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Abstract 
 

Kisspeptin is synthesised in the brain in known regions such as the arcuate 

nucleus (ARC) and anteroventral periventricular nucleus (AVPV). Kisspeptin has been 

classified as a key player in puberty and acts centrally in the upstream regulation of 

GnRH neurone secretion via Kiss1 receptors (Kiss1r) to elicit release of GnRH peptide 

for further stimulation of LH secretion from the pituitary and consequently of the 

gonads to trigger spermatogenesis, follicle development, and sex steroid synthesis. The 

KNDy (kisspeptin/neurokinin B/dynorphin) compendium of neurones in the ARC hints 

at the possible site of the GnRH pulse generator. Moreover, Kiss1 cells in different 

rodent brain areas respond to the absence of circulating steroids in castrate models. 

Projections of Kiss1 neurones are found throughout the brain and other kisspeptinergic 

populations exist in important areas that regulate metabolism, the circadian rhythm, and 

stress. Taken together, these observations suggest that the scope of kisspeptin actions is 

not only limited to the modulation of reproductive function and different Kiss1 cell 

populations in several brain regions implies association with major 

neuropeptides/neurotransmitters and involvement in other physiological processes. 

Firstly, the immunocytochemical protocol and antiserum were optimized and 

validated to assess true kisspeptin immunoreactive detection of cells and fibres. 

Kisspeptin cells were found in specific areas and fibres were located virtually 

everywhere throughout the rat forebrain. Kisspeptin neurones were predominantly based 

in the ARC, AVPV, medial amygdala, bed nucleus of the stria terminalis and other 

hypothalamic regions. 
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Sex steroid regulation of Kiss1 neurones was then investigated by examining the 

effects of a chemical castration on those with and without steroid rescue. GnRH  

antagonist s.c. injection down-regulated the number Kiss1 neurones in various brain 

regions while it enhanced the number of cells in the ARC Kiss1 population. 

Testosterone replacement reversed the antagonist effects on Kiss1 neurones. LH plasma 

concentration decreased in rats injected with the GnRH antagonist with or without 

testosterone administration. These studies therefore confirm importance of sex steroids 

on the different kisspeptin populations. 

Then, the effects of fasting and re-feeding on Kiss1 neurones in the ARC, rostral 

part of the third ventricle (RP3V), and dorsomedial nucleus (DMN) were investigated. 

Re-feeding after a 24 hour fast induced no Fos expression in RP3V Kiss1 neurones and 

very mild Fos activation in ARC and DMN neurones. 

Thus, Kiss1 cells are found in various brain regions whereby distinct 

physiological actions occur and each individual population responds differently to the 

effects of steroid and metabolic regulation. 
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Figure 3.30:  Distribution of immunoreactive Kiss1 neurones invarious brain 

regions according to stereotaxic bregma coordinates. 

Figure 3.31:  Number of immunoreactive Kiss1 neurones in eight selected brain 

regions. 

Figure 3.32:  Density of immunoreactive Kiss1 fibres in eight selected brain 

regions. 

Figure 3.33: Anatomy of immunoreactive Kiss1 neurones. (A) unipolar, (B) 

bipolar, (C) multipolar. 

Figure 3.34: Type of Kiss1 neurone anatomy across selected brain regions. 

Figure 3.35: Orientation of Kiss1 neurones across selected brain regions. 

Figure 4.1: Photographs illustrating the sizes of both testes from a rat in one of 

three groups: (A) control; (B) Teverelix only; (C) Teverelix + testosterone 

enanthate. 

Figure 4.2: Effects of s.c. injection of GnRH antagonist on the mean of the 

weights of both testes. 

Figure 4.3: LH serum levels in rats treated with vehicle, Teverelix only, and Teverelix 

and testosterone enanthate. 

Values are means ± SEM. The number of rats per group is in parenthesis. *P < 0.0001 

versus s.c./i.m. vehicle, **P < 0.0001 versus s.c. vehicle (one way ANOVA followed by 

Tukey’s multiple comparison test method). 

Figure 4.4: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

in a Teverelix-only treatment section of the ARC at a primary anti-rat Kisspeptin-

10 antibody dilution of (A) 1:15,000 and (B) 1:40,000. 
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Figure 4.5: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1:15,000 in the ARC in (A) control, (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.6: Number of ARC Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:40,000. 

Figure 4.7: Photomicrographs of a representative section at bregma -0.30mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1:15,000 in the AVPV in (A) control, (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.8: Number of ARC Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:15,000. 

Figure 4.9: Number of RP3V Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:15,000. 

Figure 4.10: Photomicrographs of a representative section at bregma -3.30mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1 in 15,000 in the MeA in (A) control, (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.11: Figure 4.11: Number of MeA Kiss1 immunoreactive neurones  

in rats treated with vehicle, Teverelix only, and Teverelix with testosterone  

enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
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Figure 4.12: Photomicrographs of a representative section at bregma -3.30mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1:40,000 in the MeA in (A) control, (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.13: Number of MeA Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:40,000. 

Figure 4.14: Photomicrographs of a representative section at bregma -0.30mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1:15,000 in the BnST in (A) control,  (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.15: Number of BnST Kiss1 immunoreactive neurones in rats treated 

with vehicle, Teverelix only, and Teverelix with testosterone enanthate using a 

primary kisspeptin antiserum dilution of 1:15,000. 

Figure 4.16: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

at a primary antibody dilution of 1:15,000 in the DMN in (A) control, (B) 

Teverelix only, and (C) Teverelix with testosterone enanthate groups. 

Figure 4.17: Number of DMN Kiss1 immunoreactive neurones in rats treated 

with vehicle, Teverelix only, and Teverelix with testosterone enanthate using a 

primary kisspeptin antiserum dilution of 1:15,000. 

 

 

                                                                                                                              

                                                                                                                             xxiii 



 

	  

Figure 4.18: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

in the HC in (A) control, (B) Teverelix only, and (C) Teverelix with testosterone 

enanthate groups. 

Figure 4.19: Number of HC Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:15,000. 

Figure 4.20: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

in the HC in (A) control, (B) Teverelix only, and (C) Teverelix with testosterone 

enanthate groups. 

Figure 4.21: Number of HC Kiss1 immunoreactive neurones in rats treated with 

vehicle, Teverelix only, and Teverelix with testosterone enanthate using a primary 

kisspeptin antiserum dilution of 1:40,000. 

Figure 4.22: Photomicrographs of a representative section at bregma -3.14mm 

illustrating Kiss1 immunoreactive neurones (brown cytoplasmic stain) and fibres 

in the VMN in (A) control, (B) Teverelix only, (C) Teverelix with testosterone 

enanthate groups. 

Figure 4.23: Number of VMN Kiss1 immunoreactive neurones in rats treated 

with vehicle, Teverelix only, and Teverelix with testosterone enanthate using a 

primary kisspeptin antiserum dilution of 1:15,000. 

Figure 5.1:  Photomicrographs illustrating Fos immunoreactivity (black arrow) in 

the hypothalamus (ARC and DMN) of refed animals. 
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Figure 5.2:  Photomicrographs illustrating Fos immunoreactivity (black arrow) in 

the SON of refed animals. 

Figure 5.3:  Photomicrographs illustrating Fos immunoreactivity (black arrow) in 

the caudal ARC of refed animals. 

Figure 5.4:  Photomicrographs illustrating Fos immunoreactivity (black arrows) 

and Kiss1 positive cells (blue arrows) in the caudal DMN of refed animals. 

Figure 5.5:  Fos expression in kisspeptin neurones in the ARC, RP3V, and DMN 

after fasting for 24 hours and refeeding. 
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PART 1: Human Puberty 

 

1.1. Parameters of human male and female puberty: 

 Puberty, from the Latin pubertas, occurs between childhood and adulthood; this 

point in life reflects the achievement of reproductive function. During fetal and neonatal 

development, the hypothalamic-pituitary-gonadal (HPG) axis is highly active, becoming 

virtually quiescent during the juvenile phase and gradually disinhibited during late 

childhood, until its re-emergence in adolescence. The reactivation of the HPG axis 

enacts puberty and induces a physical transformation that in humans include the 

development of facial and body hair in males, psychosocial changes, adrenarche, 

alteration in voice harmonics, gonadal growth, gonadal function, and gametogenesis 

viable for fertilisation. Mammalian puberty is carefully orchestrated by several 

activating and repressing pathways in the HPG axis in both males and females, and 

disorders and variants of puberty are susceptible to changes in this axis.  

 Puberty occurs in both sexes in distinct manners at slightly different times. 

Puberty consists of pubarche and adrenarche, the latter of which commences two years 

before pubarche (Grumbach, 2002). In girls, much of pubertal development occurs 

between the age of 9 to 13, whereas in boys, it occurs between the age of 10 to 14 

(Graber et al., 2010). Pubertal development in boys starts with an enlargement of the 

testes between 9.5 and 13.5 years of age followed by penis growth, development of 

pubic hair, and deepening of the voice (Pinyerd & Zipf, 2005). Girls typically exhibit 

the first signs of sexual maturation at around 8 to 10 years of age, with the appearance 

of breast buds. Spermarche in boys and menarche in girls are clear indicators of puberty, 
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and both occur at a mean age of 13.4 years (Brämswig & Dübbers, 2009). However, 

endocrine disruptions can affect these parameters. 

 

1.2. Variants and disorders of human puberty: 

Normal variants of puberty include the acceleration, or delay, of growth, 

premature thelarche, premature pubarche and pubertal gynecomastia. Girls typically 

enter puberty earlier than boys but are more likely to present with early onset pubertal 

disease; on the other hand, boys are more likely to experience diseases of delayed 

puberty or not being able to reach full phenotypic and genotypic sexual maturity 

(Delemarre et al., 2008; Semaan & Kauffman, 2010). Pubertas tarda represents delayed 

puberty whilst in pubertas accelerate, puberty occurs earlier than normal.  

True or central precocious puberty is a premature endocrine activation of the HPG 

axis in which the initial signs of puberty appear in girls under age 8 or in boys under age 

9. Its prevalence is approximately 1:5,000 to 1:10,000 and it is 5 to 10 times more 

common in girls than in boys. Causes can be idiopathic or result from organic lesions in 

the pituitary or hypothalamic area. The premature activation of the HPG axis leads to an 

up-regulation of GnRH and pituitary GnRH receptors, which enhances synthesis and 

secretion of gonadotropins. Estradiol levels in females and testosterone levels in boys 

are markedly elevated for their age, and correspond to pubertal levels (Brämswig & 

Dübbers, 2009).  

Gonadotropin-independent early puberty, (‘precocious pseudopuberty’), arises 

before and independently of the maturation of the HPG axis. In this case, the HPG axis 

is suppressed by abnormally increased secretion of estrogen and testosterone (Brämswig 

& Dübbers, 2009). Tumours, steroid biosynthesis disorders (e.g. congenital adrenal 
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hyperplasia resulting from 11 and 21 hydroxylases), or congenital syndromes are some 

of the underlying causes. 

The etiology of absent puberty can be either hypogonadotropic (of hypothalamic 

or pituitary origin) or hypergonadotropic hypogonadism due to a failure of GnRH or 

gonadotropin signalling. No development of secondary sexual characteristics is 

observed and concentrations of luteinising hormone (LH) and follicle stimulating 

hormone (FSH) are low when the disturbance has its origin in the pituitary gland or the 

hypothalamus; LH and FSH levels are high when the cause is due to testicular or 

ovarian failure. In both circumstances, testosterone or estradiol levels are low and 

mature sperm production or follicular maturation ceases. GnRH neurone developmental 

defects, impaired function within GnRH cells, loss-of-function mutations of the GnRH 

receptor, disturbance of the interaction between GnRH ligand and the GnRH receptor, 

or problems associated with the release of intact gonadotropins can account for IHH. 

Likewise, inactivating mutations in the pituitary GnRH receptor, which leads to GnRH 

resistance, and to a lesser extent, mutations of the LH- or FSH-β subunits are equally 

predominant factors (Brämswig & Dübbers, 2009). 

