:  

- Monoclonal mouse anti-human ER α clone 1D5 (1:1000, DAKO, CA, USA)  

- Polyclonal rabbit antibody against rat androgen receptor PG-21 (1:1000, Millipore, 

Australia). 

The secondary antibodies used were: 

- Alexa 488 Goat anti-Rabbit IgG (H+L) (1:1000, Invitrogen, USA) for the RF-amides 

-  Alexa 594 Goat anti-Mouse IgG (H+L) (1:1000, Invitrogen) for ERα.  

It must be noted that both kisspeptin and AR antibodies were raised in rabbit, therefore for 

the kisspeptin/AR dual labelled protocol, the AR antibody was incubated first and treated with 

Alexa 594 Goat anti-Rabbit IgG (H+L) (1:400, Invitrogen), before kisspeptin (1:50,000, #566) 

was incubated and completed with Alexa 488 Goat anti-Rabbit IgG (H+L) (1:1000, Invitrogen).  
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4.3 Results 

4.3.1 Kisspeptin 

4.3.1.1 Location and cell numbers  

Kisspeptin-ir neurons exhibited green fluorescent cytoplasmic labelling when viewed under the 

FITC filter, with the nucleus unlabelled. The number of kisspeptin neurons was calculated from 

data collected in the dual labelled immunohistochemical runs from both kisspeptin and AR, 

and kisspeptin and ERα.  Overall, the number of kisspeptin-ir cells/section differed with 

treatment and brain region (F(6,52) =38.76 and 71.33, respectively, P<0.05). There was also an 

interaction between treatment and brain region (F(6,52) =27.07, P<0.05).  Post hoc analysis 

showed that in the mid ARC, the number of kisspeptin-ir cells/section was significantly higher 

in the short term castrated ram compared to the intact ram. In the caudal ARC, the number of 

kisspeptin-ir cells/section was significantly higher in both the wether and short term castrated 

ram compared to the intact ram, with the wether also having significantly higher numbers of 

cells compared to the short term castrated ram (P<0.05, Fig 4.1A-C). In both the POA and 

rostral ARC, no significant differences were found between any treatment groups for the mean 

number of kisspeptin-ir cells/section (P>0.05, Fig 4.1C).  
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(C) 

Examples of kisspeptin-ir neurons in the ARC of the (A) wether and (B) intact ram 
hypothalamus. (C) The number of kisspeptin cells/section in the hypothalamus of each 
treatment group (wether, short term castrate, and intact ram).  
Scale bar: 100µm, * represents significant difference (P<0.05), 
-ir: immunoreactive, ARC: arcuate nucleus. 

Figure 12.1 Comparison of the number of kisspeptin cells in the sheep hypothalamus. 
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4.3.1 Kisspeptin expression with AR and ERα 

Positively labelled AR cells were characterised by the nucleus fluorescing red (Fig 4.2A). Nuclei 

that expressed AR were located in the mPOA, BNST, PVN, VMH, ARC and PM. Kisspeptin 

neurons that co-expressed AR had a clearly defined red nucleus and green cytoplasmic 

labelling (Fig 4.2A-B). Overall, the number of kisspeptin-ir neurons/section that expressed AR 

varied with both treatment and brain region (F(6,52) =16.25 and 27.45, respectively, P<0.05). 

There was also an interaction between treatment and brain region (F(6,52) =9.47, P<0.05). Post 

hoc analysis showed that the number of kisspeptin-ir cells/section that expressed AR was 

significantly higher in the mid and caudal ARC in the short term castrated ram compared to the 

intact ram. The intact ram was also significantly different to the wether in the caudal ARC only 

(P<0.05, Fig 4.2C). In the POA and rostral ARC no kisspeptin neurons were found to co-express 

AR in the short term castrated rams, but a small number was found in the rostral ARC of the 

wether and intact ram (P>0.05).  

The percentage of kisspeptin-ir cells that expressed AR was analysed. Analysis on ARCSIN 

transformed data found the percentage of kisspeptin-ir cells/section that expressed AR varied 

with both treatment and brain region (F(6,52) =12.76 and 19.44, respectively, P<0.05). In the mid 

ARC the percentage of kisspeptin-ir cells/section expressing AR in the wether, short term 

castrated and intact ram was 97±1%, 89±2% and 24±19%, respectively and in the caudal ARC: 

94±2%, 90±5% and 31±19%, respectively. 

Positive labelling for ERα was characterised by the cell nucleus fluorescing red when under 

TXRED filter (Fig 4.3A). ERα-ir nuclei were located in the OVLT, mPOA, BNST, PVN, VMH, ME 

and ARC. Examples of kisspeptin cells expressing ERα are found in Figure 4.3A-B. Positive 
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expression of ERα in kisspeptin-ir cells was defined by the cells exhibiting a clearly defined red 

fluorescing nucleus surrounded by a green fluorescing cytoplasm (Fig 4.3B). Overall, the 

number of kisspeptin-ir neurons/section that expressed ERα varied with both treatment and 

brain region (F(6,52) = 16.45 and 32.40, respectively, P<0.05). There was also an interaction 

between treatment and brain region (F(6,52) =12.76, P<0.05). Post hoc analysis showed that in 

the caudal ARC the number of kisspeptin-ir cells/section that expressed ERα was significantly 

higher in the short term castrated ram and the wether compared to the intact ram (P<0.05, Fig 

4.3C). In the mid ARC the short term castrated ram had significantly higher expression of ERα 

in kisspeptin-ir cells/section compared to the intact ram (P<0.05). No significant differences 

between treatment groups were found in the mean number of kisspeptin-ir cells/section 

expressing ERα in the POA and rostral ARC (Fig 4.3C).  

 The percentage of kisspeptin-ir cells that expressed ERα was analysed. Analysis on ARCSIN 

transformed data found the percentage of kisspeptin-ir cells/section that expressed ERα varied 

with both treatment and brain region (F(6,52) =39.99 and 32.69, respectively, P<0.05). In the mid 

ARC of the wether, short term castrated and intact rams the percentage of kisspeptin-ir cells 

that expressed ERα/section was 23±23±%, 97±2% and 0%, respectively and in the caudal ARC 

was 87±5%, 94±3% and 9±3%, respectively.   
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(C) 

(A) A representative low power image (scale bar: 100µm) of single labelled kisspeptin cells 
(open arrow) and AR nuclei (open arrow head) and double labelled cells (solid arrow) in the 
ARC of a short term castrate. (B) Using confocal microscopy, a high power image (scale bar: 
25µm) was captured of a representative kisspeptin neuron (green cytoplasmic labelling) 
expressing AR (red nuclear labelling) in the ARC of a ewe. (C) The mean number of 
kisspeptin-ir cells that co-expressed AR in the hypothalamus of all treatment groups (wether, 
short term castrate, and intact ram). 
* represents significant difference (P<0.05). 
ARC: arcuate nucleus, AR: androgen receptor, -ir: immunoreactive 

Figure 13.2 Kisspeptin cells express androgen receptor in the sheep hypothalamus. 
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(C) 

 

(A) A low power image of single labelled kisspeptin-ir cells (open arrow) and ERα nuclei 
(open arrow head) and the co-expression of both (solid arrow) in the ARC of a wether 
(scale bar: 100 µm). (B) Using confocal microscopy, a representative example was captured 
of a kisspeptin-ir neuron (green cytoplasmic labelling) expressing ERα (red nuclear 
labelling) in the wether hypothalamus (scale bar: 25µm). (C) The number of kisspeptin cells 
expressing ERα in the treatment groups (wether, short term castrate and intact ram).  
* represents significant difference (P<0.05). 
ARC: arcuate nucleus, ERα: oestrogen receptor-α, -ir: immunoreactive 
 

 

 

Figure 14.3 Kisspeptin cells express oestrogen receptor α in the sheep hypothalamus.      
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4.3.2 RFRP-3 

4.3.2.1 Location and cell numbers 

Positively labelled RFRP-3 cells were characterised by green cytoplasmic fluorescence 

specifically under a FITC filter, with the nucleus unlabelled (Fig 4.4A). RFRP-3-ir cell populations 

were located in the PVN and DMH (Fig 4.4A-B) in all treatment groups. In addition, RFRP-3 

neurons were strongly labelled in the mPOA and AHA in all males (Fig 4.4C, E). Comparatively, 

in the ewe there was a seemingly lower intensity of labelling and number of labelled cells 

found in the POA and AHA compared to the male sheep (Fig 4.4D), but the current study’s 

design did not allow for proper analysis of this apparent difference.  Further investigation is 

needed to determine if there is a difference between intact rams and ewes. Overall, the 

number of RFRP-3 neurons/section varied with both treatment and brain region (F(8,65) =7.57 

and 19.50, respectively, P<0.05). There was also an interaction between treatment and brain 

region (F(8,65) =2.37, P<0.05). Post hoc analysis showed that the number of RFRP-3-ir 

cells/section in the rostral DMH was significantly higher in the wether compared to the intact 

ram (P<0.05, Fig 4.4F). In the POA, AHA, PVN, and caudal DMH, no significant differences were 

found for the number of RFRP-3-ir neurons/section between the intact ram, short term 

castrated ram  and wether (P>0.05, Fig 4.4E).  
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(E) 

 

 

 

Examples of RFRP-3 labelled cells (hollow arrow head) in the DMH of the (A) wether and (B) 
ram hypothalamus (scale bar: 100µm), and in the POA of the (C) wether and (D) ewe 
hypothalamus (scale bar: 200µm). (E) The number of RFRP-3-ir cells in the hypothalamus 
compared between treatment groups (short term castrated rams, wethers and intact 
rams).DMH: dorsal medial hypothalamus, POA: preoptic area, PVN: Paraventricular nucleus, 
RFRP-3: RFamide related peptide-3, -ir: immunoreactive 
 

 

 

 

Figure 15.4 Comparison of the number of RFRP-3 neurons in the sheep hypothalamus. 
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4.3.2.2 RFRP-3 neurons do not express either AR or ERα 

Both AR and ERα were localised in the nucleus, with positive labelling characterised by the 

nuclei fluorescing red under a TXRED filter (Fig 4.5). No RFRP-3 neurons in the POA, PVN and 

DMH expressed AR, in any treatment group (Fig 4.5A-B), but were in close proximity to AR in 

males (Fig 4.5B). Similarly, no RFRP-3-ir neurons in the POA, PVN and DMH expressed ERα in 

any treatment group (Fig 4.5C-D), but were in close proximity in the POA in males.  

(A) A low power image of the rostral DMN region of a ram indicating both single labelled 
RFRP-3 cells (hollow arrow head) and AR nuclei (full  arrow head)  (B) RFRP-3 labelled neurons 
(green) in the POA were in close proximity to AR nuclei (red) in the ram. (C)  A low power 
image of the rostral DMN region in the wether indicating both single labelled RFRP-3 cells and 
ERα nuclei. (D) RFRP-3 labelled neurons (green cytoplasmic labelling) in the POA were in close 
proximity to ERα (red nuclear labelling) in the wether. Scale bar: 100µm.  
AR: androgen receptor, ERα: oestrogen receptor-α, DMN: dorsal medial nucleus,  
RFRP-3: RF-amide related peptide-3, -ir: immunoreactive 

 

Figure 16.5 RFRP-3 neurons do not express AR or ERα in the sheep hypothalamus. 
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4.4 Discussion  

This study aimed to determine if testicular hormones regulate kisspeptin and RFRP-3 by 

comparing long or short term castration effects on the expression of kisspeptin and RFRP-3 

and their co-expression with AR or ERα. This study firstly demonstrated that in the ram, 

testicular hormones suppress the number of cells expressing kisspeptin and RFRP-3. Secondly 

it was demonstrated that almost all kisspeptin neurons express AR and ERα, with no co-

expression found with RFRP-3 neurons in the sheep hypothalamus.   

The current study has identified a population of kisspeptin neurons mainly in the mid and 

caudal ARC of the wether and short term castrated ram, which has been previously described 

in the ewe by Smith et al (2008a). Smith and colleagues (2008a) also found a population of 

kisspeptin cells in the POA, however the current study found very few kisspeptin neurons in 

the POA in any treatment group. Previous studies have identified populations of kisspeptin 

neurons in the POA in both the intact ram and ewe (Smith et al., 2008a; Cheng et al., 2010). In 

one study, the number of kisspeptin neurons in intact adult rams was significantly lower in the 

POA and mid-caudal ARC compared to intact ewes during breeding season (Cheng et al., 2010).  

The number of neurons expressing kisspeptin was significantly higher in the caudal ARC of 

wethers compared to all other treatment groups. Short term castrated rams also exhibited a 

significantly greater in the number of kisspeptin neurons in the mid and caudal ARC compared 

to intact rams. This indicates that the number of kisspeptin cells in the mid-caudal ARC is 

promoted by castration and expression increases the longer that regulation from testicular 

hormones is absent. Rams had very few detectable kisspeptin-ir neurons, further supporting 

the idea that kisspeptin neurons are highly sensitive to the regulation by testicular hormones. 
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Castration of other male mammals also significantly increased the expression of kisspeptin 

mRNA and number of kisspeptin neurons in the ARC suggesting that this population is sensitive 

to the inhibitory effects of testicular hormones, and could have a role in negative feedback 

(Okada et al., 2003; Navarro et al., 2004; Smith et al., 2005a; Smith et al., 2005b; Shibata et al., 

2007). Testosterone regulation of kisspeptin gene expression in the ARC was further 

investigated using in situ hybridisation in castrated male rats and both sexes of mice (Irwig et 

al., 2004; Smith et al., 2005b). Kisspeptin mRNA was higher in castrated male rats than in intact 

rats (Irwig et al., 2004). When the castrated animals were treated with testosterone (or its 

metabolites), the stimulatory effects of castration on kisspeptin mRNA expression were 

reversed (Navarro et al., 2004; Smith et al., 2005b). In contrast, aromatase knockout mice 

(ArKO mice), a reduction in arcuate kisspeptin mRNA expression was found compared to WT 

mice (Brock & Bakker, 2013), suggesting that testosterone increases kisspeptin mRNA but 

needs to be converted into oestrogen before this can occur. This is confirmed with treatment 

of oestrogen or DHT to ArKO mice increasing kisspeptin mRNA expression to levels seen in 

intact wild type animals (Brock & Bakker, 2013). Thus the data is conflicting on whether 

testicular hormones inhibit or stimulate kisspeptin mRNA in the ARC, however this could be 

due to species differences between the mouse and rat.  Nonetheless, these studies suggest 

that kisspeptin neurons in the ARC may have an important role in testosterone negative 

feedback in the male (Shibata et al., 2007).  