The most evident problem associated with central precocious puberty is a delayed 

growth spurt. However, alarming issues arise with pubertal disorder such as a rapid 

onset of sexual activity, consumption of drugs, alteration in the diet, depression, 

polycystic ovarian syndrome (PCOS), Kallmann syndrome, and cancer, among others 

(Hay & Wu, 2002; Patton & Viner, 2007). Hence medical treatment with gonadotropin-

releasing hormone (GnRH) analogs is required to produce a continuous stimulation of 

the hypophyseal gonadotrophs, entailing a down-regulation of LH and FSH secretion 

(Soriano-Guillén & Argente, 2011).   
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PART 2: GnRH and puberty in the rodent 

 

2.1. The hypothalamic-pituitary-gonadal axis: 

GnRH neurones in the hypothalamus synthesise, store, and secrete GnRH; lengthy 

portal vessels transport GnRH peptide to the anterior pituitary, where the hormone binds 

to receptors on the surfaces of the gonadotrophs, which results in both synthesis and 

release of LH and FSH, which subsequently act on the gonads. The hypothalamic-

pituitary-testicular axis in males fulfils two primary purposes: spermatogenesis in the 

seminiferous tubules and androgen biosynthesis in the Leydig cells of the testes; LH and 

FSH control the Leydig and Sertoli cells in the testes, respectively (Boron & Boulpaep 

2012). In females, the hypothalamic-pituitary-ovarian drives the estrous cycle. LH and 

FSH stimulate the synthesis and secretion of estrogens and progestagens, which exert 

both positive and negative feedback in the hypothalamus and anterior pituitary 

(Goldman et al., 2007).  

GnRH, synthesised in neurones of the median preoptic area (MPOA), lamina 

terminalis, and mediobasal hypothalamus, is then transported along axons to the median 

eminence where it is stored in neurosecretory nerve terminals in the external zone of the 

median eminence. The external zone lacks a blood-brain barrier, so when GnRH is 

secreted from these terminals, it gains access into the hypophyseal portal capillary 

vessels, and is then transported to the adenohypophysis (Neill, 2005; Wray, 2010). At 

the median eminence, the GnRH axons and terminals are intimately associated with 

tanycyte-specialised glial cells, which are thought to play an active role in regulating 

secretion (Prevot et al., 2010). 
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 The following sections will be covering the neuroendocrinology of GnRH regulation, as  

 this is the main basis of the thesis, while briefly describing certain related areas but  

 without delving into more technical details. 

 

2.2. Description of Puberty in the Rodent: 

The principles of neuroendocrinology underlying puberty onset among mammals 

are conserved across various species. This involve the presence of functional GnRH 

neurones, control of those by neurotransmitters, release of GnRH into the portal 

vasculature, activation of gonadotropin secretion via binding of GnRH-I to the GnRH-I 

receptor on the surface of the gonadotropes, ovarian and testicular stimulation by LH 

and FSH, as well as sensitivity and response to steroidal positive and negative feedback 

(Davis et al., 2001). Anatomical signs of pubertal initiation in the male rat include 

testicular growth and balanopreputial separation. The only external signal indicating 

pubertal onset in females is canalisation of the vagina (Neill, 2005). Whereas human 

puberty is a result of gonadarche and adrenarche, rat puberty mainly depends on 

gonadarche (Pignatelli et al., 2006; Campbell, 2011). 

 

2.2.1. GnRH-I and GnRH-II: 

In rodents, GnRH-I and its receptor are the pivotal physiological regulators of 

reproduction. In rats, around 800 to 1000 hypothalamic neurones secrete this 

neuropeptide (Yin et al., 2007; Iyer et al., 2010). In vertebrates, three paralogous GnRH 

genes, GnRH-I, GnRH-II, and GnRH-III arose early in evolution from two rounds of 

genomic duplication, however, but in rodents the GnRH-III gene does not exist and the 

GnRH-II gene is silenced (Wray, 2010; Morgan & Millar, 2004; Millar et al., 2008; 

Okubo & Nagahama, 2008; Stewart et al., 2009). The GnRH structure was first 
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determined in 1971 by three different groups and the propeptide gene was first 

sequenced in 1984 (Sagrillo et al., 1996). In GnRH-I producing cells, the gene encodes 

for a 92-amino acid preproGnRH-I polypeptide, which consists of a functional 

decapeptide, a signal peptide, a GnRH-associated peptide (GAP) and an amidation/ 

proteolytic processing signal (Gly-Lys-Arg). GAP and these signals lead to the gene 

processing via proteolysis, the 92 amino acid prohormone into the decapeptide GnRH-I 

(pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) (Rangaraju et al., 1991; Choe et 

al., 2003; Son, 2003; Clarke & Pompolo, 2005; Lee et al., 2008). GnRH is then 

packaged in secretory granules and transported down axons to the external zone of the 

median eminence (Millar, 2005). Following peripheral, local intracerebral injection, or 

intracerebroventricular administration of GnRH in rodents also promotes reproductive 

behaviours such as mounting (in males) and lordosis (in females) (McCann, 1982; 

Jennes & Conn, 1994; Wu et al., 2006). 

 

2.2.2. GnRH receptors: 

In man and rodents, there is only one functional GnRH receptor. In rats and mice 

genomic deletions have silenced the type-II GnRH receptor, leaving only the functional 

type-1 GnRH receptor (Pawson et al., 2003). The human GnRH-I receptor, which 

shares a common ancestry with oxytocin and vasopressin receptors, is a 327-amino acid 

seven transmembrane G-protein coupled receptor (GPCR) in Family A (Rhodopsin) 

(Kraus et al., 2001; Fredriksson et al., 2003). GnRH exerts its effects on anterior 

pituitary target cells by binding to these selective plasma membrane receptors that 

transduce the peptide signal via activation of second messenger systems. One unusual 

feature of the GnRH receptor amongst the rest of the GPCR family is that it has a short 

intracellular third loop, and lacks the common carboxy-terminal cytoplasmic domain 
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(Kraus et al., 2001; Millar, 2005). C-terminal tails in GPCRs are crucial for agonist-

induced phosphorylation, arrestin binding, and arrestin-dependent desensitisation, 

internalisation, and signalling (Ferguson, 2001; McArdle et al., 2002; Finch et al., 

2010). GnRH signals primarily through a G-protein Gq/11 which stimulates 

phospholipase C, leading to a build-up of inositol triphosphate (IP3), downstream Ca2+ 

release, and protein kinase C (PKC) isozyme activation (Finch et al., 2010; Roch et al., 

2011). The GnRH receptor gene is expressed not only in the anterior pituitary, but also, 

in several brain regions including the amygdala, piriform cortex, olfactory bulb, 

hippocampus and mediobasal hypothalamus, among others (Jennes & Conn, 1994). 

Extrapituitary tissues that express this receptor include (but are not limited to) ovaries, 

mammary glands, testes, heart, and spinal cord (Hapgood et al., 2005; Quintanar et al., 

2009; Dong et al., 2011). 

 

2.2.3. GnRH neuronal distribution: 

In rodents, GnRH-I neurones arise in the nasal placode, and migrate around 

embryonic day 15 towards the rostral forebrain. By birth, most GnRH neurones have 

reached their final destination; then, their cell bodies are found widely scattered in the 

preoptic area and medial septum, but full development of axonal projections takes about 

23 weeks of postnatal life. At birth, the highest GnRH neuronal density is in the 

organum vasculosum of the lamina terminalis (OVLT), arranged in an inverted “V” 

pattern (Jennes & Conn, 1994; Herde et al., 2011). This GnRH perikarya pattern 

progresses from the horizontal limb of the diagonal band of Broca through to the 

vertical limb leading all the way to the medial septum. GnRH neurones are also 

localised in the cingulate gyrus of the cortex and are associated with the accessory 

olfactory bulb (AOB) (Witkin, 1999). In rats, there are no GnRH cell bodies in the 
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mediobasal hypothalamus (MBH), and the largest population is located in the pre-optic 

area (POA) continuing ventrally in the anterior hypothalamus. The arcuate nucleus and 

the median eminence (ME) are devoid of GnRH cell bodies, but receive abundant 

projections from GnRH neurones from other regions; these two regions are vital for the 

proper functioning of the sex steroid negative feedback loop and secretion of GnRH 

peptide into the hypophyseal portal bloodstream to stimulate gonadotropin biosynthesis 

and secretion (Merchenthaler et al., 1984; Witkin, 1999; Wray, 2002).  

GnRH neurones are either unipolar, or bipolar, and they project their axons to the 

OVLT and median eminence. Although not yet conclusive, there is strong evidence to 

suggest a role for morphological plasticity in the regulation of reproduction. Engulfment 

of GnRH terminals and axons by tanycytes, indicates a repressor role for tanycytes as 

their end-feet prevent these axons and terminals from reaching the pericapillary space of 

the pituitary portal vasculature. In the rat, on pro-estrous, a morphological remodelling 

of tanycyte end-feet allows GnRH axon or terminal penetration into the nerve 

parenchyma (Prevot et al., 2010). Estradiol-responsive astrocytes release transforming 

growth factor-α and -β (TGF-α and TGF-β) to enhance GnRH secretion (Dhandapani et 

al., 2003). Astroglial cells also release several growth factors that regulate GnRH 

neuronal function, including epidermal growth factors (EGF), insulin-like growth 

factor-1 (IGF-1), and basic fibroblast growth factor (bFGF), as well as cytokinins, and 

glutamate among others (Ojeda et al., 2008). Nitric oxide (NO) is a gaseous 

neurotransmitter that isn’t stored in vesicles but which diffuses across biological 

membranes after its synthesis to exert its effects. NO alters GnRH neurone membrane 

properties at postsynaptic sites and mediates the vascular endothelial-neuronal 

interactions by inducing cytoarchitectural changes in tanycytic end-feet (Clasadonte et 

al., 2008; Bellefontaine et al., 2011). 
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 2.2.4. Steroid responsiveness of GnRH neurones: 

Gonadal steroids powerfully influence GnRH secretion. In rodents of both sexes, 

GnRH neurones possess neither estrogen receptor alpha (ERα), nor androgen or 

progesterone receptors. They do express estrogen receptor β (ERβ), but the functional 

relevance of this receptor, for GnRH secretion within the HPG axis is very unclear 

(Smith, 2008; Oakley et al., 2009). Thus, GnRH cells need to converge afferent signals 

from steroid sensitive neurones, which will be responsible for conveying information 

about sex steroid signalling and for providing functional input for GnRH 

neurosecretion. Estradiol regulates GnRH neurones during a substantial part of the 

ovarian cycle in females, including the positive feedback generation of the preovulatory 

GnRH surge in females, and in males (following conversion from testosterone) in the 

negative feedback. GnRH neurone function is inhibited and inactivity increases during 

the negative feedback phase, associated with a decrease in whole-cell calcium currents 

and a reduction in glutamate and ɣ-aminobutyric acid (GABA) synaptic transmission (it 

is at present controversial whether GABA is excitatory or inhibitory to GnRH 

neurones). Conversely, the tone of GABA neurotransmission and the activity of GnRH 

neurones increase during positive feedback (Norberg et al., 2013; Moenter, 2010). 

Androgens and progesterone also affect GnRH burst firing. In female mice treated with 

progesterone (P4), GnRH neurones exhibit a decrease in GnRH neurone voltage-gated 

calcium currents, whereas these currents are potentiated after dihydrotestosterone 

(DHT) treatment (Sun & Moenter, 2010). Progesterone, which typically acts via the 

progesterone receptor (PR), acts as a potent inhibitor of pulsatile GnRH release; P4 

effects on GnRH cells aren’t modulated neither by glutamatergic nor GABAergic 

neurones (Bashour & Wray, 2012). 
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2.2.5. FSH and LH synthesis and secretion: 

The anterior lobe of the pituitary, or adenohypophysis, synthesises and secretes 

six peptide hormones: LH, FSH, prolactin (PRL), growth hormone (GH), thyroid 

stimulating hormone (TSH), and adrenocorticotropic hormone (ACTH). GnRH is 

secreted into the median eminence, where it enters a leaky capillary system, which is 

outside of the blood-brain barrier. It then travels across the pituitary portal veins (or 

primary plexus) to reach the anterior lobe (Boron & Boulpaep, 2012).   

LH and FSH are heterodimeric glycoproteins composed of a universal α-subunit 

and a specific β-subunit (FSH-β and LH-β). LH and FSH subunit gene expression and 

secretion are controlled by sex steroids that act either indirectly via modulation of 

GnRH pulses or directly on the gonadotrophs (Shupnik, 1996). Three polypeptides 

(activin, inhibin, and follistatin) modulate FSH biosynthesis. Activin stimulates the 

production of the β-subunit of FSH, and follistatin binds irreversibly to extracellular 

activin molecules, rendering them nonfunctional; inhibin, released from the gonads, 

binds to both an inhibin receptor and activin, forming a cross-linked complex that 

prevents activin from binding and that disrupts activin signal transduction (Bertram & 

Li, 2008).  

The rhythmic GnRH secretory patterns affect the expression rates of the genes 

that code for the α, LH-β and FSH-β subunits of LH and FSH. On the other hand, the 

pulsatility of GnRH additionally establishes the dimerisation and glycosylation of the α, 

LH-β and FSH-β subunits. GnRH pulses drive the intermittent release of LH and FSH 

from the pituitary. Pulse amplitude and frequency change depending on the 

physiological status, there is a lower frequency during the luteal phase and a higher 

increased frequency during the follicular phase of the rat estrous cycle (Shupnik, 1996). 

This pulsatile pattern is necessary for the biological efficacy of the hormone signals:



General introduction   Chapter 1 

	  	  	  	  	  
11 

continuous GnRH administration doesn’t stimulate the transcription rate of any of the 

subunit genes (Shupnik, 1996), but continuous administration of a GnRH antagonist 

suppresses mRNA of the LH and FSH α-subunit and of the unique LH-β and FSH-β 

subunit peptides. Steroidal positive feedback generates the pre-ovulatory LH surge 

whilst negative feedback from the steroids downregulates the GnRH pulse generator 

and negatively regulates gonadotropin gene expression. In both male and female rats, 

castration increases levels of all three subunit mRNAs, and subsequent replacement of 

testosterone or estradiol reduces pituitary mRNA levels to those of intact animals 

(Shupnik, 1996; Burger et al., 2002).  

GnRH neurones are assisted by diverse transynaptic and glial inputs that act as 

facilitatory signals in stimulating GnRH release. Nevertheless, neuronal afferents are 

key constituents of the mechanisms required for the synchronised triggering of pulsatile 

GnRH release, albeit these actions not occurring on GnRH neurones themselves (Pinilla 

et al., 2012). Thus, secretion of the gonadotropins is also regulated by neuropeptides 

such as corticotropin-releasing hormone (CRH) or neuropeptide Y, and by endogenous 

opioids, GABA, glutamate, and norepinephrine among others, consequently illustrating 

the complexity of the system (Boron & Boulpaep, 2012). 

 

2.2.6. FSH and LH action on gonads: 

The gonadotropins exert their effects via LH and FSH receptors located within the 

testes and ovaries (Zirkin & Chen, 2000; Markstrom, 2002). FSH promotes follicle 

development in females and together with LH, stimulates estrogen secretion. In males, 

FSH promotes the physical maturation of developing sperm. In females, LH induces 

ovulation and promotes ovarian secretion of estrogens and progestins, preparing the 
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body for possible pregnancies; in males across various species, LH stimulates the 

biosynthesis of androgens (Martini, 2003). 

Leydig cells are the testosterone producers of the testis. Mature Leydig cells have 

more LH receptors than Leydig cell progenitors or immature Leydig cells. LH enhances 

testosterone production by induction of biosynthetic enzymes and preserves adult 

Leydig cell morphology (Chen et al., 2009; Benton et al., 1995). FSH acts via FSH 

receptors that are exclusively found on Sertoli cells (Viswanathan et al., 2009). In adult 

rat testis, FSH supports spermatogonial populations and partially sustains maturation of 

spermatocytes (Meachem & Wreford, 1998; Ruwanpura et al, 2008). 

The ovaries comprise follicles, which consist of an innermost oocyte, surrounding 

granulosa cells and an external layer of thecal cells (Hsueh et al., 2000). In the rat 

ovary, FSH is an indispensable survival hormone that prevents the atretic degeneration 

and resorption of the early antral follicles; it is also crucial for granulosa cell 

differentiation in antral and pre-ovulatory follicles, which will allow estrogen 

biosynthesis and the preparation of preovulatory follicles for ovulation (Hsueh et al., 

2000). Like LH, FSH is also produced in the gonads (Schirman-Hildesheim et al., 2008; 

Litichever et al., 2009).  

 

2.2.7. Steroid production: 

Steroidogenesis, the synthesis of the sex steroids, occurs in the testis and ovaries. 

LH’s acute effects on rat Leydig cells are initiated via specific, high affinity LH 

receptors. This triggers a cascade of events involving the activation of adenylate 

cyclase, increased formation of intracellular cAMP, translocation of cholesterol into the 

mitochondria, association of cholesterol with the P450 side-chain cleavage enzyme 

(P450scc), production of pregnenolone from cholesterol, pregnenolone translocation
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from the mitochondria to the smooth endoplasmic reticulum (SER), and pregnenolone 

conversion to testosterone via a set of reactions in the SER (Zirkin et al., 1997). In the 

Leydig, Sertoli, and germ cells, androgens are converted to estrogens by the enzyme 

aromatase (Lambard et al., 2005; Carreau & Hess, 2010). Likewise, ovarian 

steroidogenesis is orchestrated by a complex cascade of signals in the theca and 

granulosa cells. LH acts upon theca cells via cAMP to regulate P450 mRNA levels in 

the enhanced production of androstenedione. Within granulosa cells, 17-ketosteroid 

reductase converts androstenedione to testosterone. It is widely accepted that aromatase 

catalyses conversion of androstenedione to estrone, 16a-hydroxylated 

dehydroepiandrosterone to estriol, and testosterone to estradiol (Richards & Hedin, 

1988).  

 

2.2.8. Steroid feedback:  

Not only does the HPG axis transmit negative-feedback signals, but (in females) it 

also possesses a positive-feedback mechanism, responsible for generating a robust surge 

of LH and FSH into the peripheral circulation (Levine, 1997) – the preovulatory LH 

surge, which is an absolute prerequisite for ovulation.  

Estrogen and progesterone are fundamental players in the female positive and 

negative feedback loops. Ovariectomy abolishes the preovulatory surge and estradiol 

administration to ovariectomised rats can rescue the positive feedback; estrogen 

antagonists also abolish the GnRH surge (Mahesh & Brann, 1998). Neurone-specific 

ERα knockout (KO) mice show a lack of estradiol positive feedback (Christian et al., 

2008). The GnRH/LH surge in rats and mice only occurs when the circadian clock 

signals and the rising estrogen coincide (Herbison, 2008).  
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Various hypothalamic regions and pituitary sites regulate the actions of estradiol 

(Mahesh & Brann, 1998). In cycling female rats, estradiol is accompanied by 

progesterone to induce sexual behaviour and the LH surge required for ovulation. 

Circulating estrogen derived from the ovaries activates estrogen receptors in the 

hypothalamus and preoptic area (Micevych et al., 2008). Acting together, the negative 

feedback actions of inhibin, estrogen, and progesterone maintain low levels of LH and 

FSH secretion during the ovulatory cycle (Levine, 1997). 

 

2.2.9. Maturation of HPG axis at puberty: 

In male and female rats, GnRH first appears in the brain occurs at around 

gestational day 12 (Neill, 2005). Male rat sexual development has four phases: neonatal 

(the first week after birth), infantile (from postnatal development (PND) day 8 to 21), 

juvenile (ending around PND 35), and peripubertal (ending at around 55 to 60 days of 

age) (Neill, 2005). Female rat postnatal development has four different phases: neonatal 

(from birth to PND 7), infantile (from PND 8 to 21), juvenile (ending around PND 30-

32), and a peripubertal phase with a variable time interval that concludes with the first 

ovulation, at around days 38-40 (Neill, 2005). 

In female rats, hypothalamic GnRH content is low until about gestational day 17-

18 and then increases substantially around the day of birth (Neill, 2005). Shortly after 

birth, FSH levels rise, reaching maximum values by day 12. After this day, FSH levels 

decline, and by the end of the juvenile period, FSH levels are one fifth of those present 

at around PND 15 (Neill, 2005). Similarly, plasma LH concentrations are lower during 

the juvenile phase than in the neonatal-infantile phase. GnRH levels in the 

hypothalamus significantly increase from the day of birth until the end of the juvenile 
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period. GnRH pulsatility resumes at the peripubertal period and brings along an increase 

in the basal LH level and LH pulses (Neill, 2005) 

As mentioned, GnRH is detected at gestation day 12 and, in males. GnRH levels 

continue to increase past puberty into adulthood, unlike in females where they attain a 

maximum intensity right before proestrous. The greatest LH profile occurs between 35 

and 45 days of age, whereas that of FSH takes place between 25 and 35 days of age 

(Dutlow et al., 1992; Neill, 2005). Maturation of the GnRH precursor to the fully 

processed GnRH occurs in a span of 1-2 days; the ratio of GnRH precursor to GnRH is 

high until the apogee on postnatal day 24 where precursor level is at its highest and a 

marked decline to low levels follows from day 26 onwards  (Dutlow et al., 1992). 

 

2.2.9.1. Spermatogenesis: 

Endocrine control of spermatogenesis, a testosterone-dependent process for the 

production of viable mature gametes, commonly called sperm, arises as a coordination 

of LH and FSH actions on Leydig and Sertoli cells respectively. Androgens exert a 

salient effect on spermatogenesis and high populations of androgen receptors are 

located in the Leydig and Sertoli cells (Hill et al., 2004). Moreover, GnRH mRNA and 

receptors are present at particular phases of spermatogenesis; additionally, presence of 

GnRH receptors in spermatozoa has been proposed. This aspect will not be reviewed in 

further detail here as the primary focus is on the neuroendocrine regulation of GnRH. 

 

2.1.9.2. Estrous cycle: 

The non-seasonal, spontaneous, rat polyestrous cycle differs from that in other 

mammalian species in having a short luteal phase and in depending on photoperiodicity  

(Neill, 2005). The ovarian cycle has four stages, commencing with proestrous. During 
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the late afternoon and early evening of proestrous, the LH surge occurs; and, ovulation 

follows during the early evening of proestrous (Sellix et al., 2013). It is followed by 

estrus, when the female is willing to interact sexually with the male. In the absence of 

conception, estrus is followed by a succinct recovery stage termed metestrus during 

which the estrous changes in the reproductive organs subside (Allen, 1922; Neill, 2005) 

Finally, during diestrus, secretions from the ovary prepare the reproductive tract for 

implantation of the ovum, fertilised shortly after mating during estrous (Neill, 2005). 

Regression of the corpus luteum (luteolysis) occurs in the absence of pregnancy at this 

stage and is characterised by a decline of progesterone secretion (McCracken et al., 

1999). If the ovum hasn’t been fertilised, the female enters once again into proestrous 

and the cycle starts all over. Ovulation occurs every 4-5 days throughout the year. 

Oogenesis and folliculogenesis are two events arising from the estrous cycle.  

The timing of puberty reflects the point when the ovary acquires the capacity to 

secrete enough estrogen for a prolonged time. Estrogen evokes a release of GnRH from 

the hypothalamus and a sensitisation of the gonadotrophs to the stimulatory effects of 

GnRH (Neill, 2005) The first indicator that puberty is underway is seen after the fourth 

postnatal week, around PND 30, as a diurnal change in the LH release mode. 

 

2.3. Knobil’s work on the LH pulse generator: 

Ernst Knobil made a major contribution to the field of neuroendocrinology by his 

work on the GnRH pulse generator. His discoveries revealed that hypothalamic GnRH 

pulsatility stimulated LH pulses, and that continuous GnRH stimulation desensitised LH 

release from the pituitary. LH pulsatility led to the notion of a signal generator, or 

oscillator, in the central nervous system, typically referred to as the “GnRH pulse 

generator” (Neill, 2001). Knobil observed the presence of rhythmic oscillations and 
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pulsatile secretion in LH plasma concentrations in rhesus monkeys and demonstrated 

the importance of pulsatile GnRH secretion by studies in rhesus monkeys with 

hypothalamic lesions that eradicated endogenous LH pulses and abolished the menstrual 

cycle. Menstrual cyclicity of hypothalamic-lesioned monkeys was restored after 

administration of GnRH injections with an adequate intermittent frequency (Neill, 2005; 

Maeda et al., 2010). Very low or very high LH pulse frequencies induced by exogenous 

GnRH led LH secretion to be suppressed to minimal levels; providing a basis for the 

concept that the menstrual cycle could be dominated exclusively by pulsatile GnRH 

secretion (Maeda et al., 2010; Pohl et al., 1983; Wildt et al., 1981). The mechanism that 

he helped dissect is now used to inhibit gonadotropin secretion by continuous exposure 

of the pituitary to GnRH analogues (Andreyko et al., 1987; Maeda et al., 2010). 