The current study demonstrated that the removal of the testis increased the expression of AR 

in kisspeptin neurons in the ARC by three-fold. These findings suggest that testicular hormones 

in the ram act through AR to suppress the expression of kisspeptin. Testicular hormones 

inhibited the number of detectable kisspeptin neurons, and therefore the percentage of 
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kisspeptin neurons co-expressing AR was a third of the wether and short term castrated ram. 

This result is consistent with an earlier finding of AR in kisspeptin neurons of male mice (Smith 

et al., 2005b). 

As testosterone is known to be metabolised into not just to DHT but also to oestradiol  

(Sherwood et al., 2005), we also investigated whether kisspeptin neurons co-express ERα and 

used the same antibodies as previously published in sheep (Franceschini et al., 2006). The 

majority of kisspeptin neurons that were identified in the short term castrated ram and wether 

hypothalamus expressed ERα. This is consistent with studies in both ewes and male mice that 

also found that the majority of kisspeptin cells in the ARC were double labelled with ERα 

(Smith et al., 2005b; Franceschini et al., 2006; Adachi et al., 2007; Smith et al., 2007). 

Specifically in ewes, a previous study found that  93% of kisspeptin neurons in the ARC 

expressed ERα, but only 50% were double labelled in the mPOA (Franceschini et al., 2006). 

Similarly, in ewes, around 96% of NKB cells in the ARC (most likely part of the KNDy neuron 

population) were found to express ERα (Goubillon et al., 2000).  Using double labelled in situ 

hybridisation, approximately 87% of kiss1 mRNA expressing cells were found to co-express ERα 

in the ARC of male mice (Smith et al., 2005b). This suggests that the near uniform expression of 

ERα in kisspeptin neurons in the ARC is conserved across sexes and species in mammals.  

In mice, oestrogen is known to act through ERα to inhibit kisspeptin expression in the ARC 

directly  (Smith et al., 2005a). Comparing  wild type (WT) and kERαKO female mice, oestrogen 

treatment in WT females decreased kisspeptin mRNA levels whereas in kERαKO mice there 

was no effect (Dubois et al., 2015). As kisspeptin mRNA expression was not inhibited in 

oestrogen treated kERαKO mice, this suggests that oestrogen negative feedback acts via the 
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ERα expressed in arcuate kisspeptin cells, and not through afferent cell populations. In this 

study, most kisspeptin labelled cells that were found in the arcuate nucleus expressed ERα and 

therefore it would seem likely that oestrogen may directly regulate arcuate kisspeptin neurons 

in the ram through these ERα, although this was not tested in the current study. Results from 

Sharma and colleagues (1999) support this hypothesis because central treatment of a non-

steroidal aromatase inhibitor increased LH pulse frequency, indicating that part of the 

inhibitory action of testosterone on LH secretion in the ram may be following aromatisation of 

testosterone to oestrogen. These studies raise the possibility that part of the inhibitory action 

of testosterone on kisspeptin expression in the ram maybe mediated by oestrogen after 

testosterone is aromatised. 

Along with previous mammalian studies (including ewes), (Maywood et al., 1996; Ukena & 

Tsutsui, 2001; Kriegsfeld et al., 2006; Johnson et al., 2007; Dardente et al., 2008; Kriegsfeld et 

al., 2010), the current study and the study discussed in chapter 2, have observed populations 

of RFRP-3-ir cells in the PVN and DMH with wide spread fibre projections from the BNST, POA, 

PVN to the DMH, ARC and ME (Johnson et al., 2007; Clarke et al., 2008; Ubuka et al., 2008).  In 

the current study, strongly labelled RFRP-3 neurons were found in the mPOA of all rams 

(wether, short term castrated and intact ram), whilst in chapter 2, the study found weak 

labelling of RFRP-3 mRNA in the mPOA.  This population has been described once in a study in 

cycling ewes, where they found the highest expression of RFRP-3 neurons in ewes during the 

luteal phase (Jafarzadeh Shirazi et al., 2011).Preliminary data collected from the positive 

control sections from ewes in the luteal phase of the oestrous cycle showed very few and 

weakly fluorescing cells expressing RFRP-3 in the mPOA.  Why this population has not been 

found in other published ewe studies other than the one published by Jafarzadeh Shirazi and 
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colleagues (2011), may be due to the concentration of antibodies being too low, Smith and 

colleagues (2008) used the same antibody as the current study but at a concentration of 

1:100,000, while we used it at 1:20,000. Additionally it was found that the POA population of 

RFRP-3 cells was not affected by castration, suggesting that testicular hormones are not potent 

regulators of this population. The condition of the ewe hypothalamic tissue could be an issue, 

as it was frozen for a longer period compared to the ram hypothalami, however no differences 

were seen in the populations of RFRP-3 cells in the PVN and DMH, suggesting that the quality 

of the tissue is fine. Why this population is not labelled as strongly in the ewe compared to 

males and what the role of this population is remains unclear. Finding a population of RFRP-3 

neurons in the mPOA, was surprising but it does provide new possibilities investigate in the 

ram.  

This study found that RFRP-3 cells did not co-express either AR or ERα in the PVN and DMH, 

yet there are differences in the numbers of RFRP-3 cells between intact and castrated rams. In 

the PVN/DMH population of RFRP-3 mRNA expression was lower in rhesus monkeys during 

luteal phase compared to early/late follicular animals. RFRP-3 cell numbers were increased 

with the removal of testis, suggesting that afferent neuronal populations must play a part in 

relaying the testicular hormone signal to inhibit expression in intact rams. A similar result was 

observed for the POA, where despite being a region abundant with AR and ERα expression, 

none of the RFRP-3 neurons labelled for either receptor. The lack of co-expression with AR or 

ERα in RFRP-3 neurons in the sheep suggests that RFRP-3 is unlikely to be a direct pathway 

through which testosterone or its metabolite oestrogen exerts its negative feedback action on 

GnRH neurons in this species. Previous studies have investigated the co-expression of RFRP-3 

and AR cells and the relationship between RFRP-3 and testosterone but results have vast 
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species differences causing uncertainty. In both sexes of mice, and female Syrian hamsters, 

virtually no (less than 3%) RFRP-3 neurons expressed AR (Maywood et al., 1996; Kriegsfeld et 

al., 2006; Kriegsfeld et al., 2010; Poling et al., 2012), but in contrast male Syrian hamsters had 

approximately 40% of RFRP-3 neurons expressing AR (Kriegsfeld et al., 2006). The relationship 

between oestrogen and RFFP-3, and the role of RFRP-3 in oestrogen feedback is still unclear as 

there seems to be differences between sexes, species and techniques. In previous mice studies 

only a handful of RFRP-3 neurons (18.7 ± 3.8%) expressed ERα in one study  (Molnar et al., 

2011), and approximately 25% in both sexes in another (Poling et al., 2012). In contrast, female 

Syrian hamsters had approximately 40% of RFRP-3 neurons expressing ERα (Kriegsfeld et al., 

2006). This indicates that the regulation of RFRP-3 neurons by oestrogen is both sex and 

species specific. 

In summary, this study found that no RFRP-3 neurons expressed AR or ERα, suggesting that 

testicular hormones cannot directly influence RFRP-3 expression in the ram. Furthermore it is 

unlikely that RFRP-3 neurons are directly involved in relaying the negative feedback actions of 

testicular hormones in this species. Additionally we have found a novel population of RFRP-3 

cells in the POA, further studies are needed to determine the role of this population in the ram 

as it remains unclear at this time. Testicular hormones most likely regulate kisspeptin neurons 

directly though both AR and ERα.  It is therefore quite possible that kisspeptin neurons are 

able to relay testosterone negative feedback action to regulate reproduction; however this is 

yet to be confirmed in the ram. Confirmation that it is indeed testosterone (and/or its 

metabolites) which inhibited kisspeptin expression are needed; future studies would do well to 

investigate the effects of testosterone, DHT and oestrogen treatment on kisspeptin expression 

in the hypothalamus of castrated rams. 
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Chapter 5 

Interactions between RFRP-3, kisspeptin and GnRH 

neurons within the hypothalamus of the merino 

ram. 
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5.0 Abstract  

The mechanisms through which testicular steroid hormones exert their negative feedback 

action on GnRH secretion is still unclear, as GnRH neurons contain few receptors for androgen 

or oestrogen.  Neurons that express Kisspeptin and RFRP-3 could be potential pathways in this 

system, but whether these interact with GnRH neurons in the ram is unknown. This study 

aimed to determine, firstly if kisspeptin and RFRP-3 neurons have close fibre appositions with 

GnRH neurons and secondly if the presence of testicular hormones influenced these 

appositions in the ram hypothalamus. Using tissue from the same animals as used for the 

studies described in chapter four, dual fluorescence immunohistochemistry was used to 

visualise and compare the number of fibre appositions between GnRH, Kisspeptin and RFRP-3 

neurons.  

GnRH and RFRP-3 were co-expressed within the same cell in the POA and AHA regions. No 

differences were seen in the percentage of GnRH or RFRP-3 cells that were double labelled 

between treatment groups with approximately 80% of both GnRH-ir and RFRP-3-ir cells being 

double labelled. All male animals had very strong labelling of RFRP-3 in these double labelled 

cells. Potential interactions were investigated between GnRH, RFRP-3 and double labelled cells 

and fibres. Overall, all treatment groups combined had around 50% of GnRH neurons received 

appositions from RFRP-3 neurons, with 15-27% of RFRP-3 neurons receiving GnRH fibre 

appositions. Double labelled cells received very few inputs from GnRH or RFRP-3 neurons, and 

similarly the proportion of GnRH and RFRP-3 neurons receiving fibre appositions from double 

labelled fibres was also low. Short term castrated ram had higher numbers of GnRH cells with 

double labelled fibre appositions in the mPOA and AHA compared to intact ram. Similarly, 
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more interactions were seen in the rostral DMH of the wether compared to the intact ram for 

the number of RFRP-3 cells with GnRH fibre appositions. No other significant differences 

between treatment groups were identified for the interactions between GnRH, RFRP-3 and the 

double labelled cells. No kisspeptin fibre appositions on GnRH cells were observed for any 

treatment group. Kisspeptin cells in the mid-caudal ARC did have some close fibre appositions 

from GnRH, with short term castrated rams had significantly more interactions than intact 

rams in the caudal ARC. 

This study demonstrated strong co-expression of both GnRH and RFRP-3 in the merino ram 

hypothalamus. Castration had a stimulatory effect on the number of interactions between 

RFRP-3 neurons and GnRH fibres in the rostral DMH and on the interactions between GnRH 

cells with double label fibres in the hypothalamus, however the physiological importance of 

these findings is still unclear. Kisspeptin fibres were in close proximity but not apposing onto 

GnRH cells, this result was surprising given previous studies on the ewe, so whilst the current 

study suggests no direct pathway for kisspeptin to regulate GnRH secretion in the ram, further 

analysis is needed to confirm this. Castration had a stimulatory effect on the interaction 

between GnRH fibres and kisspeptin cells in the caudal ARC, suggesting that testosterone had 

an inhibitory effect on these interactions in the ram hypothalamus. 
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5.1 Introduction 

The regulation of GnRH secretion by testicular steroid feedback is vital for successful 

reproduction in males. However, GnRH neurons do not express significant number of androgen 

or oestrogen receptors (Lehman et al., 1993; Herbison, 1995). Two potential neuropeptides 

that could be involved in relaying the oestrogen and androgen feedback to GnRH are RFRP-3 

and kisspeptin.  

In previous studies, from ewes, humans and male rats, between 10-80% of GnRH neurons in 

the POA had close appositions from RFRP-3 fibres (Kriegsfeld et al., 2006; Johnson et al., 2007; 

Smith et al., 2008a; Qi et al., 2009; Rizwan et al., 2012; Ubuka et al., 2012). Specifically in the 

ewe hypothalamus, RFRP-3 neuronal fibres had close appositions with approximately 60% of 

GnRH neurons in the POA (Qi et al., 2009). The number of RFRP-3 neuronal appositions onto 

GnRH cells doubled in the AHA and increased to 80% in the POA when ewes were in the 

inhibitory season (Smith et al., 2008a). This increase during the non-breeding season suggests 

that not only could day length be a regulator of this interaction between RFRP-3 fibres and 

GnRH neurons, but that RFRP-3 could be involved in controlling GnRH secretion during this 

time (Smith et al., 2008a). The percentage of GnRH neurons that had synaptic inputs from 

RFRP-3 fibres was 75% in male rats (Johnson et al., 2007) and over 40% in the hamster 

(Kriegsfeld et al., 2006). This percentage could be greater, as the number of cells obtaining 

input from these RFRP-3 fibres could be via axodendritic connections (Kriegsfeld et al., 2006). 

In the POA, there were no sex differences found in mice (approximately 25% of GnRH neurons 

had RFRP-3 fibre appositions in both sexes) (Rizwan et al., 2012), suggesting that rams and 

ewes may exhibit the same percentage of GnRH cells with RFRP-3 fibre appositions.  This is still 
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to be determined as no study to date has investigated the fibre inputs onto GnRH neurons in 

the ram.  

As RFRP-3 neurons are found to have close appositions onto GnRH cells, further studies have 

aimed to determine if GnRH cells express GPR147 the receptor for RFRP-3. Using a GnRH 

neural cell model, these cells were shown to express GPR147 (Gojska et al., 2014), further 

supporting the direct interactions between RFRP-3 and GnRH neurons. They have also been 

observed in native GnRH neurons in mice (Poling et al., 2012; Soga et al., 2012). RFRP-3 

treatment decreased GnRH mRNA expression, however had no effect on secretion in vivo 

(Gojska et al., 2014), indicating that RFRP-3 inhibitory action is on a transcriptional mechanism 

of GnRH (Gojska et al., 2014) or by inducing cells to release calcium (Ducret et al., 2009).  