Knobil’s electrophysiological recordings in the mediobasal hypothalamus (MBH) of the 

monkey showed how periodic increases in multiple unit activity corresponded to each 

LH pulse (Williams et al., 1990). 

The mechanism for GnRH pulsatile release in primates thus seems to consist of a 

neural oscillator with an approximate period of 60 min. Continuous GnRH infusion 

inhibits LH and FSH secretion, whereas, intermittent administration of GnRH restores 

normal pituitary function in rhesus monkeys (Belchetz et al., 1978; Nakai et al., 1978). 

The normal frequency of GnRH pulsatility in monkeys was measured in terms of 

reestablishment of LH and FSH secretion by administration of GnRH at 1µg/min for 6 

min every hour (Knobil, 1981). Increments from 2 to 5 GnRH pulses/h diminished 

gonadotropin secretion; whereas reducing the frequency from one pulse/h to one every 3 

h had little effect on plasma LH concentrations while FSH levels increased gradually 

(Knobil, 1981). Knobil and his colleagues demonstrated as well that the circhoral 

discharge of GnRH is the most important signal to control the 28-day menstrual cycle of 
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the rhesus monkey; they postulated these results in monkeys with lesioned hypothalami, 

which abolish GnRH production and secretion, as evidenced by undetectable circulating 

gonadotropin concentrations and by unresponsiveness to the positive feedback actions 

of estrogen (Knobil, 1981). These monkeys were then put on a replacement regime 

(administrating one pulse of GnRH/h by programmed infusion pumps for several 

months), which restored ovulatory cycles of normal duration (Knobil, 1981). 

 

2.3.1. Reproductive neuroanatomy: 

Key nuclei in the regulation of male and female sexual behaviour are the medial 

preoptic area (MPOA), the bed nucleus of the stria terminalis (BnST), the medial 

amygdala (MEA), and the central tegmental field (Veening & Coolen, 1998). These 

nuclei are reciprocally interconnected and receive direct innervation from the main and 

accessory olfactory lobes (Larsson & Ahlenius, 1999). One major nucleus involved in 

reproduction and in puberty is the sexually dimorphic anteroventral periventricular 

nucleus (AVPV); AVPV neurones innervate nuclei surrounding the periventricular 

region and directly project to GnRH neurones (Simerly, 2002). The arcuate nucleus 

(ARC) contains different neuronal populations that constitute part of the puberty-

triggering mechanism (Kauffman et al., 2009). 

 

2.3.2. GnRH pulsatility: 

The GnRH pulse generator can be defined as a set of neurones that intermittently 

fire a high-frequency volley of action potentials, resulting in a GnRH neurosecretory 

pulse into the hypophyseal vasculature; electrophysiological studies have revealed two 

crucial elements of the GnRH pulse-generating mechanism: 1) a pacemaker, and 2) a 

mechanism for electrophysiological synchronisation among neurones (Levine, 1997). 
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GnRH pulse frequency changes during the ovarian cycle and this leads to different LH 

and FSH release patterns, resulting in an ideal steroidal milieu for ovarian follicle 

production and for the optimal function of reproduction.  

As mentioned, the need for GnRH release to be driven by pulses is mandatory for 

mammalian fertility. Continuous GnRH administration induces desensitisation of the 

pituitary gonadotropes leading to inhibited gonadotropin release and infertility 

(Belchetz et al., 1978). At proestrous, there is a large increment of GnRH pulses, which 

drives the LH/FSH surge as well as ovulation. High GnRH pulse frequencies lead to 

greater LH synthesis and secretion in contrast to lower frequencies, which favour FSH 

synthesis and discharge (Christian & Moenter, 2010). 

 

2.3.3. Timing of puberty: 

Pubertal development is coordinated by progressive increases in the 

neurosecretory actions of GnRH neurones. These increments in the pulsatile release of 

GnRH are generated by increments in neurone and glia excitatory inputs to the network 

of GnRH neurones and decreases in transsynaptic communication. Glutamate and the 

peptide kisspeptin are the most prevalent excitatory neurotransmitters/neuromodulators 

affecting the GnRH neurone network; the major inhibitory signals are provided by 

GABA and opioids (Ojeda et al., 2006). Female puberty is typified by LH level 

increases and the appearance of estrogen-dependent LH mini surges. GnRH pulse 

frequency, but not amplitude, is accelerated after vaginal opening, with increasing age 

(30 to 47 postnatal days) and in females displaying prolonged late afternoon increments 

in GnRH release (Sisk et al., 2001). Harris and Levine (2003) demonstrated that GnRH 

pulsatility accelerated in pubertal male rats and plateaued to a rate that is conserved in 

the adult stage. GnRH pulsatile secretion doubles in peripubertal rats from PND 45-50
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and is almost equivalent to the adult rat GnRH pulse frequency rate around PND 48-50. 

Serum LH and T levels augment from P45 onwards. 

 

2.4. Sex differences in regulation of GnRH release: 

Rodents exhibit sexual differences in the regulation of GnRH secretion in 

scenarios like pulsatility, timing, LH surges, removal and imposition of negative 

feedback signals, among others. Secretion can be affected by a plethora of factors such 

as lesions and disruptions to the HPG system, perinatal influences, or actions of steroids 

on GnRH neurones. 

 

2.4.1. Perinatal influences: 

Feminisation is the default pathway in the rodent brain that directs female sexual 

behaviour in adulthood. During the perinatal sensitive window, exposure of the brain to 

testosterone, or its metabolite estradiol, alters brain structure, circuitry and function.  

Masculinisation involves estrogen organising male-specific circuitry and enabling 

the generation of male sexual behaviour at an adult stage. Defeminisation is the process 

by which female-specific characteristics are suppressed in the brain, abolishing the 

capacity to generate a surge release of LH and FSH and the expression of female sexual 

behaviour in adults (Nugent et al., 2011). In other words, defeminisation entails the loss 

of capacity of adults to respond to the activational effects of progesterone and estrogen. 

The neonatal steroidal milieu is involved in the masculinisation and 

defeminisation of the male and female rodent brain. In male rats, androgen secretion 

from the testes produces two episodes of perinatal plasma testosterone elevations, one 

during gestation between embryonic days 15 and 18, and another at 2 h after birth 

(Simerly, 2002; Macleod et al., 2010). A surge of testicular androgens, but more 
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importantly, a conversion of testosterone to estradiol via aromatase, drives the 

configuration of the male phenotype (Wright et al., 2008; Matsuda et al., 2011). Two 

forebrain structures that strongly reflect the organisational effects of steroids are the 

preoptic area (POA), containing the AVPV, and the mediobasal hypothalamus (MBH), 

which contain GnRH nerve endings (Simerly, 1998; Todd et al., 2005; Nugent et al., 

2011). 

By the 1990’s it had become clear that the pulsatile pattern of GnRH secretion 

was of key physiological relevance, but still little was known about how this was co-

ordinated.  Gonadal steroids clearly had an important modulatory effect on this 

patterning – but whereas estrogen had an inhibitory effect on pulsatile secretion, 

paradoxically it had a stimulatory effect on secretion at proestrus. It was still unclear 

exactly which pathways mediated either of these effects – except that GnRH neurones 

themselves did not appear to be estrogen sensitive.  Finally, little was known about what 

activated this crucial system in the first place – how exactly did puberty come about?  
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PART 3: Kisspeptin 

 

 

3.1. Kisspeptin physiology: 

Kisspeptin (KP), coded by the Kiss1 gene, and its cognate receptor G protein 

coupled-receptor 54 (GPR54, or Kiss1r) regulate the HPG axis. KP is an upstream 

regulator of GnRH neurones mediating signals to the GnRH network such as metabolic 

inputs and photoperiodicity, serving as a conduit for positive and negative feedback 

regulation. 

 

3.1.1. History: 

The Kiss1 gene was discovered as a malignant melanoma metastatic suppressor in 

1996 (Lee et al., 1996; Lee & Welch, 1997) and cloned in 1998 (West et al., 1998). In 

1999, the receptor, GPR54 (Lee et al., 1999) was discovered and its endogenous ligand, 

kisspeptin (KP), was discovered two years later (Kotani et al., 2001; Muir et al., 2001; 

Ohtaki et al., 2001).  Seminal studies in humans in 2003 associated lack of Kiss1r 

expression with idiopathic hypogonadotropic hypogonadism (IHH) (de Roux et al., 

2003; Seminara et al., 2003). IHH is defined as low secretion of gonadotropins from the 

pituitary, resulting in delayed puberty and infertility. The clinical features include 

partial breast development and delayed menarche in females and small penis and 

testicles in males. Mice lacking Kiss1r phenocopied the human disease conditions 

(Funes et al., 2003; Seminara et al., 2003; Tena-Sempere, 2008). 
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 3.1.2. Kiss1/Kiss1r system: 

The human KISS1 gene is generally understood to have four exons with the first 

two being noncoding; (although one study advocates a different genomic organization 

consisting of three exons, the initial one being a noncoding exon); it encodes a 145 

amino acid precursor, which is post-translationally modified resulting in a C-terminally 

amidated 54-amino acid peptide and other fragments (kisspeptin-14, kisspeptin-13, and 

kisspeptin-10) (West et al., 1998; Harms et al., 2003; Luan et al., 2007; Mueller et al., 

2011). In mice and rats, the gene has three exons (Horii et al., 2013; Tomikawa et al., 

2012) and the longest cleavage Kiss1 product is of a 52-amino acid peptide 

characterised by a carboxyl terminal Arg-Tyr-NH2 motif. The 10-amino acid C-

terminus peptide is fairly well conserved across species and is the minimal sequence 

needed for Kiss1 receptor binding and activation in mammals (Gottsch et al., 2009; Li 

et al., 2009). In humans, all kisspeptin molecules comprise an Arg-Phe-NH2 motif 

pertaining to the RF-amide family, which comprise neuropeptides FF, AF, RF-related 

peptides (RFRP-1 and RFRP-3), QRFP43 among others (Pinilla et al., 2012). Thus the 

c-terminal F and Y are interchangeable as a conservative substitution. 

A member of the rhodopsin family of G-protein coupled receptors, GPR54, or 

KISS1R, was discovered in 1999 as an orphan receptor related to galanin receptors, and 

was revealed to be activated by kisspeptin and also a major player in puberty (Lee et al., 

1999; Muir et al., 2001) (Ohtaki et al., 2001; Matsui et al., 2004). Kiss1r mutations are 

linked to IHH (de Roux et al., 2003; Colledge, 2008) while a gain-of-function mutation 

in Kiss1r can predispose humans to central precocious puberty (Teles et al., 2008; Noel 

& Kaiser, 2011). Genetic engineered mice rendered to lack the kisspeptin receptor 

reflected the human scenario of IHH; transgenic Kiss1 knockout (KO) mice 

duplicated/confirmed this finding (Funes et al., 2003; Lapatto et al., 2007; Colledge, 
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2009; d'Anglemont de Tassigny et al., 2007). Yet, Kiss1r gene null mice display more 

complete and less variable hypogonadism than Kiss1 gene knockouts, indicating that 

Kiss1-deficient mice are less prone to fully develop IHH (Lapatto et al., 2007).  

 

3.1.3. Kisspeptin signalling via Kiss1r: 

Kisspeptin signals via a seven transmembrane domain, Gq/11-couple receptor, 

commonly known as GPR54 or Kiss1r, which upon activation leads to increases in 

intracellular calcium stores [Ca2+]i  without detectable alterations in intracellular cAMP 

levels, which suggests the of involvement of Gq/11 and absence of G i/o and/or Gs 

proteins activation (Kotani et al., 2001; Muir et al., 2001). Ligand binding leads to 

dissociation of the alpha subunits from the β/γ-subunit, which stimulates phospholipase 

C (PLC) and triggers conversion of phosphatidylinositol bisphosphate (PIP2) via 

hydrolysis into inositol 1,4,5-triphosphate (IP3). This induces a release of calcium from 

intracellular stores, which in turn modulates the permeability of ion channels, resulting 

in depolarisation. PIP2 is also converted into diacylglycerol (DAG), activating protein 

kinase C (PKC), which phosphorylates MAP kinases (e.g. p38 and ERK1/2). Absence 

of β-arrestin-1 enhances phosphorylation of ERK1/2 by Kiss1r whereas the presence of 

β-arrestin-2 positively regulates it (Szereszewski et al., 2010). Other types of signalling 

circuits, receptor desensitisation mechanisms and regulatory expression conduits add to 

the embodiment of Kiss1r function. 