Studies in various species have shown kisspeptin fibres interacting with a number of neurons 

including those expressing GnRH.  In male rats, approximately 77% of GnRH neurons contained 

the receptor for kisspeptin, GPR54 (Irwig et al., 2004), with this co-expression also 

demonstrated in both male and female mice (Messager et al., 2005), further supporting the 

hypothesis that kisspeptin acts directly on GnRH neurons to stimulate activation (Gottsch et 

al., 2004; Irwig et al., 2004; Han et al., 2005). Kisspeptin neurons originating from the PeVN 

have close appositions with almost all GnRH neurons in the mPOA in the ewe and female 

mouse (Smith et al., 2008a; Clarkson & Herbison, 2011). In ewes, Smith and colleagues (2008a) 

discovered contacts between kisspeptin terminals and GnRH neurons in the POA, AHA and 

MBH, with approximately 40-50% of GnRH neurons in the POA and MBH having close 

appositions from kisspeptin fibres. In general, male goats, mice and castrated monkeys have a 

lower percentage of GnRH neurons in the POA with kisspeptin fibre appositions than observed 
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in females (Clarkson & Herbison, 2006; Ramaswamy et al., 2008; Matsuyama et al., 2011). 

These studies suggest there are sex differences in interactions; however this situation is 

unknown in the sheep, as to date no studies have investigated this in the ram. 

The current study used immunohistochemical methods to test the hypothesis that RFRP-3 and 

kisspeptin neurons have interactions with GnRH neurons in the hypothalamus of the merino 

ram. In addition, this study tested the hypothesis that the presence of testicular steroids will 

influence the number of interactions between GnRH and both RFRP-3 and kisspeptin neurons. 

To investigate the physiological effects of the length of time since castration, both long term 

(over a year) and short term (one month) castrated rams were used.  
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5.2 Materials and Methods 

The hypothalamic tissue used in this study was from wethers, short term castrated rams 

(n=4/each) and intact rams (n=8). These were the same animals used for Chapter four. The 

protocols used for tissue collection, processing and general IHC are described in chapter 3.    

5.2.1 Fluorescent Immunohistochemistry  

Primary antibodies used to detect the RF-amides were:  

- Rabbit polyclonal antibody against human kisspeptin-10 (Franceschini et al., 2006) 

(1:100,000, batch #566, provided by Prof. Alain Caraty, INRA, France)  

- Rabbit polyclonal antibody against white crowned sparrow RFRP-3 (SIKPFSNLPLRF-NH2) 

(1:20,000, PAC 123/124, provided by Dr George Bentley, CA, USA)  

Two GnRH antibodies were used. The second antibody was sourced when the first antibody 

became commercially unavailable.  

- Mouse polyclonal antibody against GnRH (1:10,000, ab5617, abcam, UK). Used for 

dual label Immunohistochemistry of GnRH and Kisspeptin  

- Mouse monoclonal GnRH (QHWSYGLRPG) antibody NT, clone HU11B (1:1000, 

MAB5456, Millipore, USA).  Used for dual label immunohistochemistry of RFRP-3 

and GnRH.   
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The secondary antibodies used for double labelled IHC of kisspeptin and GnRH were: 

-  Alexa 488 Goat anti-Rabbit IgG (H+L) (1:1000, Invitrogen, USA) for Kisspeptin 

-  Alexa 594 Goat anti-Mouse IgG (H+L) (1:1000, Invitrogen) for GnRH.  

The secondary antibodies used for double labelled IHC of RFRP-3 and GnRH were: 

-  Alexa 488 Goat anti-Mouse IgG (H+L) (1:1000, Invitrogen) for GnRH 

-  Alexa 594 Goat anti-Rabbit IgG (H+L) (1:1000, Invitrogen) for RFRP-3  

 

5.2.3 Immunohistochemical controls 

In addition to pre-adsorption tests for GnRH, kisspeptin and RFRP-3 primary antibodies 

described in chapter three, further controls were completed due to the unexpected finding of 

co-labelling of RFRP-3 and GnRH within the same cells in the POA (see results). Firstly, the 

specificity of the secondary antibodies was investigated by lowering the concentration, and by 

swapping the fluorophore colours; no differences were seen. Secondly, normal goat serum 

(NGS) was used instead of NHS. Results indicated no differences between blocking with NHS or 

NGS. Single label RFRP-3 IHC, still exhibited the neuronal population in the mPOA as did double 

label IHC for RFRP-3 and ERα (described in chapter four). Lastly confocal microscopy was used 

to create z-stacks, where the double labelling persisted. In the absence of methodological 

explanations for the double labelling, it was concluded that GnRH and RFRP-3 neurons co-label 

within the mPOA.  
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5.2.3 Data Analysis 

Cells which expressed both RFRP-3 and GnRH were characterised by fluorescing yellow once 

pictures were merged using GIMP (Refer to chapter 3). The raw counts for kisspeptin-ir, RFRP-

3-ir, and the proportion of kisspeptin-ir or RFRP-3-ir cells that had close appositions with 

GnRH-ir cells and the percentage of RFRP-3 and GnRH cells double labelled were analysed 

using analysis of variance test as described in chapter 3.   
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(B) 

5.3 Results 

5.3.1 Location and number of GnRH Neurons  

Positively labelled GnRH neurons were characterised by the cytoplasm fluorescing green and 

the nucleus unlabelled when viewed using the FITC filter (Fig 5.1A). GnRH cells were localised 

in the POA and AHA, with a few cells found in the OVLT, BNST and ARC. Overall, the number of 

GnRH neurons/section varied with brain region (F(2,26) = 78.54, P<0.05), but no effect found 

with treatment (F(2,26) =3.14, P>0.05) or interaction between treatment and brain region (F(2,26) 

=1.54, P>0.05, Fig 5.1B).  

(A) A low power image captured of positively labelled GnRH neurons in POA of the ram. 
(B) The number of GnRH-ir cells in the hypothalamus compared between treatment groups 
(short term castrated rams, wethers and intact rams).  
Scale bar:  500µm 
mPOA:  medial preoptic area, AHA: anterior hypothalamic area, GnRH: gonadotrophin 
releasing hormone, OVLT: vascular organ of lamina terminalis, -ir: immunoreactive 
 

 

 

 

 

 

Figure 17.1 GnRH neurons in the ram 
hypothalamus. 
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5.3.1.1 GnRH cells with Kisspeptin fibre appositions 

Kisspeptin fibres were found throughout the POA, and whilst sometimes observed close to 

GnRH-ir cells, there were no close fibre appositions onto GnRH-ir cells detected (Fig 5.2 A-B). 

 

 

(A)                                       (B) 

Representative examples of a kisspeptin fibre in close proximity to but not opposed to a 
GnRH-ir cell in the POA of a (A) ewe and (B) short term castrate. Note the fibre (arrow) 
present in figure (B), which is close to the GnRH-ir cell, but does not appear to have a close 
apposition to it.  
Scale bar: 100μm. 
POA:  medial preoptic area, GnRH: gonadotrophin releasing hormone, -ir: immunoreactive 

 

Figure 18.2 GnRH cells do not have close appositions from kisspeptin fibres in the sheep 
hypothalamus. 
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5.3.1.2 GnRH cells with RFRP-3 fibre appositions 

In all treatment groups, GnRH-ir neurons in both the POA and AHA were found to have close 

RFRP-3 fibre appositions. Figure 5.3A shows an example of an immunoreactive RFRP-3 fibre in 

close apposition to a GnRH-ir cell. Overall, the number of GnRH-ir neurons/section that had 

interactions from RFRP-3 fibres varied with both treatment and brain region (F(2 25) =4.46 and 

26.21, respectively, P<0.05), but there was no interaction found between treatment and brain 

region (F(2,25) =9.47, P>0.05). Post hoc analysis showed that the number of GnRH-ir 

cells/section that had interactions from RFRP-3 fibres was significantly higher in the POA of the 

wether compared to the intact ram (P<0.05), with no significant differences found when 

comparisons were made against short term castrated rams in this  area (P>0.05).  No 

significant differences in the number of GnRH cells/section with close RFRP-3 fibre appositions 

were found between treatment groups in the AHA (P>0.05, Fig 5.3B). The percentage of GnRH 

cells with RFRP-3 fibre appositions in the wether, short term castrated and intact ram in the 

POA was 40±10%, 52±7% and 54±3%, respectively and in the AHA: 52±19%, 55±8% and 41±9%, 

respectively, albeit that the data for the AHA reflects a very small number of labelled cells (Fig 

5.3B). 
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(A)  

                                      

(B)  

 

                 

 

(B) 

 

(A) Using confocal microscopy, a high power image was captured of a representative GnRH 
cell with a RFRP-3 fibre apposition in the wether hypothalamus (B) The number of GnRH-ir 
cells that have close appositions from RFRP-3 fibres in the hypothalamus.  
Scale bar: 10μm. 
mPOA:  medial preoptic area, AHA: anterior hypothalamic area, GnRH: gonadotrophin 
releasing hormone, -ir: immunoreactive 

 

 

 

 

 

 

Figure 19.3 GnRH neurons have close appositions from RFRP-3 fibres in the sheep 
hypothalamus 
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5.3.1.3 GnRH cells with double labelled fibre appositions 

Double labelled fibres expressed both GnRH and RFRP-3 and were characterised by pseudo-

fluorescing yellow as shown in Figure 5.4A. Overall, the number of GnRH-ir neurons/section 

that had close appositions from double labelled fibres varied with both treatment and brain 

region (F(2,26) =6.81 and 6.25, respectively, P<0.05), but there was no interaction between 

treatment and brain region (F(2,26) =1.64, P>0.05). In general, the number of GnRH neurons with 

double labelled fibre appositions was low, but both the POA and AHA GnRH cell populations 

had significantly more cells with double labelled fibre appositions in the wether than in the 

intact ram and short term castrated ram (P<0.05). Post hoc analysis showed that the number 

of GnRH-ir cells/section in the POA that had interactions from double labelled fibres was 

significantly higher of the wether compared to the intact ram. Similarly, in the AHA, the 

number was higher in the wether compared to the intact ram and the short term castrated 

ram, although the raw number of these cells was extremely low (P<0.05, Fig 5.4B). The 

percentage of GnRH cells with double labelled fibre appositions in the wether, short term 

castrated and intact ram in  the POA was 7±3%, 3±1% and 2±1%, respectively, and in the AHA, 

15±6%, 2±2% and 3±1%, respectively.  
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(A) Using confocal microscopy, a high power image was captured of a representative GnRH 
cell with a double labelled fibre apposition in the AHA of the wether (B) The number of 
GnRH-ir cells that have close apportions from double labelled fibres in the hypothalamus 
compared between groups (short term castrated rams, wethers and intact rams).  
* represents a significant difference (P<0.05). Scale bar: 10μm. 
mPOA:  medial preoptic area, AHA: anterior hypothalamic area, GnRH: gonadotrophin 
releasing hormone, -ir: immunoreactive, 
 

Figure 20.4 GnRH neurons have close appositions from double labelled fibres in the sheep 
hypothalamus 

POA AHA
0.0

0.5

1.0

1.5

2.0 Wether

Short term castrated ram

Intact ram

*

*
*

Hypothalamic region
N

o
. 

o
f 

G
n
R

H
-i

r 
c
e
ll
s
 w

it
h
 d

o
u
b
le

la
b
e
ll
e
d
 f

ib
re

 a
p
p
o
s
it
io

n
s
/s

e
c
ti
o
n

(A)                  (B) 



 

 

158 

 

5.3.2 Location and number of RFRP-3 Neurons  

The locations and number of immunoreactive RFRP-3 neurons in each treatment group were 

the same as presented in chapter four. The density of the RFRP-3 fibre network appeared to be 

qualitatively higher in the wether and short term castrated ram, however this could not be 

quantified.  

5.3.2.1 RFRP-3 cells with GnRH and double labelled fibre appositions 

Immunoreactive GnRH fibres were found to have close appositions onto RFRP-3 neurons in all 

populations (POA, AHA, PVN, and DMH), in each treatment group. A representative example of 

a GnRH-ir fibre apposing a RFRP-3-ir neuron can be seen in Fig5.5A. Overall, the number of 

RFRP-3-ir neurons/section that had interactions with GnRH fibres varied with brain region 

(F(8,65) =21.49, P<0.05) but not with treatment (F(8,65) =2.06, P<0.05). No interaction was found 

and between treatment and brain region (F(8,65) =0.92, P>0.05). No significant differences were 

observed between groups in this, or in the POA, AHA, PVN, rostral or caudal DMH regions 

(P>0.05, Fig5.5C). The percentage of RFRP-3 cells with GnRH fibre appositions in the wether, 

short term castrated and intact ram in the POA was; 24±8%, 24±2% and 17±1%, respectively, 

AHA; 21±3%, 19±8% and 15±1%, respectively, PVN; 3±3%, 15±10% and 10±6%, respectively, 

rostral DMH; 1.9±0.8%, 0.5±0.3% and 0.7±0.04%, respectively and caudal DMH; all near zero. 

Very few RFRP-3-ir cells received close appositions from double labelled fibres (data not 

shown, but on average less than 1 cell/section). Overall, the number of RFRP-3-ir 

neurons/section that had interactions from double labelled fibres did not change with either 

treatment or brain region (F(8,65) =1.38 and 2.38, respectively, P>0.05). These were observed 



 

 

159 

 

only in the POA and rostral DMH. A representative example of a double labelled fibre 

apposition onto a RFRP-3 neuron is shown in Figure 5.5B.  
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(C) 

 

(A)                (B) 

 
(A) A representative example of a positive GnRH fibre apposing onto a RFRP-3 cell in the 
rostral DMH of the wether. (B) A high magnification image of an immunoreactive double 
labelled fibre having close apposition onto a RFRP-3 neuron in the rostral DMH of the wether. 
(C) The number of RFRP-3-ir cells in the hypothalamus with GnRH fibre appositions.  
* represents significant difference (P<0.05), Scale bar: 10μm 
DMN: dorsal medial nucleus, POA: preoptic area, PVN: Paraventricular nucleus, RFRP-3: 
RFamide related peptide-3, -ir: immunoreactive 
 

 

 

 

 

Figure 21.5 RFRP-3 neurons have close appositions from GnRH fibres in the sheep 
hypothalamus. 
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5.3.3 Location, number and percentage of double labelled neurons  

Cells which expressed both RFRP-3 and GnRH were classed as double labelled cells. These cells 

were characterised by pseudo-fluorescing yellow once the two images were overlayed, as 

shown in figure 5.6A (as described in chapter three). Double labelled cells were found in the 

POA and AHA of all treatment groups, with no significant differences detected for the number 

of double labelled cells/section between treatment groups (F(2,26) =1.45, P>0.05, Fig 5.6B), but a 

significant effect of brain region on the number of double labelled cells/section (F(2,26) =65.62, 

P<0.05).  There was no interaction between treatment and brain region (F(2,26) =1.45, P>0.05).  