 

3.1.4. Orchestration of Kiss1/Kiss1r in reproduction: 

The landmark clinical findings of the effects of Kiss1r gene deletions and 

inactivating mutations divulged the reproductive facet of the anti-metastatic kisspeptins. 

Experiments using Kiss1 and Kiss1r null mutants provided an excellent parallelism to 
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human studies. Patients with deletions and/or mutations of the Kiss1r gene exhibited 

failed sexual maturity, failure of proper gonadal function, and concentration of 

gonadotropins in the low-normal range; however, they responded to administration of 

exogenous GnRH (Seminara et al., 2003). This excludes the possibility of pituitary 

failure with respect to IHH, in contrast to cases of inactivating mutations of the GnRH 

receptor that lead to loss of binding of GnRH to its receptor (de Roux et al., 1997). 

Moreover, Kiss1r-deficient mice have the same hypothalamic content of GnRH as their 

wild-type counterparts (Seminara et al., 2003), so there are no migratory defects of 

GnRH cell precursors from the olfactory placode. Mice with targeted deletions of the 

Kiss1 gene similarly have normal GnRH neuronal migration and GnRH synthesis 

(d'Anglemont de Tassigny et al., 2007). 

Thus, patients with compromised Kiss1/Kiss1r signalling and with no signs of 

defective GnRH neuronal migration, GnRH content, or pituitary sensitivity to GnRH 

unravelled an important facet as upstream excitatory regulatory of GnRH neuronal 

control and secretion. The idea of kisspeptin as an essential gatekeeper of puberty and 

neuromodulator of the HPG axis was postulated even before major investigations were 

carried out such as 1) the presence of Kiss1 neurones in the hypothalamus, 2) the 

astonishing potency of kisspeptin to trigger GnRH and gonadotropin secretion, and 3) 

the existence of Kiss1r in GnRH hypothalamic neurones (Pinilla et al., 2012). 

 

3.1.5. Kiss1 neurones and brain sexual differentiation: 

Activation patterns of puberty in the HPG and their ensuing roles in adult life are 

sexually dimorphic. This dimorphism begins during early development (referred to as 

“critical windows”) and exhibits itself during late stages of postnatal development; 

hormones are the drivers of this phenomenon in tandem with other sex-determining 
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events, as is the case with gonadal differentiation. Rodent brain sexual differentiation 

occurs from the late embryonic stages to an early postnatal age (Gore, 2008; Pinilla et 

al., 2012). A distinctive neurohormonal feature of sexual dimorphism is easily observed 

in the cyclic secretion of the GnRH/ gonadotropin system, which reflects the ability of 

estrogens, mainly in females, to induce a preovulatory gonadotropin surge from puberty 

onwards (Pinilla et al., 2012). In addition, recent evidence indicates that puberty is a 

second critical window during which alterations in sex steroid inputs can instigate 

permanent functional changes in neurohormonal axes, such as the stress or corticotropic 

axes (Evuarherhe et al., 2009). The advent of puberty is sexually dimorphic, as females 

enter puberty earlier than males (Ojeda et al., 2010).  

      Abundant studies have marked the AVPV as an area that is sexually dimorphic at 

puberty and throughout adult life, which contains more Kiss1 cells in females than in 

males (Clarkson & Herbison. 2006; Kauffman et al., 2007). The AVPV “hosts” the 

stimulatory effects of estrogen on Kiss1 mRNA expression and Kiss1 content, and it 

elicits the preovulatory gonadotropin surge in female rodents (Smith et al., 2005; Smith 

et al., 2005; Christian & Moenter, 2010). AVPV Kiss1 neurones in rats are very 

sensitive to sex steroid organisational effects: for example, high doses of androgens 

administered to neonatal female rats drastically reduces AVPV Kiss1 mRNA expression 

during adulthood; neonatally androgenised females exhibited Kiss1 mRNA levels 

similar to those in adult males and lower than in cycling females. Estradiol 

administration during adulthood was unable to augment kisspeptin mRNA levels at the 

AVPV, in androgenised females (Kauffman et al., 2007). Likewise, other manipulations 

of the neonatal sex steroid environment dampen estrogen’s ability to induce positive 

feedback on LH secretion (Homma et al., 2009). In male rats, neonatal orchidectomy 

generates feminises Kiss1 and kisspeptin AVPV expression, resulting in higher levels 
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than in normal adult males. In consonance with this, it also results in the capacity to 

evoke surgelike LH responses to estradiol at doses equivalent to those generated during 

ovulation (Homma et al., 2009). Hypogonadal hpg mice that are deficient in GnRH and 

hence have low levels of sex steroids, display far fewer AVPV Kiss1 neurones than 

wild-type mice, and do not display the expected stimulatory reaction to estrogen at the 

AVPV (Gill et al., 2010). In female rats, neonatal estrogenisation produces a reduction 

in the number AVPV Kiss1 cells and blunts estradiol’s positive feedback effects 

(Homma et al., 2009). Congruently, neonatal estrogenisation by synthetic estrogens 

perturbs the functions of the HPG axis as well as suppressing Kiss1 gene expression in 

the hypothalamus (Pinilla et al., 2012). Experiments using α-fetoprotein (AFP) KO 

mice, (AFP is a scavenging protein of circulating estrogens particularly at early 

development) showed that, in females, excess estrogen disrupts the ability to produce 

preovulatory-like LH surges and to activate AVPV kisspeptin cells during adulthood as 

well as decreasing the numbers of AVPV Kiss1 neurones (González-Martínez et al., 

2008). Aromatase null female mice, wherein the conversion from androgens to estrogen 

is restrained, do not show the normal increase in the amount of AVPV Kiss1 cells at 

puberty; and adults have fewer AVPV kisspeptin neurones, demonstrating the need for 

the organisational actions of early estrogens (Clarkson et al., 2009; Bakker et al., 2010).  

Proper discrimination between early organisational effects versus posterior activational 

roles of sex steroids is hard to accomplish with these knockout models (Pinilla et al., 

2012). 

There are quite a remarkable number of papers based on rodent studies yet species 

differences are of major importance and need to be identified. Sheep Kiss1 cells that 

control positive- and negative-feedback are primarily found in sub-regions of the ARC, 

although there is another Kiss1 population within the POA that has been suggested to 
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evoke the preovulatory surge (Estrada et al., 2006; Smith et al., 2009). The ARC/ 

infundibular region in primates and humans contains the majority of hypothalamic 

Kiss1 cells, and modulates Kiss1 gene by inhibiting androgens and estrogens (Rometo 

et al., 2007; Shibata et al., 2007; Ramaswamy et al., 2008). Recent ISH investigations 

in rodents have indicated that ARC Kiss1 mRNA levels are already high in neonate 

female rats (Cao & Patisaul, 2011). Prenatal exposition to testosterone in female sheep 

does not affect ARC Kiss1-cell immunoreactivity in the adult state, but profoundly 

inhibits neurokinin B (NKB) expression (Cheng et al., 2010). 

Some lines of study have focused on the above mechanisms of brain sexual 

differentiation with regards to Kiss1 hypothalamic cell populations, while others have 

embarked on unravelling the impact of sex steroids. The latter have been strongly 

implied to potentiate human and wild-life HPG endocrine disruption, especially during 

the developmental period due to detrimental exposures to both synthetic and natural 

compounds of androgenic, anti-androgenic, or estrogenic bio-activity (Pinilla et al., 

2012). 

 

3.1.6. Kiss1 neurones and puberty regulation: 

      A triggering event in the initiation of puberty is the gradual increment in GnRH 

neurone secretion activity that stimulates secretion of LH and FSH to achieve full 

gonadal maturity and function. The GnRH secretion pattern changes that occur at 

puberty are largely a result of the plasticity of GnRH neurones and altered glial and 

trans-synaptic input signals to the GnRH network, together with a combination of 

increased excitatory signals, and a decrease of inhibitory inputs directed towards GnRH 

cells (Pinilla et al., 2012). 
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The pillar studies in mice and humans that possessed inactivated Kiss1r genes and 

which henceforth derived into compromised puberty advancement and sexual 

immaturity showcased the implication of Kiss1 cell signalling (d'Anglemont de 

Tassigny & Colledge, 2010). Genetically-modified mice lacking a functional Kiss1 gene 

exhibited a similar phenotypic profile (d'Anglemont de Tassigny et al., 2007; Lapatto et 

al., 2007).  

Appointing a pubertal role to kisspeptin in rodents was possible by the use of 

antagonists. Pubertal female rats that were centrally infused with a kisspeptin 

antagonist, peptide 234, during one week before the beginning of puberty, delayed 

pubertal onset (based on decreased ovarian and uterus weights and hindered vaginal 

openings); conjointly, terminal FSH and LH levels diminished but not significantly. 

This suggests that kisspeptin might be more closely involved in the generation of 

excitatory mechanisms than in conserving low, basal gonadotropin levels (Pineda et al., 

2010). 

Although pharmacological and genetic studies suggested kisspeptin is pivotal in 

the initiation of puberty, one study proposed that in female mice pubertal maturation 

might be reached even after targeted genetic ablations of Kiss1 and Kiss1r neurones. 

Powerful compensatory systems might salvage congenital abrogation of puberty onset 

via Kiss1-Kiss1r-GnRH mechanisms or other neurological constituents of the 

reproductive axis even if there is a slight presence of GnRH or Kiss1 neurones 

(Herbison et al., 2008; Mayer & Boehm, 2011).  

Ascribing the potential to kisspeptin as a neurohormonal determinant of puberty 

initially began by monitoring Kiss1 and Kiss1r mRNA levels in rats during various 

postnatal stages (Navarro et al., 2004). A massive increase of both messenger and 



General introduction   Chapter 1 

	  	  	  	  	  
30 

peptide levels of kisspeptin and its receptor occur at the onset of puberty specifically at 

the level of the AVPV in rodents, with higher propensity in females (Pinilla et al., 

2012). Estrogen’s stimulating role in this region presumably drives upsurge of 

kisspeptin cells in females at puberty given that absent or low estrogen levels before 

puberty dampen this increase (as can be observed in hpg mice as well as in states of 

gonadectomy or inhibition of aromatase: Clarkson et al., 2009; Gill et al., 2010). 

Further evidence of kisspeptin’s role in pubertal inception can be seen by increments in 

Kiss1-immunoreactive (-ir) fibre projections arising from the AVPV and appositioning 

to GnRH neurones during the transition to puberty (Clarkson et al., 2009). The ARC 

also experiences rises throughout puberty in Kiss1 mRNA and protein levels, although 

less dramatically than in the AVPV (Takase et al., 2009; Takumi et al., 2011). Kiss1r 

signalling is also modulated at puberty; increases in Kiss1 mRNA are observed at that 

time in rat hypothalamus and approximately 90% of GnRH neurones express Kiss1r 

mRNA in juvenile and adult mice. Electrophysiology recordings show that kisspeptin 

activates 27% and 44% of GnRH neurones in juvenile and prepubertal males, 

respectively, but attains long-lasting depolarisation of more than 90% in adult males and 

females (Navarro et al., 2004; Han et al., 2005). In consonance, the percentage of 

GnRH neurones expressing Kiss1r in mice progressively grows between the infantile 

period and the prepubertal/pubertal stage (Herbison et al., 2010). In vivo LH pulses 

increase during puberty in response to stimulation with kisspeptin in mice and rats (Han 

et al., 2005; Castellano et al., 2006). LH responses in pubertal female rats are sustained 

for 7 days after chronic infusion of kisspeptin-10 to just 48 h in adult animals. This 

resistance to desensitisation after prolonged exposure to Kiss-10 might help understand 

why high endogenous Kiss-1 pubertal expression is not correlated with lowering of 

gonadotropins during this important period (Roa et al., 2008). Of note, exogenous Kp-
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10 administered to rats of both sexes between the neonate and juvenile phases institutes 

a robust GnRH secretion ex vivo and LH discharge in vivo, although the sensitivity was 

less than in (peri)pubertal animals (Castellano et al., 2006).  

In summary, pubertal activation involves a dramatic upsurge in endogenous 

kisspeptin levels, increments of the sensitivity of kisspeptin stimulation with regards to 

GnRH/LH secretion, enhancement of Kiss1r signalling, and elevation in numbers of 

AVPV Kiss1 cells and their projections to GnRH cells (Pinilla et al., 2012). 

 

3.1.7. Kiss1 neuromodulation of GnRH neurones and gonadotropin release: 

Pharmacology studies using diverse molecular kisspeptin forms such as Kp-10 

and Kp-54 elicit LH secretion in rats, mice and other mammals. Several phases of the 

ovarian cycle, pregnancy together with lactation, and ageing are stimulated by 

kisspeptins. Kisspeptins act via both central and systemic routes (Pinilla et al., 2012). 