The percentage of cells that were double labelled for both GnRH and RFRP-3 was analysed. 

Analysis on ARCSIN transformed data found the percentage of GnRH cells that were double 

labelled differed with treatment (F(2,26) =5.31, P<0.05) but not with brain region (F(2,26) =0.54, 

P>0.05). There was no interaction between treatment and brain region (F(2,26) =2.42, P>0.05, 

Fig 5.6C). The percentage of RFRP-3 cells that were double labelled did not vary with treatment 

or brain region (F(2,26) =0.48 and 0.28, respectively, P>0.05, Fig 5.6D). 
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(C)        (D)                                                

    

 
(A) A representative low power image of single labelled GnRH cells (solid arrow head), RFRP-3 
cells (open arrow head) and double labelled cells (solid arrow) in the POA of a wether. (B) The 
number of double labelled-ir cells in the hypothalamus. The percentage of (C) GnRH-ir neurons 
and (D) RFRP-3-ir neurons which were double labelled in each treatment group in both the POA 
and AHA. Scale bar: 200μm  
DMN: dorsal medial nucleus, POA: preoptic area, PVN: Paraventricular nucleus, RFRP-3: 
RFamide related peptide-3, -ir: immunoreactive 
 

 

 

 

 

 

Figure 22.6 Double labelled neurons in the sheep hypothalamus. 
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5.3.3.1 Double labelled cells with single labelled GnRH or RFRP-3 fibre appositions 

Cells that were double labelled were analysed for the number close appositions from single 

labelled immunoreactive GnRH (green) and RFRP-3 (red) fibres. Using confocal microscopy, 

representative examples were captured of double labelled cells with GnRH and RFRP-3 

immunoreactive fibres. These are shown in Figure 5.7A and B respectively. Overall, the number 

of double labelled neurons/section that had interactions from GnRH fibres did not vary with 

treatment (F(2,26) = 1.18, P>0.05) but did vary with brain region (F(2,26) = 23.03, P<0.05). There 

was no interaction between treatment and brain region (F(2,26) =1.04, P>0.05, Fig 5.7C).  

The number of double labelled cells/section that had interactions from single labelled RFRP-3 

fibres did not vary with treatment (F(2,26) = 1.35, P>0.05) but did vary with brain region (F(2,26) = 

46.84, P<0.05). There was no interaction between treatment and brain region (F(2,26) = 1.24, 

P>0.05, Fig 5.7D). The percentage of double labelled cells with GnRH fibre appositions in the 

wether, short term castrated and intact ram in the POA was (33±11%, 27±2% and 27±2%, 

respectively) and in the AHA (24±7%, 21±8%  and 22±2%, respectively). The percentage of 

double labelled cells with RFRP-3 fibre appositions in the wether, short term castrated and 

intact ram in the POA was; 38±12%, 56±10% and 50±2%, respectively, and in the AHA; 50±16%, 

68±19% and 42±8%, respectively. 
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(C)                (D) 

(A)                (B) 

 
Using confocal microscopy, a high power image was captured of a representative double 
labelled cell with a (A) GnRH fibre apposition in the POA of a wether (scale bar: 25μm) (note 
adjacent and apposing green (fibre) and yellow (cell) labelling in all three planes) and  
(B) a RFRP-3 fibre apposition in the wether (Scale bar: 20μm) (note adjacent and apposing red 
(fibre) and yellow (cell) labelling in all three planes). The number of double labelled cells with 
(C) GnRH fibre appositions or (D) RFRP-3-ir fibre appositions in the hypothalamus was 
compared between treatment groups (short term castrated rams, wethers and intact rams).  

DMN: dorsal medial nucleus, POA: preoptic area, PVN: Paraventricular nucleus, RFRP-3: 
RFamide related peptide-3, -ir: immunoreactive 

 

 

 

Figure 23.7 Double labelled cells have close appositions from single labelled GnRH and RFRP-
3 fibres in the sheep hypothalamus. 
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5.3.4 Fibre interactions with Kisspeptin neurons 

5.3.4.1 Kisspeptin cells with GnRH fibre appositions  

Positively labelled cells for kisspeptin were analysed for any possible close appositions from 

GnRH fibres. Figure 5.8A shows a representative kisspeptin-ir cell with a close apposition from 

a GnRH-ir fibre. Overall, the number of kisspeptin-ir neurons/section that had interactions with 

GnRH fibres varied with both treatment and brain region (F(6,52) = 9.22 and 24.78, respectively, 

P<0.05). There was also an interaction between treatment and brain region (F(6,52) =7.06, 

P<0.05). Post hoc analysis showed that the number of kisspeptin-ir cells/section that had 

interactions with GnRH fibres was significantly higher in the caudal ARC of the wether 

compared to the intact ram (P<0.05), with no other differences detected between treatments 

in this area (P>0.05, Fig 5.8B). In the rostral ARC no appositions were observed and in the mid 

ARC very few were observed, with no significant differences between treatment groups 

(P>0.05). No kisspeptin cells were observed in the POA of any treatment groups (Fig 5.8B).  The 

percentage of kisspeptin cells with GnRH fibre appositions in the wether, short term castrated 

and intact ram in  the mid ARC was; 33±20%, 0% and 4±3%, respectively, and caudal ARC was; 

11±5%, 18±9%  and 5±3%, respectively. 
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(A)    

(A) Using confocal microscopy, a high power image was captured of a representative 
kisspeptin-ir cell with a GnRH fibre apposition in the caudal ARC of the wether. (B) The 
number of kisspeptin cells with close GnRH fibre appositions in a wether hypothalamus. 
* represents significant difference (P<0.05), Scale bar: 10μm. 
-ir: immune-reactive, ARC: arcuate nucleus. 

Figure 24.8 Kisspeptin cells in the ARC have close fibre appositions from GnRH fibres in the 
sheep hypothalamus. 
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5.4 Discussion 

This study investigated whether kisspeptin and RFRP-3 neurons interact with GnRH neurons, 

and vice versa, in the ram hypothalamus, and whether long or short term castration affects 

these interactions. RFRP-3 and GnRH were strongly co-expressed within the same cells in the 

POA and AHA, and hence these cells were named double labelled cells and fibres. GnRH and 

RFRP-3 cells were found to have reciprocal fibre appositions in the POA, with a small number 

of interactions between these two cell populations and double labelled fibres. No GnRH cells 

located in the POA or AHA had kisspeptin fibre appositions in any treatment group, while 

kisspeptin cells in the ARC had close GnRH fibre appositions suggesting there is an interaction 

between these two neuronal systems. Castration appeared to have a stimulatory effect on 

three measurements; the number of GnRH cells in the mPOA and AHA with double labelled 

fibre appositions, the number of RFRP-3 cells with GnRH fibre appositions in the rostral DMH in 

wethers and the number of kisspeptin cells with GnRH fibre appositions in the caudal ARC of 

both wethers and short term castrated rams when compared to intact rams. It is highly 

questionable whether these statistical differences are of any physiological relevance since the 

overall number of cells involved is very small (frequently fewer than one cell per section). Thus, 

the inputs themselves are probably not important and it would seem meaningless to attribute 

any importance to any group differences.  

The current study identified RFRP-3 and GnRH strongly co-expressed in the same cells in the 

POA and AHA regions in all rams. Preliminary data from the positive control sections from 

ewes showed very weak labelling of RFRP-3 in these cells. To confirm that this result was not 

due to methodological issues, numerous immunohistochemical controls were performed (pre-
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adsorption, changing the concentrations of primary and secondary antibodies, swapping the 

secondary antibodies, and changing the blocking serum) and confocal microscopy was utilised. 

Notably, the percentage of double labelled cells was not 100% but was approximately 80% in 

every treatment group. A more detailed description of these tests is outlined in chapter 3, but 

none of these tests have provided any suggestion that the double labelling is methodological in 

cause leading to the somewhat surprising conclusion that the double labelling is most likely 

real. Dual label in situ hybridisation would be needed to confirm this.  

One study has documented a population of RFRP-3 cells in the POA of ewes (Jafarzadeh Shirazi 

et al., 2011), however no other ewe study has described RFRP-3 cells in this region or their co-

expression with GnRH cells in this area. The results from chapter 2 support this finding, as 

RFRP-3 mRNA was found in the mPOA, although the labelling was light. Furthermore, data 

collected from my positive control sections within the current study indicates there are some 

positive labelling of RFRP-3 cells in the mPOA of the ewe. The impact and role of this 

population of double labelled cells in regulating reproduction or other functions is still 

unknown. Other histochemical studies on RFRP-3 in OVX ewes, found RFRP-3-ir or mRNA 

containing cells only in the PVN and DMH (Smith et al., 2008a; Qi et al., 2009). Qi et al (2009), 

did not use the same primary antibody for RFRP-3, but instead used a guinea pig anti- RFRP-3, 

which was initially sourced for the current study but was unable to label cells. Thus the rabbit 

anti-RFRP-3 from Dr George Bentley was used instead. Smith and colleagues (2008) also used 

this antibody, and while I used it at 1:20,000, they used it at 1:100,000, albeit using 

immunoperoxidase with diaminobenzidine (DAB) as the chromogen, which is known to be 

more sensitive than immunofluorescence. It is possible that the double labelled cells were not 

identified because of the choice of primary antibodies or the concentration of the primary 



 

 

169 

 

antibody used was too low to efficiently label the cells in the POA. Storage and subsequent 

quality of the tissue, is a potential reason for the labelling of cells expressing RFRP-3 in the 

mPOA. However, tissue blocks from intact rams and wethers were frozen for three years 

before sectioning, but were processed with the short term castrated rams and sham castrated 

rams. No significant differences were found between the intact rams and sham castrated rams, 

suggesting that the length of time in storage was not the issue.  

Analysis of close fibre appositions from RFRP-3 or GnRH onto double labelled cells in the POA 

and AHA showed that approximately half of the double labelled cells had RFRP-3 fibre 

appositions and a third with GnRH fibre appositions in all three treatment groups. These 

results suggest there may be a reciprocal interaction between GnRH, RFRP-3 and double 

labelled cells in the sheep, although the physiological importance of this interaction is yet to be 

determined. Additionally, double labelled fibres were also analysed for their close appositions 

onto either GnRH or RFRP-3 cells. Both GnRH and RFRP-3 cells had very few double labelled 

fibre appositions, suggesting that these interactions are probably of little physiological 

importance.  The significance of these double labelled cells found in the POA and AHA is 

unknown, and future studies are needed to confirm that they are real and, if so, to understand 

their importance and role. 

The current study found that nearly half of all GnRH neurons received apparent contacts from 

RFRP-3 fibres, as previously demonstrated in OVX ewes, male rats and hamsters (Kriegsfeld et 

al., 2006; Johnson et al., 2007; Qi et al., 2009). These studies suggest RFRP-3 may be able to 

regulate GnRH secretion directly, as GnRH cells express GPR147 (Ubuka et al., 2013). Around 

33% of GnRH neurons in both sexes of rats (Rizwan et al., 2012), and up to 86% of GnRH 
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neurons in hamsters expressed GPR147 (Ubuka et al., 2012). The proportion of GnRH cells with 

RFRP-3 fibres did not differ between treatment groups, and is similar to studies using OVX 

ewes that found 60% GnRH cells in the POA had contacts with RFRP-3 fibres (Qi et al., 2009). In 

male rats, 75% of GnRH neurons had close appositions by RFRP-3 fibres (Johnson et al., 2007) 

and over 40% of GnRH neurons were found to be associated with and have a synaptic input 

from RFRP-3 fibres in the hamster (Kriegsfeld et al., 2006). These studies further support the 

hypothesis that RFRP-3 has the potential to directly influence GnRH neurons and secretion.  

RFRP-3 neurons in the ram hypothalamus were found to have close GnRH fibre appositions 

and therefore provide evidence for a reciprocal interaction between RFRP-3 and GnRH 

neurons in the ram. A study in ewes investigated the interactions between RFRP-3 and GnRH 

but did not analyse the fibre inputs of GnRH onto RFRP-3 cells (Smith et al., 2008a), no other 

studies have determined the interactions from GnRH fibres onto RFRP-3 cells. The proportion 

of RFRP-3 cells receiving GnRH interactions was higher in the rostral DMH of wethers 

compared to intact rams suggesting that testicular hormones suppress the interactions 

between the two neuropeptides, but this finding may not be physiologically significant as only 

around 3% of RFRP-3 cells in the rostral DMH of the wether had these interactions. Further 

investigations are necessary to determine the physiological role of these interactions.  

This study found no close kisspeptin fibre appositions onto GnRH cells in any treatment group, 

suggesting that, in the ram, kisspeptin may not influence GnRH secretion directly but work 

through afferent neuron populations. A previous study in OVX ewes, however, using the same 

kisspeptin primary antibody, found that around 90% of GnRH cells had close appositions from 

kisspeptin fibres in the POA (Smith et al., 2008a). There are a few possible causes for this 
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difference. Firstly, while both studies used the same primary antibody for kisspeptin at 

1:100,000, the current study used immunofluorescence detection while Smith et al (2008a) 

used immunoperoxidase and DAB as the chromogen. This difference would be a factor, as the 

protocol that I used is not as sensitive, so a higher concentration of antibody would have been 

of benefit. The current study used this concentration because higher concentrations resulted 

in an increase in background staining, which made counting of kisspeptin cells or identifying 

fibres in the ARC impossible.  While I was still able to detect kisspeptin fibres in the POA by 

using a less sensitive protocol and a low concentration of kisspeptin antibody, suggests this 

concentration may not have been strong enough to detect all cells or fibres in this area. 

However, a recent ewe study used a previous batch of Alain Caraty’s kisspeptin antibody (564) 

at 1:200,000, and demonstrated kisspeptin fibre appositions onto GnRH cells, again with the 

more sensitive protocol; immunoperoxidase (Merkley et al., 2015). Our laboratory has aliquots 

from both batches of the kisspeptin antibody and found little difference between them, 

suggesting that the antibody concentration may not be the reason for the lack of kisspeptin 

fibre appositions onto GnRH neurons. In addition, using a 2-fold lower concentration with 

immunoperoxidase would be similar to using 1:100,000 with immunofluorescence. As we 

found very little differences between the two antibody batches, suggests that the results 

found in this study could therefore be true. Notably, I did detect GnRH fibres apposing onto 

kisspeptin neurons in the ARC, suggesting that there is an interaction between these two 

neuronal populations. A preliminary study found that increasing the kisspeptin antibody 

concentration to 1:5000, increased the background to undesirable levels that impacted the 

ability to identify kisspeptin cells and fibres in the ARC. The increase in kisspeptin antibody also 

increased kisspeptin fibres found in the mPOA as well as autofluorescence, which proved to be 
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unfavourable for analysis. It must be noted however that once again no interactions were 

found between GnRH cells and kisspeptin fibres in the mPOA. Further analysis is needed to 

confirm these results, where future studies would do well to optimise the concentration of 

kisspeptin antibody with the intention to use a streptavidin tagged secondary antibody which 

will increase the signal without increasing background and autofluorescence.  

A second possible reason why I failed to detect kisspeptin fibres apposing onto GnRH cells in 

the ewes is that these ewes were ovary intact and in the luteal phase of the oestrous cycle 

when the hypothalamus was collected. The reasoning for using those ewes in the current 

study was because they were under the influence of negative feedback by gonadal steroids 

and hence were more comparable to rams physiologically.  Previous studies have used OVX 

ewes, with or without oestrogen treatment (Smith et al., 2008a). It is possible that the removal 

of the ovaries may alter kisspeptin fibre interactions with GnRH neurons. Kisspeptin fibre 

inputs onto GnRH neurons displayed plasticity across the oestrous cycle in intact ewes, where 

a higher number of inputs was found during the LH surge compared to the luteal phase 

(Merkley et al., 2012; Merkley et al., 2015). Removing the ovaries in ewes and hence the 

hormonal conditions could very well change the interactions found in the hypothalamus. 

Furthermore, a study in intact ewes demonstrated that KNDy (and therefore kisspeptin) cell 

number and their activation (indicated  by cFos upregulation) was lowest in the luteal phase of 

the oestrous cycle, further supporting the concept that when under the influence of negative 

feedback, kisspeptin inputs are decreased in both rams and ewes (Merkley et al., 2015). Lastly, 

as discussed previously, the ewe hypothalamic tissue used as a positive control in this study 

was older than that of the short term castrated rams, wethers and sham castrated rams. 

However, again, the intact ram tissue, which was equally old, did not show any significant 
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differences to the tissue from sham castrated rams which was fresh. One interpretation of the 

results is that for the ewes and intact rams, the lack of detectable kisspeptin inputs into GnRH 

neurons reflects the influence of negative feedback by gonadal hormones and the functional 

differences between the regulatory action of oestrogen in ewes and rams. If this was the case, 

however, one might expect to be able to detect kisspeptin fibre appositions in the castrated 

rams. The fact that I did not see this argues against the hypothesis. Alternatively, it could 

reflect the negative feedback of androgens, which are strong in rams, but weak in ewes 

(Lubbers & Jackson, 1993). Overall, in light of the results from the current study in rams, this 

raises the possibility that kisspeptin regulation of GnRH/LH secretion may not be directly onto 

GnRH neurons, in the ram. It is possible, however, that such an input does exist but the 

immunohistochemical detection system used was not sensitive enough to detect these inputs. 

The fact that GnRH fibre appositions onto kisspeptin neurons were detected in this study is 

suggestive of a feedback loop of GnRH neurons onto kisspeptin neurons, which supports the 

idea that kisspeptin does regulate GnRH secretion.  A higher percentage of kisspeptin neurons 

with GnRH fibre appositions was found in the caudal ARC of the wether compared to the intact 

ram. This result is supported by previous studies in intact and castrated goats where GnRH 

fibre appositions onto kisspeptin neurons were rare, but castrates had higher interactions in 

the ARC/ME compared to intact goats (Ohkura et al., 2009).  The increase in the number of 

interactions in both these studies could well be due to the stimulatory effects of castration 

(and the subsequent removal of steroidal influences) on kisspeptin-ir cell numbers, as the very 

low number of detected kisspeptin cells in intact rams would decrease the opportunity for 

GnRH fibre appositions.  
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Taken together this study has demonstrated a complex interaction between GnRH, kisspeptin 

and RFRP-3 neurons. There is a potential role for the direct RFRP-3 fibre inputs in regulating 

GnRH however this role is unknown but its existence was further supported by the reciprocal 

interactions from GnRH fibres to RFRP-3 neurons. The role of kisspeptin and the double 

labelled cells (that expressed both RFRP-3 and GnRH) is still unclear and requires further 

investigations to decipher their part in regulating reproduction. These reciprocal interactions, 

however, do not seem to be greatly influenced by the regulatory action of testicular 

hormones. There may also be reciprocal interactions between kisspeptin and RFRP-3, with the 

dense kisspeptin cell population and RFRP-3 fibre network found in the ARC, however this is 

yet to be tested in the sheep. In summary this study further illustrates the complexity of the 

interactions between RFRP-3, kisspeptin and GnRH in the sheep hypothalamus and further 

studies are needed to confirm these.  
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Intravenous administration of RFRP-3 does not 

affect LH secretion in intact or castrated merino 

rams. 
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6.0 Abstract 

RFRP-3, a relatively novel peptide, may have a role in regulating gonadotrophin secretion. In 

the ewe, RFRP-3 treatment has been shown to inhibit the synthesis and secretion of the 

gonadotrophins from the anterior pituitary gland, via regulation of GnRH secretion in the 

hypothalamus and directly on gonadotroph cells in the pituitary gland. Conversely, RFRP-3 

treatment in male hamsters stimulated LH secretion. The regulation of gonadotrophins by 

RFRP-3 has not been investigated in rams. This study tested the hypothesis that intravenous 

administration of RFRP-3 will influence LH secretion in the merino ram.  

An initial study used, intact rams (n=8), to test whether RFRP-3 would stimulate LH secretion. 

They were infused with either RFRP-3 or saline in a cross over design. Jugular blood samples 

were collected every 10 minutes during a 4 hour pre-infusion period, during the infusion (1mg 

RFRP-3 in 2ml saline over 2 hours, following a bolus 1mg priming dose of RFRP-3) and during a 

3 hour post infusion period. The results showed no significant differences in plasma LH levels 

(mean, pulse frequency, amplitude, time to first pulse and amplitude of first pulse in infusion 

period) between treatment groups. The rams were then castrated for a second study that 

tested whether RFRP-3 could inhibit LH secretion. Rams (n=9) were castrated 3 weeks prior to 

RFRP-3 infusion and the experiment run as previously, but with two different sources of RFRP-

3. The dose of RFRP-3 was increased by infusing 1mg over 1 hour instead of 2 hours in the 

hope of generating a response in the animals. Each animal received each treatment (RFRP-3 

(1), RFRP-3 (2) and saline) in random order at 3 day intervals. Again this study resulted in no 

significant differences in plasma LH levels between the three treatment groups, and across all 

the parameters measured in the first experiment.  The lack of response to the high dose of 
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RFRP-3 used in this study suggests that RFRP-3 may not have an important role in the 

regulation of LH secretion in the male sheep.   

6.1 Introduction  

Administration of RFRP-3 suppressed LH secretion, in a number of avian (Tsutsui et al., 2000; 

Osugi et al., 2004; Ubuka et al., 2006) and mammalian species including, sheep, mice, rats, 

Siberian and Syrian hamsters (Kriegsfeld et al., 2006; Murakami et al., 2008; Sari et al., 2009; 

Pineda et al., 2010; Ubuka et al., 2012). Specifically in OVX ewes, RFRP-3 treatment inhibited 

LH secretion (Clarke et al., 2008). Similar results have been documented for both peripheral 

and ICV administration of RFRP-3 in OVX female Syrian hamsters (Kriegsfeld et al., 2006), intact 

male Siberian hamsters (Ubuka et al., 2012) and in intact and castrated male rats (Pineda et al., 

2010). The central administration of RFRP-3 to inhibit LH indicates an action in the brain to 

inhibit GnRH secretion. There is however, evidence to suggest that RFRP-3 acts at the pituitary 

to inhibit LH response to GnRH. A pre-treatment with RFRP-3 in ewes resulted in a reduction of 

LH response to GnRH treatment (Smith et al., 2012). RFRP-3 also inhibited the synthesis and 

secretion of LH from anterior pituitary cell cultures of gonadectomised ewes and rams (Sari et 

al., 2009), and of GDX male rats (Pineda 2010). These studies are further supported by an LβT2 

cell line study where RFRP-3 was found to significantly inhibit GnRH-stimulated LH secretion 

(Son et al., 2012). These studies show that RFRP-3 is able to not only inhibit LH secretion 

directly at the pituitary. 

There are studies, however, which have shown that the administration of RFRP-3 has either 

failed to inhibit LH secretion or has stimulated it. Ancel and colleagues (2012), tested the 
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effects of acute central administration of RFRP-3 (at a dose of 1500ng and 2000ng) on female 

Syrian hamsters and found no significant effects on LH secretion in vivo, while RFRP-3 pre-

treatment was unable to prevent GnRH stimulatory effects on LH secretion. Similar results 

were found in cycling and anoestrous mares treated with GnRH, where IV administration of 

RFRP-3 failed to significantly affect LH secretion compared to control mares, suggesting that 

RFRP-3 does not regulate LH secretion in mares (Thorson et al., 2014).  

In contrast, male Syrian hamsters (housed under inhibitory short day conditions) had a 

stimulatory response to central administration of RFRP-3, whereby treatment increased LH, 

FSH and testosterone in a dose dependant manner (Ancel et al., 2012). A similar significant 

increase in LH concentration was observed 30 min after RFRP-3 treatment in male Siberian 

hamsters housed under the same photoperiod (Ubuka et al., 2012). To confirm this 

observation, using in vitro techniques, Ancel and colleagues (2012) incubated cultured 

pituitary cells with RFRP-3 to see its effects on LH secretion directly. RFRP-3 incubations did 

not affect LH concentrations, and incubation of RFRP-3 with GnRH did not significantly inhibit 

the stimulatory action of GnRH on LH secretion (Ancel et al., 2012). These studies suggest that 

in male Syrian hamsters RFRP-3 acts on central targets and its action may be different to that 

seen in females.  

Unfortunately studies investigating the role of RFRP-3 in the male raise more questions than 

answers. Further studies are therefore needed to determine the action of RFRP-3 in male 

mammals. The current study used in vivo methods to determine whether RFRP-3 can influence 

LH secretion in the intact and short term castrated ram. As previous studies have shown RFRP-

3 treatment either increases, decreases or has no effect on LH secretion, the current study had 
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two aims. The first was to determine if RFRP-3 treatment can stimulate LH secretion in an 

animal with low LH levels (intact ram). The second study aim to determine if RFRP-3 treatment 

can inhibit LH secretion in an animal with high LH levels (short term castrated ram).    

 

6.2 Materials and Methods 

Animal procedures involved in this project were conducted with prior approval from the 

Charles Sturt University (CSU) Animal Care and Ethics Committee (13/031 and 13/087). The 

research was conducted in line with the Australian Prevention of Cruelty to Animals Act 1986 

and the Code of Practice for the Care and Use of Animals for Scientific Research, outlined by 

the National Health and Medical Research Council of Australia (2004). 

6.2.1 Animals  

Adult merino rams with a condition score of 3-4 (Curnow, 2014), that were sourced from a 

known university supplier, were maintained with ad libitum access to water and feed (high 

energy/nutritional mixed grains and hay). Nutrition status has a major influence on successful 

reproduction in merino rams (Martin et al., 2002; Hötzel et al., 2003), therefore the animals 

were maintained on a high energy and nutrition rich diet 3 days before and throughout the 

experiments to ensure that nutrition did not influence the results. Upon arrival at the 

university, animals were put into quarantine for the minimum of 1 week prior to the 

experiment commencing. Animals were weighed at the end of the quarantine period, with the 

weight ranging between 55-75kg and an average of 64kg. Merino rams are only weakly 

responsive to photoperiodic cues, and so time of year is unlikely to influence the outcome of 
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the study. Nevertheless the RFRP-3 infusions in the intact ram were conducted during the 

stimulatory photoperiod (breeding season) since stimulatory signals are more likely to be 

effective during this time. RFRP-3 infusions in the short term castrated ram were conducted 

during the inhibitory photoperiod (non-breeding season) since inhibitory signals are more 

likely to be effective.  The day before and during infusion days, animals were kept in individual 

pens next to and across from each other with natural photoperiod and temperatures.  

6.2.2 Experimental Design  

Both experiments were carried out on the same animals. The dose of RFRP-3 was calculated of 

the basis of previous studies in ewes (Clarke et al., 2008), but was increased by a factor of 10 

to ensure that the dose was high enough to elicit a response in the intact and castrated rams. 

Experiment 1 was conducted as cross-over design using intact rams, whereby all animals 

received both treatments with a total of 8 animals used. Treatments were human RFRP-3 (H-

Val-Pro-Asn-Leu-Pro-Gln-Arg-Phe-NH2 acetate salt) supplied by Prof. Iain Clarke, (Clarke et al., 

2008) or saline (vehicle). Initially four animals received RFRP-3 and the other four received 

saline. The treatments were reversed a week later.   

Experiment 2 was conducted using 3 x 3 Latin square design, where 9 short term castrated 

rams were used in this experiment. To ensure that the lack of a response in the first 

experiment was not due to a problem with the bioactivity of the original source of RFRP-3 

peptide, a second source of the peptide was introduced. Treatments were RFRP-3 (1) (from 

Prof. Iain Clarke), RFRP-3 (2) (gift from Prof. Robert Millar: H-Val-Pro-Asn-Leu-Pro-Gln-Arg-Phe-

NH2 acetate salt, Lot: 1034566, Bachem) and saline (vehicle).  .  
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6.2.3 Castration surgery 

Surgical castration was performed as described in chapter three of this thesis.  