Kisspeptin can evoke LH and FSH discharge in males and females as early as the 

postnatal development stages and the infantile-juvenile period in mice, rats, and 

monkeys. It is suggested that LH responsiveness to exogenous kisspeptin is more robust 

than FSH. This may be attributable to species differences but also to different secretion 

patterns between these two gonadotropins (George et al., 2011). Alternatively, 

kisspeptin might exert high-frequency GnRH pulses that might favour LH compared to 

FSH. Yet another mechanism to explain this scenario is the peripheral peptide impact 

such as gonadal inhibins, which specifically stimulate FSH release (Burger et al., 2002). 

Male rodents have more durable and delayed responses to Kp-10 in terms of FSH, 

release while females’ responses are quick and succinct. Kisspeptin antagonism, via use 

of antagonist peptides has inhibitory effects on GnRH neurone activation and GnRH 

pulses along with perturbed responses to the effects of castration and the gonadotropin 
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preovulatory surge. However, differences in the protocols of kisspeptin antagonism 

portray inconsistency in the reduction among several of the species tested, which might 

be accounted for by partial receptor blockade (Roseweir et al., 2009). 

Desensitisation of LH and FSH through continued or repeated exposures sheds 

more light on kisspeptin pharmacology. Repeated Kp-10 boluses given to male rats 

produce a steady LH pulse discharge, while chronic s.c. Kp-54 generates a transitory 

LH release on the first day of infusion but not on the second; female rats administered 

an i.c.v. Kp-10 infusion displayed disappearance of its stimulatory effects 48 h 

following treatment initiation (Tovar et al., 2006; Thompson et al., 2006; Roa et al., 

2008). Electrophysiological experiments show desensitisation of Kiss1r after kisspeptin 

stimulation of GnRH neurones in mice (Dumalska et al., 2008; Liu, et al., 2008). In vivo 

Kiss1r desensitisation in female rats entails alterations in the mode of GnRH secretion 

following continuous kisspeptin administration (Roa et al., 2008). 

Several sheep, rodent, and primate studies, indicate that kisspeptin signals on 

gonadotropin release are conveyed via hypothalamic GnRH neurone activation, the 

latter possessing the Kiss1r gene (Navarro et al., 2005 (a); Navarro et al., 2005 (b); 

Gottsch et al., 2004). In rodent GnRH neurones, kisspeptin prompts c-Fos activation 

(Matsui et al., 2004; Irwig et al., 2004). Voltage recordings from hypothalamic GnRH-

GFP mice slices indicate that kisspeptin potently depolarises GnRH neurones (Pielecka-

Fortuna et al., 2008; Zhang et al., 2008). GnRH neurone depolarisation after kisspeptin 

stimulation is correlated to PLC-Ca2+ pathway activation functioning through closure of 

inwardly rectifying K+ ion channels and opening of Na+-dependent, nonselective cation 

channels (Zhang et al., 2008). Nevertheless, two subpopulations of septal GnRH 

neurones exist; one responds promptly to kisspeptin stimulation whereas the other is 

insensitive to it (García-Galiano et al., 2012). 
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Neuroanatomical resolution is needed to classify the Kiss1 neurone network 

signals to GnRH neurones. AVPV Kiss1 neurones innervate GnRH neurones in rodents, 

whereas only 20% of ARC kisspeptin cells project into the mouse rostral POA, possibly 

acting on GnRH neurones (Clarkson & Herbison, 2009; Yeo & Herbison, 2011). The 

latter is in keeping with studies which show that kisspeptin has direct effects on GnRH 

nerve endings in mouse hypothalamic MBH explants, and that after peripheral 

kisspeptin administration, there is a fast LH response, which establishes a correlate to 

the ARC-median eminence region (Tovar et al., 2006; d'Anglemont de Tassigny et al., 

2008). Given the modest overall amount of kisspeptin appositions to GnRH neurones, it 

is plausible that the correspondence between these two sets of neurones is non-synaptic 

or interneuronal (Matsuyama et al., 2011). 

Not only does kisspeptin potently activate GnRH secretion but it is also a major 

constituent of the GnRH pulse generator. A selective kisspeptin antagonist impedes 

GnRH neuronal firing in mice brains and infusion into the ARC inhibits female rat 

GnRH pulsatility (Roseweir et al., 2009; Li et al., 2009). Within the ARC region of 

mice, Kiss1 cells co-express the tachykinin neurokinin B (NKB), the opioid peptide 

dynorphin A (Dyn), as well as their respective cognate receptors, NKB receptor (NK3) 

and κ-opioid receptor (KOR); this complex of cell peptides, called the KNDy neurones, 

orchestrates the amplitude and frequency of GnRH secretion (Lehman et al., 2010; 

Corander et al., 2010). In juxtaposition, the human counterpart also reveals that 77% of 

all Kiss1 cells in the infundibular region express NKB (encoded by TAC3 in humans 

and Tac2 in rodents) (Hrabovszky et al., 2010). Considerable attention has been given 

to this population because TAC3/TACR3 inactivating mutations in humans induce HH. 

The profusion of NKB fibres that contact with GnRH nerve terminals at the median 
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eminence in rats is notable in ICC studies but not in ISH analyses. Rat median eminence 

NK3R-ir GnRH axons and Tacr3 mRNA detectable in mouse GnRH neurones provides 

a window into the actions of NKB on GnRH nerve endings in this region (Krajewski et 

al., 2005; Todman et al., 2005). Mice also express Tacr3 mRNA in the ARC KNDY 

population (Navarro et al., 2011). KNDy cells co-express ERα receptor (Rance et al., 

2010). NKB has stimulatory actions on GnRH neurones, although with a lower potency 

than kisspeptin; this can be attributable to dependency on the sex steroid environment, 

early differentiation of the brain, inherent GnRH secretory profile, and the 

developmental phase (Pinilla et al., 2012). Dynorphin in mice abrogates LH release and 

inhibits multiunit activity (MUA) volleys, which markedly illustrates GnRH pulsatility; 

in young adult male and cyclic female rats, dynorphin blocks both basal LH release and 

response to Kp-10 (Navarro et al., 2009; Pinilla et al., 2012). Nonetheless, the full 

KNDy mediation of GnRH pulsatile release model remains ill defined. 

Other neuropeptides and classical neurotransmitters such as the RF-amide 

gonadotropin-inhibitory related peptides (RFRP), glutamate and GABA are partners in 

orchestrating the HPG axis along with kisspeptins. RFRPs, the mammalian orthologs of 

the avian gonadotropin-inhibitory hormone (GnIH), also act as inhibitors of the HPG 

axis possibly at both the levels of GnRH neurones and the pituitary, possibly acting in 

tandem with kisspeptin (Kriegsfeld, 2006). GnRH neurones possess both Kiss1 and 

ionotropic glutamate receptors. Glutamatergic neurotransmission is coupled to the 

stimulatory effects of kisspeptin. Blockade of NMDA and non-NMDA ionotropic 

glutamate receptors doesn’t alter the gonadotropin secretion after large Kp-10 doses, 

possibly signifying that the pathways are independent or that the Kiss1 gene is 

downstream of glutamatergic afferents to GnRH cells (Navarro et al., 2005; Pinilla et 

al., 2012). Elimination of glutamate and GABA inputs via hindrance of fast synaptic 
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transmission results in a drastic decrease of GnRH responsiveness to kisspeptin, 

indicating that kisspeptinergic actions on GnRH cells might partially be via 

glutamatergic and/or GABAergic signalling. Depending on the experimental settings 

and which receptors are activated, GABAergic signalling can be either inhibitory or 

excitatory. GABA-B receptor activation, which induces hyperpolarisation of GnRH 

neurones, can be blocked by administration of Kp-10, hinting at a stimulatory potential 

for kisspeptin (Zhang et al., 2009; Herbison & Moenter, 2011).   

 

3.1.8. Kisspeptin neuromodulation of the negative-feedback loop of gonadotropin 

release: 

Gonadal removal in rats of both sexes generates a robust increase in whole 

hypothalamic fragments of Kiss1 mRNA as detected via semi-quantitative RT-PCR. 

Testosterone replacement administered to castrated male rats and estrogen 

supplementation given to ovariectomised female rats can reverse these responses to 

gonadectomy (Navarro et al., 2004). ISH confirmed elevation, especially within the 

ARC, of Kiss1 mRNA levels in gonadectomised rodents and these levels rose as a result 

of rescue with sex steroids (Irwig et al., 2004; Smith, Cunningham et al., 2005; Smith, 

Dungan et al., 2005). Gonadectomised (GNX) rodents, with or without sex steroid 

substitution, evoke modest regulation of Kiss1r expression, suggesting that at the 

transcriptional level, sex steroids act via the Kiss1 ligand (Navarro et al., 2004). 

Testosterone and estrogen lower Kiss1r mRNA expression in the ARC of rodents of 

both sexes; progesterone barely has any impact as evidenced in the rat (Roa et al., 

2006). The negative estrogen-mediated effects on the Kiss1 system have been 

unravelled through the use of ERα and ERβ KO mice as well as rat specific ER ligands. 

Estrogen obliteration potentiates upregulation of Kiss1 mRNA in the ARC, which also 
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elevates LH serum levels, hence corroborating the importance of the ARC ER-α 

kisspeptin neurones in the negative-feedback regulation of the gonadotropins (Mayer et 

al., 2010). While few GnRH neurones express ERα, almost all Kiss1 ARC cells do so, 

and a small fraction contain ERβ, which would indicate that kisspeptin neurones might 

mediate estrogen actions on GnRH release (Herbison, 2008). Testosterone, 

dihydrotestosterone (DHT), and estradiol regulate ARC Kiss1 mRNA through the ER 

after testosterone aromatization and through the androgen receptor (AR), as verified 

through usage of AR-null mutant mice or those with an AR hypomorphic allele (Smith, 

Dungan, et al., 2005; Navarro et al., 2011). In rodents, NKB mRNA reacts to sex steroid 

removal in consistence with Kiss1 gene following castration whereas the Dyn gene in 

the ARC is downregulated following estrogen supplementation (Gottsch et al., 2009). 

Knowledge of Kiss1/Kiss1r functionality within the realm of sex steroids 

escalates in profundity with the use of kisspeptin antagonists in vivo, Kiss1- or Kiss1r-

KO mice, and conditional ERα KOs. Mice models with conditional pituitary ERα KO 

reveal the direct pituitary effects of estrogen’s actions in the negative-feedback control 

of LH and FSH (Singh et al., 2009). Kiss1 and Kiss1r deficient mice indicate the 

necessity of these two components in the increase of circulating LH and FSH after 

gonadectomy in both sexes (Chan et al., 2009). There is a modest albeit detectable 

increment in FSH following castration in Kiss1/Kiss1r-null rodents of both sexes; this 

might be due to alterations in inhibins, known to thwart FSH secretion (García-Galiano 

et al., 2012). Estrogen signals may also be conveyed to ARC Kiss1 neurones via 

nonclassical ERα mechanisms (Gottsch et al., 2009). 
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3.1.9. Kisspeptin neurones and the positive feedback of estrogens: 

In rodents, sex steroid manipulation studies demystified kisspeptin inputs from the 

ARC to GnRH neurones with regards to the negative feedback but also implicated the 

AVPV Kiss1 neurone population in the generation of the preovulatory gonadotropin 

surge. Studies in mice and rats of both sexes reveal an abundant content of Kiss1 

mRNA within the AVPV and demonstrate a decrease in Kiss1 mRNA and peptide 

content following gonadectomy and an increment after sex steroid substitution; these 

results are more conspicuous in females as this is a sexually dimorphic region (Smith, 

Dungan et al., 2005; Smith, Cunningham et al. 2005). c-Fos activation in AVPV Kiss1 

neurones occurs in tandem with the increase in Kiss1 mRNA in the same region before 

the preovulatory and the estrogen-induced LH surges (Adachi et al., 2007). Female 

rodent Kiss1 AVPV neurones exhibit an estrogen-dependant circadian rhythm that 

concurs with the timing of the gonadotropin surge. Circadian inputs originate from 

suprachiasmatic nucleus (SCN) vasopressin neurones projecting to AVPV Kiss1 cells 

(Williams et al., 2011). 