6.2.4 Catheter insertion  

The wool on the neck was clipped and cleaned with chlorhexidine (Perrigo, Orion Laboratories, 

Australia), and 70% ethanol, followed by a 5ml subcutaneous injection of local anaesthetic 

(20mg/ml lignocaine hydrochloride, Ilium, Australia) before the procedure began. Each animal 

had one D8-12 gauge Dwellcath cannula (BMDi TUTA, Australia) inserted into each jugular 

vein, the day before sampling.  Cannulas were flushed and kept patent with heparinised saline 

(75iu/ml heparin (Hospira, Australia) in 0.9% saline) and sutured in place. The left side catheter 

was attached to a blood sampling line (minimum volume extension line BMDi TUTA, Australia) 

ending in a 3-way stopcock. The right side catheter was attached to a 3 way stopcock and was 

used for the infusions of RFRP-3 or saline.  

6.2.5 Blood sampling  

In both experiments, 7ml blood samples were collected at 10 minute intervals, with lines 

flushed with 5ml of 50iu/ml heparinised saline after every sample. Blood samples were 

collected into a 9ml lithium heparin vacuette tube (Greiner Bio-one, USA) and were 

centrifuged at ~3000rpm for 10 minutes. Plasma was then collected and frozen at -20°C.  In 

experiment 1, blood samples, were also collected every 5min blood for 30min after a bolus 

GnRH (Abcam, UK) injection given at the end of the infusion period to test the influence of 

RFRP-3 on the pituitary response to LH.  
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6.2.6 Experimental Procedures 

In each experiment, the following general time line was used: a pre-treatment period 

(baseline), an infusion period (receiving either drug or saline), and post infusion period 

(washout). Once the first run of the experiment has been completed, at least 2 days recovery 

was given to allow animals to obtain normal hormone levels before switching treatments.   

6.2.6.1 Experiment 1: Treatment in intact rams 

This involved a 3 pre-infusion hour baseline period, 2 hour infusion and a 2 hour post infusion 

period. A primer dose of RFRP-3 (1mg RFRP-3 in 2ml 0.9% saline solution) or 2ml 0.9% saline 

solution (control group) was given at the start of infusion followed by a flush of 7ml saline. This 

was followed immediately by a continuous infusion of either 2mg RFRP-3 (in 6ml 0.9% saline) 

or 6ml 0.9% saline solution (vehicle) for 2 hours using a T34 syringe pump (Caesarea Medical 

Electronics Ltd, Germany). At the end of the 2 hour infusion period all animals were given a 

bolus treatment (via sample line) of 500ng GnRH (Abcam, United Kingdom). This was to test 

the responsiveness to GnRH. At the end of each experimental run, all the pumps and catheters 

were removed. The animals were allowed to recover for one week in a small yard outside and 

monitored daily, the procedure was repeated with the treatments reversed so that in the end 

all animals received both treatments.  At the end of experiment 1 all animals received an 

intramuscular injection of 5ml antibiotics (Propercillin, 300mg/ml Procaine Penicillin, Ilium, 

Australia).  
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6.2.6.2 Experiment 2: Treatment in short term castrated rams 

As per experiment 1, catheters were inserted and made patent the day before run 1 of 

experiment 2. For this experiment, the time frame changed slightly, with a 4 hour baseline 

sampling period, 1 hour infusion period and 3 hours post infusion period. No bolus injection of 

GnRH was given after the infusion period, to allow observation of RFRP-3 effects on LH 

secretion during the post-infusion period. A primer dose of 1mg RFRP-3 (1), RFRP-3 (2), both in 

3ml 0.9% saline or 0.9% saline was given followed by a flush of 7ml 0.9% saline. A higher dose 

was given in this experiment to increase the possibility of generating a response to the 

treatment. This was immediately followed by a continuous infusion of 1mg RFRP-3 (1) or (2) 

both in 3ml 0.9% saline or 3ml 0.9% saline (vehicle) for one hour using T34 syringe pumps 

(Caesarea Medical Electronics Ltd, Germany).  At the end of the post-infusion period, catheters 

and lines were flushed with 75iu/ml heparinised saline, and animals were fed. Much like 

experiment 1, each animal received each treatment, but to allow for hormone levels to 

normalise, each infusion day was separated by 2-3 days before the process was repeated with 

another treatment. Animals were kept in the animal house pens until all 3 runs were rotated 

so all animals received all 3 treatments (Table 6.1).  

Table 7.1 Schedule for treatment groups 

 RFRP-3 (1) RFRP-3 (2) Saline  

Run 1  Animal 1,2,3  Animal 4,5,6 Animal 7,8,9 

Run 2  Animal 7,8,9  Animal 1,2,3 Animal 4,5,6 

Run 3  Animal 4,5,6 Animal 7,8,9 Animal 1,2,3 
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6.2.7 LH Radioimmunoassay  

LH levels were assayed in the blood plasma collected, using a well characterised 

radioimmunoassay (Lee et al., 1976). This was a double-antibody radioimmunoassay, using an 

125I-labelled tracer, a bovine LH antiserum raised in rabbit and ovine LH (NIH-oLH-S18) as the 

standard. The assays had an average sensitivity of 0.3-0.4ng/ml, the intra‐assay coefficient of 

variation (CV) was 12.1% and the Inter‐assay CV was 10.2%. This assay was completed in the 

laboratory of Prof. Iain Clarke at Monash University, Melbourne. 

6.2.8 Pulse Analysis  

LH values were calculated using the output from a competitive binding program (Burger, Lee, 

& Rennie, 1972). An LH pulse was determined as when the assay value of a given sample was 

3-times higher than the standard deviation of the previous sample. When LH levels were below 

the detection limits of the assay, pulses were determined when the given sample was 2-times 

higher than the assay sensitivity. Plasma LH levels below the detection limit of the assay were 

assigned the detection limit. The amplitude of an LH pulse was determined by calculating the 

difference between the peak at its highest (zenith) and the plasma concentration of the lowest 

point just prior to the start of the pulse (nadir). The frequency of the LH pulses was 

determined by counting each defined pulse throughout each sampling period being counted 

and then dividing by the number of hours for the period to get pulses/hour. The time to the 

first pulse was calculated by the amount of time elapsed before a defined pulse was produced 

after the commencement of the infusions (time to first pulse at completion of the infusion was 

also calculated). 
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Plasma LH (ng/ml) data are presented as mean (±SEM). Statistical analysis was performed 

using SPSS (version 20, SPSS Inc, Chicago, USA) using one-way ANOVA for repeated 

measurements. Post-hoc analysis was performed using Tukey tests if a statistical significance 

was found.   All graphs were produced using Graphpad Prism (Graphpad software, San Diego, 

CA, version 6).  
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6.3 Results 

Experiment 1:  The effect of RFRP-3 on LH secretion in the intact male 

merino ram. 

A representative example of plasma LH profiles for rams treated with RFRP-3 or saline are 

shown in Fig 6.1A. During the pre-infusion period, 11 out of 16 rams (68%) exhibited an LH 

pulse. Mean plasma LH levels did change with time (F(1, 14) =69, P<0.05) but did not differ 

between treatments (F(1, 14) =1.07, P>0.05). Both the amplitude and frequency of plasma LH 

pulses did not change with time (F(1, 2) =19.15 and F(1, 3) =2.85 respectively, P>0.05) or differ 

between treatments (F(1, 2) =2.46 and F(1, 3) =0.03 respectively, P>0.05). No significant 

differences in mean plasma LH concentrations, LH pulse amplitude or frequency of LH pulses 

were found between the pre-infusion period and the infusion period within groups or between 

groups (Figure 6.1B-D).  In addition, there was no difference (F(1, 14) =0.50, P>0.05) in the LH 

response to a bolus injection of GnRH (RFRP-3 treated rams 5.0±0.52ng/ml, saline treated 

rams 5.9±1.71ng/ml) (Figure 6.1A).  
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(A) Representative LH profiles of a ram for both the RFRP-3 and vehicle treatments in experiment 
1. At time point 0 a bolus RFRP-3 injection was given (indicated with a hollow arrow) and at time 
point 2, a bolus GnRH injection was given (indicated with full arrow). The highlighted period 
represents the continuous infusion. The hollow arrow heads represent confirmed LH pulses.  
A comparison of pre-infusion (black) and infusion (dark grey) periods for (B) mean plasma LH 
concentration, (C) LH pulse amplitude and  (D) LH pulse frequency. There were no significant 
differences between the two periods, P>0.05. 

 

 

Figure 25.1 RFRP-3 effects on LH secretion in the intact ram. 

(B) 

(C) 

(D) 

RFRP-3 Saline
0.0

0.2

0.4

0.6

0.8

1.0
Pre-infusion

During Infusion

P
la

s
m

a
 L

H
 n

g
/m

l

RFRP-3 Saline
0.0

0.5

1.0

1.5

2.0
Pre-infusion

During Infusion

P
la

s
m

a
 L

H
 n

g
/m

l

RFRP-3 Saline
0.0

0.2

0.4

0.6

0.8

1.0
Pre-infusion

During Infusion

N
u
m

b
e

r 
o

f 
p

u
ls

e
s
/h

o
u
r

(A)           
  

 

 

RFRP-3              GnRH 

Saline              GnRH 



 

 

189 

 

Experiment 2: The effect of RFRP-3 on LH secretion in the short term 

castrated ram. 

A representative example of LH profiles for short term castrated rams treated with RFRP-3 and 

saline is shown in Figure 6.2A.  Mean plasma LH levels did not change with time (F(2, 24) =1.73, 

P>0.05) or differ between treatments (F(2, 24) =0.49, P>0.05). The frequency of LH pulses did not 

change with time (F(2, 24) =1.19, P>0.05) or differ between treatments (F(2, 24) =0.96, P>0.05). In 

regards to plasma LH pulse amplitude, there was an effect with time (F(2, 24) =4.54, P<0.05) but 

no effect between treatments (F(2, 24) =0.21, P>0.05). Treatment of short term castrated rams 

with an infusion with RFRP-3(1) or RFRP-3(2) or saline showed no significant effect on any 

parameter of LH secretion measured (P>0.05, Fig 6.2B-D). Additionally, the amplitude of the 

first pulse after commencement of infusion was not significantly different between the three 

treatments (F(2,24) =0.280, P>0.05); RFRP-3 (1) 2.19±0.44 ng/ml, RFRP-3 (2) 1.43±0.28ng/ml and 

saline 2.17±0.92ng/ml. The time to first pulse following commencement of infusion also did 

not differ (F(2,24) =0.5, P>0.05) between groups; RFRP-3 (1) 51±11.6 (min), RFRP-3 (2) 47±6.2 

(min) and saline 48±8.3 (min). 
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(B) 

(C) 

(A) Representative LH profiles from a short term castrated ram for all treatments in experiment 
2.  The highlighted area represents the continuous RFRP-3 infusion. The hollow arrow heads 
represent confirmed LH pulses. Comparison of pre-infusion (black), infusion (dark grey) and 
post-infusion (light grey) periods for (B) mean plasma LH concentration, (C) LH pulse amplitude 
and (D) LH pulse frequency. There was no significant difference between the three periods 
within groups and between groups within time periods, P>0.05. Data are means ± SEM. 

 

Figure 26.2 RFRP-3 effects on LH secretion in short term castrated rams. 
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6.4 Discussion  

Results from these studies give rise to a new perspective for the role of RFRP-3 in the ram. In 

short, RFRP-3 it did not have an effect on low plasma LH levels in intact rams nor did it inhibit 

high plasma LH levels in short term castrated rams. The results from the current study in intact 

and short term castrated rams differ from previous studies in the ewe, where RFRP-3 

treatment decreased plasma LH levels in OVX ewes (Clarke et al., 2008).  As the previous ewe 

study by Clarke and colleagues (2008) used the same peptide as the current study, this allowed 

for comparison between sexes, and the results suggest that RFRP-3 is less critical to 

reproduction in males compared to females.  

The results from the current study differ from previous studies in males of other mammalian 

species. In intact male rats, ICV administration of RFRP-3 suppressed plasma LH levels (Johnson 

et al., 2007) , with similar suppressive effects seen in castrated male calves treated with RFRP-

3 peripherally (IV) (Kadokawa et al., 2009).  Kadokawa and colleagues (2009) noted that 

suppression of LH secretion was only during infusion period. In contrast, intact male Syrian and 

Siberian hamsters kept in inhibitory conditions, RFRP-3 treatment stimulated LH secretion 

(Ancel et al., 2012; Ubuka et al., 2012). However, in both in vivo and in vitro studies on female 

Syrian hamsters, RFRP-3 treatment had no significant effects on LH secretion and pre-treating 

with RFRP-3 did not prevent the stimulation of LH secretion by GnRH treatment (Ancel et al., 

2012). Using intact adult hamsters, Ancel and colleagues (2012) found, ICV treatment of RFRP-

3 had stimulatory effects on LH secretion in male but no effects in female animals. One 

possible explanation for this sex difference could be a blocking effect of the ovarian hormones 

in the female hamster. The authors therefore centrally treated OVX Syrian hamsters with 
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RFRP-3, at doses which were stimulatory in the male Syrian hamster. Again, central RFRP-3 

treatment had no effect in females whilst stimulating LH secretion in males (Ancel et al., 2012).  

Thus a sex difference in the response to centrally applied RFRP-3 exists in Syrian hamsters 

although the basis of this difference is unknown. Nonetheless, these studies suggest that the 

extent and action of RFRP-3 on LH secretion is variable between species and also support the 

current study suggest that the extent and action of RFRP-3 on LH secretion differs between 

species and sexes. 

There are a number of possibilities to consider as to why RFRP-3 treatment had no effect on LH 

secretion in the intact ram. Firstly, the dosage of the RFRP-3 peptide may not have been high 

enough or was too high. The doses of RFRP-3 used in both current studies were estimated 

using previous studies that were successful in inhibiting LH secretion in OVX ewes (priming 

dose: 50μg human RFRP-3 and 200μg RFRP-3 infusion over 1 hour) and then scaling up by a 

factor of >10 to ensure a high enough dose was administered (Clarke et al., 2008). The dose 

was increased to take into consideration the differences in live weight between the ram and 

ewe, as well as an order of magnitude increase.  Another possibility for the null results found 

in this study is the design and model used. This study included a priming dose followed by 

either a two hour infusion in intact rams or a one hour infusion in castrated rams. This model 

was based on a previous ewe study that showed RFRP-3 was an effective inhibitor of LH 

secretion (Clarke et al., 2008). It is possible that the dose of RFRP-3 could have been too high, 

whereby the priming dose of RFRP-3 may have led to a rapid down regulation of GPR147. 

However, if this were the case, a response by LH would have been exhibited after RFRP-3 

administration, before the receptor was down-regulated; yet the results in my study showed 

no changes in LH pulse parameters in response to RFRP-3. It is possible that the infusion 
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periods for either experiment were not long enough to detect a change, whether that be an 

increase or decrease in plasma LH secretion. In this study, the average number of LH pulses 

during the pre-infusion period was one pulse/two hours for intact rams and one pulse/hr for 

the castrated rams. Experiment 1 which treated RFRP-3 to rams, had a 2 hour infusion period 

and a 2 hour post infusion period. This should have been long enough to notice if there was an 

effect on plasma LH secretion. Similarly in experiment 2, castrated rams were given a 1 hour 

infusion period and a 3 hour post infusion period, whilst the infusion period was short, no 

changes were observed in the mean number of pulses/hour. The post infusion period was 

increased to 3 hours to ensure that if there were any effects of RFRP-3 infusion they would be 

recorded, but no changes were observed. Overall, if RFRP-3 had a strong effect on plasma LH 

secretion these infusion periods would have been long enough to detect any change. As the 

current study used previous models and doses known to be effective in the same species, this 

suggests that the results from RFRP-3 treatment in merino ram were not due to an insufficient 

dose of RFRP-3, or an inappropriate model, but may indicate that there is no role for RFRP-3 in 

the control of LH secretion in the ram.  

Secondly, the bioactivity of a peptide could also influence results in an in vivo trial.  Thus, a 

second source of RFRP-3 was used for the second experiment to test this possibility. Both 

RFRP-3 peptides (gifts from Prof. Iain Clarke and Prof. Robert Millar) used in the second 

experiment failed to inhibit LH. To rule out the possibility of degradation of the peptide, Prof. 

Robert Millar tested both peptides in an in vitro bioassay. This bioassay confirmed that both 

peptides had high and identical bioactivity (personal communication, Prof. Iain Clarke).  This 

suggests that it is unlikely that the quality of the peptide is the cause for LH secretion being 

unaffected by RFRP-3 treatment.  



 

 

194 

 

A third possibility for the lack of effect of RFRP-3 treatment on LH secretion was the route of 

administration. IV treatment may not have been a suitable choice, as it might not enable RFRP-

3 to access its target site inside the blood brain barrier. Three possible target sites for RFRP-3 

are the GnRH neurons in the POA, and their terminals at the ME or the gonadotroph cells in 

the anterior pituitary. Intravenous treatment of RFRP-3 should not have a problem reaching 

the anterior pituitary, which lies outside the blood brain barrier. Thus if RFRP-3 had a direct 

action on the pituitary gland it would have been readily detected. A pituitary action was tested 

in the first experiment, by administering the bolus injection of GnRH, to determine if RFRP-3 

pre-treatment influenced the LH response to the GnRH bolus treatment. No effect of RFRP-3 

treatment on the LH response to bolus GnRH treatment was observed. Since the ME is also 

found outside the blood brain barrier, IV treatment of RFRP-3 should also access to the ME, 

and reach potential receptors at this site. It is possible that intravenous RFRP-3 treatment 

cannot cross the blood brain barrier and therefore cannot reach the GnRH neurons. As such 

this study cannot definitively state that RFRP-3 does not regulate GnRH secretion in the ram. 

Nonetheless, since IV treatment to intact and castrated rams with the same RFRP-3 and using 

the same experimental protocol that was able to affect LH secretion in ewes (Clarke et al., 

2008) and in a similar study in hamsters (Ancel et al., 2012) the evidence is still there for the 

existence of sex differences in the LH response to RFRP-3 treatment in sheep. Thus, the route 

of administration remains a potential explanation to the lack of effect only in the POA to 

directly influence GnRH cells and dendrites. Lastly, seasonality was considered to be a possible 

cause behind the failure of RFRP-3 treatment to influence LH secretion in the merino rams. 

However both experiments were conducted during times of the year where treatment of 

RFRP-3 should be the strongest. Intact rams were treated with RFRP-3 during the breeding 
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season, when stimulatory signals are at their highest and short term castrated rams were 

treated with RFRP-3 during the non-breeding season when inhibitory signals are strongest. 

High LH during breeding season is due to a decrease in sensitivity to testosterone during this 

period. LH profiles of GDX rams and ewes with testosterone implants showed LH secretion was 

inhibited during the non-breeding season, more so in ewes than rams, even though 

testosterone levels were controlled (Lubbers & Jackson, 1993). Results from Lubbers and 

Jackson (1993) suggest just a small amount of testosterone during non-breeding season is 

sufficient to significantly inhibit LH secretion, which supports the timing of the current study 

where treatment of RFRP-3 to intact and castrated rams during a period of low or high 

sensitivity of LH to testosterone respectively. In addition, LH secretion profiles in castrated 

rams have indicated that photoperiod can effect reproduction independently of steroids, as LH 

pulse frequency is lower during non-breeding season in both intact and castrated rams  

(Pelletier, 1970; Rhim et al., 1993). Despite this, however, it is unlikely that season would have 

been a significant factor because the breed that this study has used, the merino ram, does not 

rely heavily rely on photoperiod to regulate reproduction, but are regulated more by 

nutritional status (Skinner & van Heerden, 1971), and our animals were always well fed.   

When treatments are given that have no effect, methodological considerations, including the 

experimental model must first be addressed before concluding that the result reflects 

physiology. These include the physiological status of the animal (sex, endocrine/gonadal status 

and season, bioactivity and dose of the compound used and route of drug administration. In 

this study, these variables can be satisfactorily addressed, with the notable exception that it 

cannot be definitively determined whether IV administration of RFRP-3 can cross the blood 

brain barrier and reach the GnRH neurons in the POA. This issue substantially limits the 
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conclusions that be drawn from the study until further studies have been done to determine if 

RFRP-3 can cross the blood brain barrier to act on GnRH cells. Thus with the current  

information available, the conclusion of this study is that peripheral RFRP-3 treatment in both 

intact and short term castrated rams does not have a significant regulatory effect on LH 

secretion and therefore it seems that in male sheep, RFRP-3 does not have an action at the 

anterior pituitary or ME to regulate LH secretion. Since peripheral treatment with RFRP-3 in 

men also had no significant effect on LH secretion compared, to control groups (J George, R 

Anderson, I Clarke, R Millar unpublished data). This raises the possibility that there is a sex 

difference in the role of RFRP-3 in the regulation of LH secretion, although this remains to be 

properly tested. It is possible that the same might hold for ewes, as a recent study found no 

effect of RFRP-3 treatment in ewes  (Decourt et al., 2015). This study is significant because it is 

more rigorous at comparing variables that previous studies have not addressed when 

investigating into the physiological role of RFRP-3 in the sheep.  Decourt and colleagues (2015) 

achieved this by treating ewes (both OVX and OVX treated with oestrogen) with a range of 

RFRP-3 doses, by both bolus injection and IV infusion, as well as treating with RFRP-3 

antagonists. In all cases, LH secretion was unaffected by treatment (Decourt et al., 2015).  This 

study along with the current study in rams, suggests RFRP-3 may not have a significant role in 

regulating GnRH secretion in either sex of the sheep. 

As the current experiments did not treat rams with kisspeptin, future studies would do well 

investigate the effects of kisspeptin treatment on LH secretion in the ram. This would aid in 

clarifying the relationship between the RF-amides with GnRH/LH secretion within the ram.  
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Chapter 7  

General Discussion 
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The hypothesis that this thesis was designed to answer was that RFRP-3 and kisspeptin are 

involved in the negative feedback actions of testicular hormones on GnRH and hence LH 

secretion in the merino rams. Accordingly the first aim of my research was to determine 

whether RFRP-3 and kisspeptin neurons in the ram hypothalamus are targets for testicular 

hormones and if RFRP-3 and kisspeptin neurons interact with GnRH neurons. The second aim 

was to analyse the fibre interactions between RFRP-3 and kisspeptin with GnRH neurons in the 

ram hypothalamus and to determine if testicular hormones influenced this relationship. Lastly 

this thesis aimed to determine whether RFRP-3 regulates LH secretion in the ram. Thus, the 

studies described in this thesis were designed to determine whether a pathway existed for 

steroid feedback onto GnRH/LH secretion involving both or either RFRP-3 and kisspeptin in the 

ram; receiving the feedback signal, relaying it to GnRH neurons, and influencing GnRH/LH 

secretion. Below I have further investigated and integrated the results from my thesis with 

previous studies to determine the overall role RFRP-3 and kisspeptin have in the control of 

GnRH secretion in the ram. Specifically, I will discuss the effects of castration on the expression 

of RFRP-3 mRNA, the role that RFRP-3 and kisspeptin may have in steroid negative feedback, 

relationships of RFRP-3 and kisspeptin neurons with GnRH neurons in the ram as well as the in 

vivo effects of RFRP-3 treatment on LH and GnRH secretion in males. Lastly I have integrated 

all of my results along with previous studies and have created a model which illustrates 

proposed pathways by which RFRP-3 and kisspeptin regulate GnRH secretion in the ram.  

This thesis demonstrated that RFRP-3 mRNA expression is regulated by testicular steroids, as 

the in situ hybridisation study found that RFRP-3 mRNA expression was significantly lower in 

the caudal DMH region in the wether, compared to the intact ram. This suggests that testicular 

hormones stimulate the production of RFRP-3 mRNA in the caudal DMH but not in the more 
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rostral regions. However, in a later study using immunohistochemistry, no difference was 

found for the number of RFRP-3-ir cells in the DMH between rams or wether suggesting 

testicular steroids had no effect on the number of cells expressing RFRP-3 protein. These 

results appear contradictory and may reflect differences in the protocols used and hence what 

is measured. Specifically, the study described in chapter two examined mRNA expression, 

whereas the study described in chapter three and four qualitatively described protein 

expression. The expression of mRNA and protein within cells varies dependant on the rate at 

which mRNA is translated into protein (Tian et al., 2004; Maier, Güell, & Serrano, 2009; 

Koussounadis et al., 2015). This can cause misleading results; the translation of mRNA into a 

protein can be quick, which leads the data to trend towards low levels of mRNA or translation 

can be slow, suggesting a high expression of mRNA, while the opposite would occur for protein 

expression (Tian et al., 2004; Maier et al., 2009; Koussounadis et al., 2015). Furthermore, the 

number of cells identified using in situ hybridisation was nearly double to that found in the 

immunohistochemical study. This is not surprising, as in situ hybridisation is a more sensitive 

protocol, and it is possible that the protein levels in some cells may have been too low to be 

detectable with the immunohistochemical method. As the same animals were used in both 

studies, this excludes variables across different animals, yet the studies still showed different 

results which highlight the importance of taking care when comparing studies using 

immunohistochemistry and in situ hybridisation. To fully understand the regulation of RFRP-3 

by testicular hormones further studies would need to be carried out on the ram. Future studies 

would do well to test the effects of testosterone treatment in castrated rams on RFRP-3 

expression as well as investigate the extent of the methodology differences between in situ 

hybridisation, immunofluorescence and immunoperoxidase protocols.  



 

 

200 

 

The results from the in situ hybridisation study in chapter two indicated that RFRP-3 expression 

can be regulated by testicular hormones. However studies described in chapter four and 

chapter six suggest otherwise, as RFRP-3 neurons did not express AR or ERα, indicating their 

regulation is not direct and in any case RFRP-3 treatment had no effect on LH section in either 

intact or short term castrated rams, respectively. This implies that the regulatory action must 

be through afferent cell population(s) that relay the actions of androgens and/or oestrogen to 

the RFRP-3 neurons. One potential population that could be involved in this pathway is the 

kisspeptin cells in the ARC (Franceschini et al., 2006; Smith et al., 2008a; Smith et al., 2008b; 

Smith et al., 2011). I found that essentially all kisspeptin neurons in ARC expressed AR or ERα, 

in all treatment groups apart from intact rams. The lack of co-localisation of either AR or ERα 

within kisspeptin neurons in rams was most likely due to the fact that very few kisspeptin 

neurons were detected in the intact ram. This alone illustrates that the down regulation of 

kisspeptin expression in the intact ram is most likely due to the direct action of testicular 

steroids through their cognate receptors (AR or ERα).  In conclusion, in rams both kisspeptin 

and RFRP-3 expression is influenced by testicular hormones but only kisspeptin neurons can 

receive direct signals from these hormones.  

Reciprocal interactions between kisspeptin, GnRH and RFRP-3 have been identified in other 

species, as well as in the ewe. Whether RFRP-3 and/or kisspeptin fibres project to and 

influence GnRH neurons in the ram was unknown, however previous studies suggested that 

interactions from RFRP-3 and kisspeptin fibres onto GnRH neurons was likely to be high in 

these animals (Johnson et al., 2007; Qi et al., 2009; Rizwan et al., 2012). My results in chapter 

five demonstrated that there are reciprocal fibre interactions between GnRH and RFRP-3 

neurons in the ram hypothalamus. Specifically, I found that around half of the GnRH cells 
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received inputs from RFRP-3 fibres. This interaction has also been observed in the ewe (Smith 

et al., 2008a), and is supported by data showing that GnRH neurons express the RFRP-3 

receptor (GPR147). Dual label in situ hybridisation found a third of GnRH neurons expressed 

GPR147 mRNA in rats (Rizwan et al., 2012) with up to 86% in hamsters (Ubuka et al., 2012). 

Combining these studies with mine indicates that RFRP-3 can directly influence GnRH neurons, 

however further research is needed to confirm if this is indeed the case. I also found the 

number of RFRP-3 cells with GnRH fibre interactions increased with the removal of testicular 

hormones in the rostral DMH. This finding suggests that interactions by GnRH fibres are 

suppressed by testicular hormones, however the physiological importance of this is unclear as 

overall very few RFRP-3 cells had contact with GnRH cells.  