It is firmly established in rodents through Kiss1 and Kiss1r mice models that 

estrogen activates GnRH neurones and triggers LH secretion; however, the 

indispensability of AVPV Kiss1 neurones in regulating positive feedback is more 

contentious. In one study, estrogen moderately activates GnRH neurones and recovers 

LH surges in congenital Kiss1r KO mice (Dungan et al., 2007), but another study found 

a lack of c-Fos immunoreactivity in GnRH neurones and no LH secretion in 

Kiss1/Kiss1r null mice after treatment with sex steroids (Clarkson et al., 2008). Overall, 

AVPV Kiss1 neurones seem to have a significant role in the preovulatory surge. A 

kisspeptin antagonist, peptide 234, chronically infused i.c.v. in cyclic female rats 
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eradicates the gonadotropin preovulatory surge (Pineda et al., 2010). Disruption of the 

estrous cycle and blockade of the proestrous LH discharge is brought about after anti-

kisspeptin antibody injection into rat POA (Kinoshita et al., 2005).  

Electrophysiological data from adult female mice transgenic models targeting the 

Kiss1 gene further potentiate the view of AVPV Kiss1 neurones’ mediation of 

gonadotropin release. Brain slice recordings showed that that tonic firing is observed in 

20% of AVPV kisspeptin cells during diestrous and the firing rate increases at 

proestrous.  

The mechanisms for estrogen-mediated actions on the preovulatory surge are 

being elucidated and have to be observed at other loci of the reproductive 

neuroendocrine axis governing gonadotropin release. In the pituitary, estrogen, signalled 

through ERα, has a climacteric role in potentiating GnRH self-priming (Scullion et al., 

2004; Tena-Sempere et al., 2004). During all phases of the estrous cycle, Kp-10 exhibits 

its stimulatory capacity in inducing LH release peaks but the highest point is achieved in 

the transition from pro-estrous to estrous, suggesting an influence of the elevated 

concentration of estrogen at this time. Consistent with this, it is known that high 

amounts of activated progesterone receptors and estrogen are needed for the 

gonadotropin preovulatory surge (Levine et al., 2001; Roa, Vigo et al., 2008). 

Ovariectomised models further strengthened this inference as progesterone and estradiol 

replacement enhanced maximal secretion after Kp-10 administration. The use of ER and 

PR agonists and antagonists extends the knowledge of sex steroid input to kisspeptin’s 

action on the gonadotropin surge; abrogation of ERα-signalling suppresses the 

preovulatory LH surge and reduces LH responsiveness to administered Kp-10 during 

the preovulatory period. Conversely, blocking ERβ didn’t considerably reduce the 

preovulatory increments in LH levels like ERα blockade did but it enhanced 
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responsiveness to Kp-10. Progesterone and ERα agonist administration to OVX rats 

induce robust LH responses to Kp-10; likewise, selective ablation or activation of PR 

and ERs induces a similar FSH-responsiveness pattern to Kp-10 (Roa, Vigo, Castellano, 

Gaytan, Navarro, et al. 2008; Roa, Vigo, Castellano, Gaytan, García-Galiano, et al. 

2008).  

   

3.2. Kisspeptins in distinct HPG axis and non-reproductive states and sites of 

action: 

The preponderance of studies target the brain to investigate kisspeptinergic 

regulatory actions on the reproductive axis, however other extrahypothalamic sites as 

well as pathological and physiological states play a key role in Kiss1 signalling. Some 

of them are stress, inflammation, pregnancy and lactation (in females), as well as 

ageing.  Other places of kisspeptin action are located at the gonads, placenta, and the 

hypophysis, hence deserving attention as modulators of central Kiss1 neurones.  

Kiss1 and Kiss1r mRNA along with its respective peptides are also expressed in 

rat pituitary gonadotropes. Genes for both ligand and receptor are modulated by 

estrogen (Richard et al., 2008; Gutiérrez-Pascual et al., 2007). Kp-10 induces pituitary 

LH release where the response is much more robust in vitro than in vivo (Navarro, 

Castellano, Fernández-Fernández, Tovar, Roa, Mayen, Nogueiras, et al., 2005). 

Copious expression of Kiss1r has been identified within the hippocampus hence 

pointing at a memory consolidation potential (Arai, 2009). Hippocampal Kiss1 mRNA 

is regulated by glutamatergic input and kisspeptin stimuli on hippocampal slices drive 

increased synaptic transmission (Arai & Orwig, 2008). Nociception, neuroprotection, or 

neurogenesis still warrant further investigation.  Of note, kisspeptins’ actions extend to 

the somatotrope axis in some mammalian species by stimulating growth hormone (GH) 
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secretion and to prolactin (PRL), possibly liaising with lactation signalling (Pinilla et 

al., 2012).      

Metabolism is of particular relevance in kisspeptin physiology given that adequate 

energy reserves are fundamental in pubertal onset and in reproduction. Metabolic stress 

and impact on gonadotropin secretion has been documented (Castellano, 2006). They 

are influenced by signals such as leptin, proopiomelanocortin (POMC), cocaine- and 

amphetamine-related transcript (CART), neuropeptide Y (NPY), and agouti related 

peptide (AgRP), ghrelin, and insulin, among other (Castellano et al., 2009; Pinilla et al., 

2012; True et al., 2013). 

   

3.3. Clinical and therapeutic relevance of kisspeptins: 

Clinical studies of iHH patients revealed that Kiss1 and Kiss1r gene inactivations 

led to reproductive deficits. Although, the mutation frequency in both genes is 

extremely low even in an odd pathology as iHH (Cerrato et al., 2006), kisspeptin 

analogs, both agonists and antagonists of Kiss1r, possess tremendous therapeutic 

potential to treat puberty, reproductive disorders and to combat pituitary tumors or 

prostatic cancers (Pinilla et al., 2012).  

Like GnRH analogs, kisspeptin analogs might be useful in in vitro fertilisation 

(IVF) and on treatment of hormone-dependent diseases. Nonetheless, there are apparent 

discrepancies between continual or acute infusions of kisspeptinergic and GnRH 

analogs in terms of gonadotropin responses. GnRH antagonists prevent endogenous 

GnRH from activating GnRH receptors whilst agonists provoke vigorous gonadotrope 

desensitisation; both treatments significantly lower gonadotropin release and as a 

consequence, this leads to circulating gonadal steroid levels similar to gonadectomised 

levels. Furthermore, it leads to a drop in libido, a reduction in lean body mass, bone loss 
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and hot flushes (Pinilla et al., 2012). On the other hand, kisspeptin antagonists don’t 

influence basal LH release although they decrease the amplitudes and frequency of LH 

pulses (Roseweir et al., 2009). Endometriosis, uterine fibroids and prostatic hyperplasia, 

among other pathologies, could benefit from kisspeptinergic antagonists due to the 

necessitated partial decrease of gonadal steroids without breaching maximal suppressed 

levels. Kisspeptin antagonists can potentially serve as female contraceptives by 

impeding the ovulatory LH discharge without the risk of decreasing basal LH secretory 

levels, whereby ongoing follicle development and estrogen synthesis are intact but 

ovulation can be halted (Pinilla et al., 2012). IVF treatments can also be used in 

conjunction with kisspeptin antagonists as they can avoid luteinisation whilst preserving 

basal LH; this is specially significant for women during superovulation induced by 

hormones (Drakakis et al., 2009; Durnerin et al., 2008).  

 

  3.4. Unresolved questions and prospective aims in kisspeptin research: 

 

One essential question is what are the projections of ARC kisspeptin cells and if 

they contact GnRH neurones and their terminals to engage in the neurosecretory profile 

of these cells (Yeo & Herbison, 2011). The AVPV-equivalent in larger species, such as 

primates, warrants further examination of its neuroanatomic and functional 

characteristics. More information needs to be collected on the neuronal distribution of 

Kiss1 and Kiss2 neurones in non-mammals (Pinilla et al., 2012). Kiss1r neural 

distribution has been unveiled but further insight is needed in both rodents and non-

rodents (Herbison et al., 2010). Also the full extent of gene networks and cells that are 

activated by kisspeptin stimulation in GnRH neurones remains ill-defined to date. 
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Additionally, Kiss1r signalling in non-GnRH neurones and other cells as well as in the 

periphery, awaits further exploration (Steiner, 2013). 

  

The population of ARC KNDy cells is a potential central regulator of GnRH 

release but several questions still linger. The distribution of NKB and Dyn elements as 

well as the exact effects and actions on KNDy neurone pathways would benefit from 

further exploration. It is unclear whether NKB acts directly on GnRH nerve endings. 

Additionally, clarification is needed on the exact distribution of ARC KNDy neurone 

fibres projections to GnRH cell terminals (Navarro et al., 2009).  

  

A better understanding of the involvement of central neurotransmitters and 

neuropeptides acting in tandem with kisspeptin to regulate GnRH neurone is needed. 

Such key constituents are GABA, glutamate, RFRPs, POMC, NPY, among others 

(Pinilla et al., 2012; Roa & Herbison, 2012).   

A wealth of experimental data has delineated the involvement of kisspeptin in the 

timing of puberty although some discrepancies still dispute the claim. One study posited 

that congenital ablation of Kiss1 and Kiss1r-expressing neurones in mice does not 

impede the proper development of reproductive maturation (Mayer & Boehm, 2011). A 

more recent report has postulated, through usage of Kiss1Cre/Cre mouse lines with 

dramatic attenuation of Kiss1 expression, that males only needed 5% of normal Kiss1 

expression to be considered reproductively competent whereas females needed higher 

levels to achieve reproductive success (Popa et al., 2013). AVPV kisspeptinergic cells 

have been considered as triggers of pubertal onset, however it might be possible that 

these sets of neurones acts instead by amplified GnRH neurosecretory activity. 

Genetically modified (GM) models are able to provide more insight into functional 
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genomics. GM mouse lines have been generated where selective congenital KO mice 

with Kiss1 or Kiss1r have portrayed the different signalling mechanisms of these 

neurones as well as the impact that the absence of the peptide and its receptor have on 

reproduction (Colledge, 2009). Kiss1-Cre/GFP mouse models allow elucidation of 

specific Kiss1 neurone electrophysiological characteristics and targeted removal of 

certain signals such as leptin receptor or ERα within Kiss1 neurones (Colledge et al., 

2013). Other pathways will be able to be manipulated such as those involving the 

KNDy population and the Kiss1 neurone steroid receptors. Continual optimisation of 

ICC antibodies and reagents for kisspeptin and its receptor are being developed. There 

is a clear lack of radioimmunoassays (RIA) or enzyme-linked immunosorbent assays 

(ELISA) dedicated to the detection of kisspeptin in biological samples. The generation 

of the novel neuroanatomical technique, CLARITY, will allow precise examination of 

3D visualisations of kisspeptin connections across optically transparent whole brains or 

blocks of brain tissue (Shen, 2013). The ebullient field of optogenetics will elevate the 

area of neuroendocrinology by allowing precision modulation of Kiss1 and Kiss1r-

expressing neurones by activation or inhibition of signals mediated by pulses of light 

that can selectively open ion channels within these cells. Epigenetic studies have 

already begun to expose more mechanistic explanations for the control and regulation of 

Kiss1 genes in different life stages as well as the impact of sex steroids on those but 

further investigation is still pending (Semaan & Kauffman, 2013)
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What is the hypothesis of this PhD thesis? 

Kisspeptins act as upstream stimulators of GnRH neurosecretory pulse activity 

and are remarkably involved in the onset of puberty; however, they are also involved in 

various other physiological functions. Kiss1 neurones are known to mediate the positive 

and negative feedback effects of gonadal steroids due to the presence of the steroidal 

receptors on those as GnRH neurones themselves lack the appropriate steroid receptors 

needed for the progression of puberty and reproductive maturation (Smith, 2008). 

Arcuate nuclei Kiss1 neurones mediate the negative feedbacks and are down-regulated 

by induction of sex steroids, contrary to the same neurones in the AVPV.  Kiss1 

neurones affect other parameters of the HPG axis such as lactation and pregnancy and 

are highly influenced by metabolic signals and by stress (Castellano & Tena-Sempere, 

2013; Kauffman & Smith, 2013). 

Neuroanatomic evidence supports the idea of interactions between Kiss1 neurones 

and other key neuropeptides to reproduction as well as other CNS areas. Kisspeptin has 

been shown to co-localise in the ARC with neurokinin B and dynorphin (Alreja, 2013). 