I not only found reciprocal fibre interactions between RFRP-3 and GnRH but also made a 

surprising finding; that both GnRH and RFRP-3 were strongly labelled within the same cell in 

the POA and AHA cells, in all three male treatment groups. In preliminary data collected from 

the positive control sections from ewes during the luteal phase of the oestrous cycle found 

faint staining of RFRP-3 in these areas.  These results support one study (Jafarzadeh Shirazi et 

al., 2011), but are in contrast to the majority of published studies in ewes, which have not 

identified single labelled RFRP-3 cells in the POA or AHA (Qi et al., 2009; Smith et al., 2010), 

with the exception of one study (Jafarzadeh Shirazi et al., 2011). No published studies to date 

have identified the double labelling of RFRP-3 and GnRH in the POA and AHA in any species. As 

discussed in chapter 5, since I was unable to find a methodological explanation, I must 

conclude that the double labelling is real and hence that RFRP-3 and GnRH are co-expressed in 

this population of neurons.  The function of this co-expression is unknown. It is possible that 

this is a population of cells which interact with each other to form a self-regulating network 
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much like that found in KNDy neurons in the ARC (Burke et al., 2006; Foradori et al., 2006; 

Krajewski et al., 2010; Wakabayashi et al., 2013). KNDy neurons co-express three 

neuropeptides, each with their own role in self-regulating expression, for instance Dyn is 

thought to suppress kisspeptin secretion (Lehman et al., 2010a; Ruka et al., 2013). Therefore it 

is possible that RFRP-3 and GnRH self-regulate secretion, but whether this regulation is 

suppressive or excitatory is unknown. Critical to this argument is the demonstration of GnRH 

receptors and/or GPR147 expression in these cells, but whether this is the case is currently 

unknown. To confirm the co-expression of RFRP-3 and GnRH protein within the same cells, 

future studies could investigate the co-expression of RFRP-3 and GnRH mRNA was also within 

the same cells using dual labelled in situ hybridisation. If this population is indeed true, the 

function of these co-expressing cells would need further thought and investigations.  

Fibres that co-expressed both RFRP-3 and GnRH were observed to make close appositions to 

single labelled RFRP-3 and GnRH cells. This suggests that they regulate these cells, which 

seems to be influenced by testicular hormones as it was observed that the number of co-

expressed fibres apposing onto single labelled GnRH or RFRP-3 cells was higher in wethers 

than rams. The physiological importance of this however could well be small, as very few cells 

had interactions with double labelled fibres. Future studies would do well to confirm these 

double labelled neurons and fibres, and investigate their significance in regulating 

reproduction in the ram.  

Part of the dilemma when comparing previous studies with the current results is that are there 

two conventionally used primary antibodies for RFRP-3, the concentrations of the primary 

antibody used varied and the type of immunohistochemical labelling used was different, all of 
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which have the potential for conflicting results. The RFRP-3 primary antibody used in previous 

ewe studies was guinea pig polyclonal antibody against human GnIH for 

immunohistochemistry (Qi et al., 2009; Smith et al., 2010) unfortunately I was only able to 

label fibres with this antibody, which is why I changed to an antibody raised in rabbit, provided 

by Dr George Bentley. This antibody has been previously used in OVX ewe studies (Smith et al., 

2008a), however these studies used immunoperoxidase or in situ hybridisation protocols and 

not immunofluorescence to investigate the interactions between GnRH and RFRP-3 in the 

mPOA. Double labelled immunoperoxidase would enable the identification of RFRP-3 fibre 

appositions on GnRH cells, but would make the identification of double labelled cells in the 

POA and AHA difficult to confirm. Additionally, as the current study found the intact ewes used 

as a positive control had very weak labelling of RFRP-3, it is possible that previous studies have 

missed it, or when using immunofluorescence mistaken this for bleed through. However, as 

the current study investigated rams in conjunction with the ewes and found strong labelling, 

this suggests that in the ewe this weak labelling is true.  

The overall impact that RFRP-3 has on GnRH secretion is still unclear, as not only have I 

identified double labelled cells in the POA but I have also shown that RFRP-3 neurons do not 

express AR or ERα, suggesting testicular hormones in the ram do not act directly on RFRP-3 to 

regulate GnRH/LH secretion. As most kisspeptin cells expressed AR and ERα, indicating that 

these neurons are directly influenced by sex steroids and could therefore transmit the signal to 

GnRH and RFRP-3 neurons. Chapter 5 aimed to determine if kisspeptin has fibre inputs onto 

GnRH cells in the ram as previously demonstrated in the ewe (Smith et al., 2008a). Previous 

studies in the ewe have shown kisspeptin fibres are located in the POA (Franceschini et al., 

2006; Mikkelsen & Simonneaux, 2009), this study supports these results, as all treatment 



 

 

204 

 

groups apart from intact rams exhibited these fibre projections. The same primary antibody 

and concentration (1:100,000), which I used has been used in ewe studies, but with a more 

sensitive protocol (immunoperoxidase) (Smith et al., 2008a). This suggests that it is possible 

that not all of the kisspeptin fibres were efficiently labelled using fluorescence in my study, 

which would result in fewer fibres and ultimately lowering the possibility of detecting 

kisspeptin fibres making inputs onto GnRH neurons.  Previous studies, however, using the 

same kisspeptin antibody, at a lower concentration were able to detect kisspeptin fibres and 

cells in the POA of ewes (Franceschini et al., 2006; Merkley et al., 2015), suggesting that the 

concentrations I used were strong enough to label kisspeptin cells and fibres. My results 

therefore seem to be true; however the physiological importance of these is unclear, but my 

study would have benefited from an increase in the concentration of the primary antibody, as I 

used a less sensitive protocol. Preliminary data not presented in this thesis however, showed 

that while an increase in kisspeptin antibody concentration (1:5000) resulted in more 

kisspeptin fibres in the POA and surrounding the third ventricle, it did not provide any 

evidence for kisspeptin fibres apposing onto GnRH cells in any treatment group. In addition the 

increase of the primary antibody also increased the background labelling to undesirable levels. 

Further studies are needed to confirm this; however this finding further supports my original 

results that showed GnRH neurons do not have kisspeptin fibre inputs in intact rams, castrated 

rams and ewes. Future studies would need to increase the signal from the kisspeptin primary 

antibody without increasing the background; such as through the use of a fluorescently 

labelled Avidin-Biotin complex or immunoperoxidase.  The results of this study (and the 

preliminary study) suggest that whilst kisspeptin neurons are capable of receiving direct inputs 

from testicular hormones, it is possible that few can transmit this signal to GnRH neurons (and 
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double labelled neurons) in the ram,. This result suggests that another neuron population is 

involved to completing the negative feedback loop in this species. This conclusion must be 

tempered, however, by the possibility that the detection system used in this study may not 

have been sensitive enough to detect all kisspeptin-containing fibres present in this tissue.  

The population of RFRP-3 neurons in the POA may potentially have kisspeptin fibre inputs, but 

I was unable to test this hypothesis, as both primary antibodies were raised in rabbit and both 

proteins are expressed within the cytoplasm of the cell. This potential interaction would 

provide a pathway for steroid feedback to act through in order to regulate onto RFRP-3 

neurons. I found that kisspeptin neurons expressed both AR and ERα, but made no fibre inputs 

onto GnRH neurons. This finding contrasts with previous studies in OVX ewes (Smith et al., 

2008a). In addition to this, I found that GnRH neurons received fibre inputs from RFRP-3 

neurons, which do not express receptors for androgens or oestrogen. It is therefore possible 

that steriod feedback acts directly onto kisspeptin, which input onto RFRP-3 neurons in the 

POA, which in turn act on GnRH neurons. To date however, no studies have determined if 

RFRP-3 neurons express the receptor for kisspeptin: Kiss1R. Further studies are needed to 

determine if RFRP-3 is capable of being directly regulated by kisspeptin fibre contacts and 

through its receptor Kiss1R . 

There is also potential for RFRP-3 fibres to input onto kisspeptin neurons in the ARC (Fig7.1).  

Kisspeptin neurons have been shown to express GPR147, with 9-16%  of kisspeptin neurons in 

the PeVN expressing GPR147 in female mice (Rizwan et al., 2012), and 25% in the ARC of the 

mouse (Poling et al., 2013). These studies indicate that kisspeptin cells could receive signals 

from RFRP-3 directly, but to date no studies have investigated the expression of GPR147 in 
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kisspeptin cells in the sheep or inputs from RFRP-3 fibres. The presence of a dense RFRP-3 fibre 

network in the caudal ARC implies that RFRP-3 fibres would be in close proximity to kisspeptin 

neurons found in this area of the wether, short term castrate and ewe. While double label 

fluorescent immunohistochemistry for kisspeptin and RFRP-3  was not possible to complete in 

our laboratory, due to the two antibodies being raised in the same species and the protein 

being expressed in the same area of the cell (cytoplasm), I have compiled two single stained 

images from the same anatomical region of the same animal (Fig 7.1).  Figure 7.1 illustrates 

that the location of these two RF-amides in the caudal ARC of the wether, which raises the 

possibility that they would be able to communicate with each other. Poling and colleagues 

(2013) found that up to 35% of kisspeptin cells in the ARC had RFRP-3 fibre appositions, so it is 

possible that this interaction is also present in the sheep. Since I found other reciprocal fibre 

interactions, maybe kisspeptin and RFRP-3 fibre inputs are also reciprocated, adding weight to 

the possibility of the kisspeptinRFRP-3(GnRH) pathway hypothesised above. More 

research is needed to confirm this however, once new antibodies have been successfully 

optimised, or a new technique enables for the dual labelling of these two closely related RF-

amides in the sheep.   
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(A)       (B) 

Representative images from the ARC of a wether for: kisspeptin-ir cells at (A) low power 
and (B) high power, and for RFRP-3-ir cells at (C) low power and (D) high power.   
Scale bar: 200μm 
-ir: immunoreactive, ARC: arcuate nucleus, RFRP-3: RFamide related peptide-3 

Figure 27.1 Overlap of kisspeptin cells and RFRP-3 fibres in the caudal ARC of the sheep 
hypothalamus. 

 
  

(C)       (D) 
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The last study in this thesis used in vivo techniques to determine if RFRP-3 treatment could 

influence LH secretion. Previous studies in mammalian species have found varying effects of 

RFRP-3 treatment on LH secretion, with either inhibitory, stimulatory or no effects observed 

(reviewed in chapter one). This is evident in two ewe studies, initial studies demonstrated an 

inhibition (Clarke et al., 2008) while a recent study showed no effects of LH secretion after 

RFRP-3 treatment (Decourt et al., 2015). The ewe study by Clarke et al (2008) was used as a 

model for this study. In my study I found that in both intact and short term castrated rams, 

RFRP-3 treatment failed to effect LH secretion, nor did it affect the response of LH secretion by 

GnRH treatment, similar to the results seen by Decourt and colleagues (2015). This lack of 

response suggests that while RFRP-3 has a very close relationship with GnRH cells in the POA 

and potentially with kisspeptin in the ARC (as described in chapter five), RFRP-3 does not seem 

to have a role in regulating LH secretion at the ME and pituitary gland in the ram. Future 

studies however, would need to confirm if it can cross the blood brain barrier to access GnRH 

fibres. With these considerations, and with the caveat that we cannot be certain that RFRP3 

reached the GnRH neurons, it can be proposed that like Decourt et al (2015) for the ewe, that 

RFRP-3 treatment does not have a significant role in the regulation of LH secretion in the ram. 

While the results from chapter two showed that some RFRP-3 neurons are responsive to 

testicular hormones and hence may be a potential vehicle for testosterone negative feedback 

on GnRH/LH secretion, they do not express androgen or oestrogen receptors (chapter four) 

and the study described in chapter six showed no effect of RFRP-3 infusion on LH secretion 

suggesting that RFRP-3 may have no role in the regulation of GnRH/LH secretion.  This being 

the case, it would seem likely that any regulation of RFRP-3 by testosterone is probably not 

involved in the control of GnRH secretion.  Thus, the actions of testosterone in the DMH RFRP-
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3 neurons are probably not involved in relaying the negative feedback actions of testosterone 

on GnRH secretion, but must be related to other actions of testosterone in the brain. Further 

studies are needed, however, to determine if there is a sex difference in the response to RFRP-

3 treatment in sheep. In addition, these studies would do well to investigate if breed and 

season are also factors in the LH response to RFRP-3 treatment.  

In conclusion, it would seem that the interactions between GnRH, kisspeptin and RFRP-3 to 

regulate reproduction in the ram are more complicated than first thought. Figure 7.2 illustrates 

a proposed model for the pathways by which GnRH, kisspeptin and RFRP-3 neurons interact 

and part of the route that steroid feedback could use to regulate reproduction in the ram, in 

light of the results in this thesis. Overall it can be concluded that kisspeptin can be directly 

signalled by testicular hormones as the majority of kisspeptin cells in the ARC express AR or 

ERα in the intact ram, and are therefore a potential link used by testicular negative feedback. 

Consequently, kisspeptin cell numbers were very sensitive to steroid feedback, which may aid 

in explaining why no GnRH neurons had close kisspeptin fibre appositions in the ram. On the 

other hand, I did not find interactions in the preliminary data from the intact ewe, unlike 

previous studies, which was somewhat of a mystery and the physiological importance of this 

finding is still unknown. Future studies would do well to compare sexes (intact rams and ewes) 

as well as intact ewes across the oestrous cycle with OVX ewes to determine the role of 

ovarian hormones and their removal on the kisspeptin fibre network.  

As RFRP-3 treatment does not influence LH secretion in the ram, and RFRP-3 cells are not 

directly signalled by steroid feedback, yet mRNA expression and cell numbers seem to be 

influenced suggests there is another link between testicular hormones and RFRP-3 expression. 
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The most notable data to come from this thesis is the strongly labelled co-expression of GnRH 

and RFRP-3 in the same cells in the POA and AHA. Future studies in sheep should focus on this 

novel co-expression of GnRH and RFRP-3 to determine the role of these in regulating 

reproduction.  
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Figure 7.2 Interactions between Kisspeptin, RFRP-3 and GnRH in the merino ram 

RFRP-3 

GnRH 
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Kisspeptin 

AR 

ERα 

High number of inputs  
Low number of inputs 

Potential but unexplored pathways 

POA 

ME Optic Chiasm 

DMH 

ARC 

Pituitary Gland  

Proposed pathways between GnRH, kisspeptin and RFRP-3 neurons that testicular hormones may use to regulate reproduction in the ram. 
AR: androgen receptor, ARC: arcuate nucleus, DMH: dorsomedial hypothalamus, ERα: oestrogen receptor α, GnRH: gonadotrophin releasing 
hormone, ME: median eminence, POA: preoptic area, RFRP-3: RFamide related peptide-3,  
 

Figure 28.2 A model of possible interactions between GnRH, Kisspeptin, and RFRP-3 neurons in the ram hypothalamus. 
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