Kisspeptin and Kiss1 (mRNA and protein)-containing neurones and fibres have been 

documented in various species and in several brain areas that not only pertain to the 

reproductive axis, but also to sites modulating cognition, stress, socio-sexual behaviour 

and other physiological parameters (Cravo et al., 2011; Cao & Patisaul, 2013; Arai, 

2009). 

Finally, studies have reported kisspeptin as the synchronous signal between 

reproduction and nutrition. Kiss1 neurones possess leptin receptors that relay energy 

status to GnRH neurones (Cravo et al., 2013). Different metabolic paradigms such as 

fasting, diet induced obesity, or ob/ob mouse models have depicted the changes in Kiss1 
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mRNA (Wahab et al., 2013). Additionally, kisspeptinergic cells are present in brain 

areas connected to nutrition such as the hypothalamic dorsomedial nucleus (DMN) and 

the ARC (Meng et al., 2013; Matsuzaki et al., 2011). 

Taken together, these findings lead to the hypothesis that different kisspeptin 

neuronal populations possess different qualities and are involved in various relevant 

physiological paradigms. 

 

What are the objectives of this PhD thesis? 

The objectives of this thesis are to extend the knowledge of the prevalence and 

characteristics of the different kisspeptinergic populations in the adult male rat brain, 

and to test how they respond to different physiological and pharmacological paradigms. 

To do this, the following questions were asked: 

 

1. Where are Kiss1 neurones and fibres neuroanatomically distributed and what   

is their prevalence across the different brain areas? 

     (Although Kiss1 neurones and fibre projections have been previously studied 

using ISH, ICC, and Kiss1-Cre models, no studies have provided extensive details of the 

prevalence of neurones on additional nuclei populations apart from the ARC and 

AVPV.) 

 

2. How are the different Kiss1 neurone populations affected by a chemical  

castration with steroid replacement? 

    (Castration effects on Kiss1 neurones have been previously reported to show 

the influence of steroids on them; however, this is the first study to show the effects of a 

chemical castration using a GnRH antagonist.) 
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3.  What impact does fasting and re-feeding have on Kiss1 neuronal activation in  

brain areas related to feeding? 

(Reports solely focusing on the effects of fasting on kisspeptin have been 

previously cited, indicating how it reduces Kiss1 and Kiss1r expression in the ARC and 

AVPV; nonetheless, this is the first study aiming to elucidate effects of both fasting and 

refeeding via c-Fos activation of immunoreactive Kiss1 neurones in several brain 

regions.) 

 

 

What is the interest of studying different physiological paradigms within the 

numerous areas where kisspeptin neurones are distributed? 

Kisspeptins are key players in reproduction although their actions are not 

restricted solely to the HPG axis. Some of their regulatory mechanisms are slowly 

beginning to unravel in the ARC and AVPV however, much less is known of their 

regulation and role in other key forebrain nuclei.  

Investigating the interactions between the various kisspeptinergic populations and 

with multiple neuropeptides and neurotransmitters will broaden the field of 

neuroendocrinology and others as well. The clarification of their mechanisms of action 

should provide novel insights into distinct pathologies as well as provide new tools to 

generate better pharmaceutical strategies to treat IHH, central precocious puberty, 

diabetes, and Alzheimer’s diseases among others. 
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Figure 1.1:   The hypothalamic-pituitary-gonadal (HPG) axis. 

GnRH hypothalamic neurones, which receive glial and transynaptic, secrete 
GnRH into the hypophysial blood stream. GnRH signals the pulsatile release of 
LH and FSH, which in turn stimulate the maturation and regulate gonadal 
function. Various peripheral signals including gonadal steroids, which are in 
charge of feedback control, regulate the HPG axis. Testicular testosterone (T) 
mediates inhibitory actions on GnRH/ gonadotropin release (negative 
feedback). Estradiol (E2) and progesterone (P) derived from the ovaries can 
conduct negative- and positive-feedback regulation, depending on the ovarian 
cycle stage. Other peripheral regulators of the HPG axis are metabolic 
hormones such as the permissive/stimulatory actions of leptin, which is 
produced by white adipose tissue (WAT). Predominant excitatory transmitters 
are depicted in blue whereas inhibitory transmitters are shown in red. 
Kisspeptin neurones are highlighted as major excitatory signals to GnRH 
neurones. For the sake of simplicity, some inhibitory and excitatory signals to 
GnRH neurones are shown within the same cells with the exception of the 
Kiss1/NKB/Dyn neurone compendium, depiction of some inhibitory and 
stimulatory signals to GnRH neurones on the same cell does not necessarily 
indicate co-expression. Dyn, dynorphin; EOP, endogenous opioid peptides; 
GABA, γ-aminobutyric acid; Glu: glutamate; NE, norepinephrine; NKB, 
neurokinin-B; RFRP, RF-related peptides. 

 
       Adapted from Pinilla et al., Physiol. Rev. (2012) 
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Figure 1.2:   Central regulation of the HPG axis by the kisspeptin  
                     System in rodents 
 
Kiss1 neuronal networks govern GnRH secretion and reproductive function.  
Kisspeptin neurones make direct contact with GnRH neurones that possess  
GPR54, or Kiss1r. AVPV Kiss1 neurones are sexually dimorphic, with more  
cells in females compared to males. Kisspeptin expression in the AVPV  
augments in response to increasing estrogen levels, which trigger the  
GnRH/LH surge needed for ovulation.  ARC Kiss1 cells act in tandem with  
NKB and Dyn (coined as the KNDy population) are postulated to serve as  
the GnRH pulse generator, acting at the level of the GnRH cell body and at  
GnRH nerve terminals in the median eminence. 
 
Adapted from Pinilla et al., Physiol. Rev. (2012). 
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Figure 1.3:   Post-translational products of prepro-kisspeptin. 
 
The Kiss1 gene encodes prepro-kisspeptin, which produces different 
kisspeptins by proteolytic cleavage. The kisspeptin precursor consists of 145 
amino acids and entails a 19-amino acid signal peptide as well as a central 54-
amino acid region, which results in kisspeptin-54 (-52 in rodents) following 
cleavage at flanked dibasic cleavage sites. Further cleavage of kisspeptin 54 
yields kisspeptins of lower molecular weight: Kp-14, Kp-13, and Kp-10. The 
latter corresponds to the C-terminal 10-amino acid region possessing the RF-
amide motif (YNWNSFGLRY-NH2) that is biologically active and fully activates 
Kiss1r. Adapted from Pinilla et al., Physiol. Rev. (2012). 
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 Figure 1.4:   Kisspeptin-containing neurones and fibres in the  
                     AVPV (A) and in the ARC (B). 

 
Kisspetin single immunocytochemistry using primary antibody rabbit  
anti-mouse Kp-10 serum (gift from Professor A. Caraty). Black arrows  
indicate kisspeptin immunoreactive neurones. oc: optic chiasm; 3V: 
third ventricle. Scale bar: 100 μm. 
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2.1.    Animals           

Adult male Sprague-Dawley (350-500g body weight) rats from Charles Rivers 

Labs and rats bred within the Hugh Robson Building (HRB) Biomedical Research 

Resources (BRR) animal unit facility were used. Following ethical guidance and 

regulations [Animals (Scientific procedures) Act 1986], animals were housed in the 

BRR facility at Edinburgh University in stock cages of a maximum of 5 rats. Rats were 

maintained in constant ambient room temperature (21°C ± 1°C) with relative humidity 

at 55% (± 10%) and with food and water ad libitum on a 12 hour light-dark cycle (lights 

on: 07:00h – lights off: 19:00h). Upon arrival, rats were allowed a minimum 

acclimatisation period of one week before any experimental procedures. 

 

2.2.    Non surgical procedures    

2.2.1. Sub-cutaneous injection (s.c.) 

The rat was laid flat on its stomach and the injection was done using a sterile 23-

gauge needle introduced into the skin at the back of its neck parallel to the body wall.  

 

2.2.2. Intraperitoneal injection (i.p.) 

The rat was inserted into a plastic, transparent cone and was restrained on its back 

with the low abdomen extended. The abdominal wall muscles were pushed up gently. A 

23-gauge sterile needle was inserted at a 90° angle through the abdominal muscles to 

reach the peritoneal cavity. The needle was slightly retracted at a 45° angle, without 

exiting the peritoneal cavity before the drug was injected. 
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2.2.3. Intramuscular injection (i.m.) 

The rat was laid flat on its stomach with one of its hind limbs fully extended 

backwards and parallel to the body wall. A sterile 25-gauge was shallowly inserted 

parallel to the hind quadricep muscle before the drug injection. Following removal of 

the needle, the injected site was gently rubbed to disperse any accumulated drug to the 

muscle. 

 

2.3.   Anaesthesia 

In all non-recovery experiments, rats were given an i.p. lethal dose injection of 

sodium pentobarbitone (Pentoject: 200mg/mL, 3.3. mL/ kg; Animal Care, UK) (usually 

1ml/300-400g), including all Fos expression studies.  

 

2.4.    Blood sample collection 

Right after opening the thoracic cage and exposing the heart, a sterile 23-gauge 

needle was inserted at a 45-degree angle (at the heart apex) to extract a total of 2 mL of 

blood sample from each rat. When taking each 1mL sample, blood was withdrawn to 

the tip. The following blood sample was collected with a second syringe and placed in a 

1.5-mL eppendorph tube containing 150µL of EDTA 5% (anti-coagulant calcium 

chelating agent, Sigma, UK).  Samples were kept in ice (-4°C) until centrifugation. 

Plasma was separated from red cells by centrifugation (6,000 r.p.m., for 5 min) (Biofuge 

Stratos, Heraeus) and stored in the freezer (-20°C) until the day of the LH enzyme-

linked immunosorbent assay (ELISA). 
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2.5.   Enzyme-linked immunosorbent assay: 

2.5.1. General principles: 

Enzyme-linked immunosorbent assay was used to obtain precise quantitative 

measurements of plasma hormone concentrations. Enzyme-linked immunosorbent assay 

is based upon the detection of a specific antigen (in either standard or unknown 

samples) by an antibody against that antigen.  As the quantity of antigen in standards or 

in unknown samples in the reaction increases, the amount of colour formation 

proportionally increases.  

The sandwich ELISA quantifies the amount of antigen present between a capture 

and a detection antibody. The wells are initially coated with the capture monoclonal 

antibody. Then the antigens from the sample bind to the capture antibody. A second 

monoclonal detection antibody, linked to an enzyme, attaches itself to the immobilized 

antigen. Subsequently, the substrate is added and the enzyme from the antibody-enzyme 

complex catalyses the reaction producing a coloured product. 

Plates are then read at 450nm using a Powerwave X6 universal microplate 

spectrophotometer. By measuring the amount of LH peptide as a function of the 

concentration of the peptides in the different standards, it is possible to generate a 

standard curve from which the LH hormone concentration in unknown samples can be 

determined using a Graphpad software program.  

 

2.5.2. Luteinizing hormone enzyme-linked immunosorbent assay 

LH plasma concentrations were determined using an in house non-competitive 

sandwich ELISA assay procedure that was elaborated using an anti-bovine LH capture 

antibody and an anti-human LH secondary signal antibody. 
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2.5.2.1. Reagents: 

Assay buffer 

6.0g Tris HCl         (Sigma) 

9.0g sodium chloride           (BDH) 

10.0g bovine serum albumin       (Sigma) 

1.0g bovine globulin         (Sigma) 

1.0mL Tween 20        (Sigma) 

0.05g thiomersalate          

1000mL deionised water 

The solution was adjusted to pH 7.5 using concentrated HCl. 

 

Wash buffer  

60.4g Tris         (Sigma) 

450g sodium chloride          (BDH) 

25mL Tween 20         (Sigma) 

2000mL deionised water 

The solution pH was adjusted to 7.5. 

 

Coating buffer 

Carbonate-bicarbonate buffer (C3041)     (Sigma) 

 

Antibodies 

Capture antibody is anti-bovine LH chain mAb (Code 518B7 provided by Dr. Jan F. 

Roser, University of California) and was diluted in 0.05M phosphate buffer to obtain a 

concentration of 1mg/mL. 
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The secondary, signal antibody is anti-human LH mAb (Code 5303 from Medix  

Biochemica) and was diluted in 0.05M phosphate buffer to provide a concentration of  

1mg/mL. 

 

Standard luteinizing hormone       (NIDDK) 

Mouse LH (2.5µg/ampoule) (Code AFP5306A) was dissolved in 1.0ml deionised water. 

It was diluted in assay buffer to give 250ng/mL stock and further diluted to working 

standard of 25ng/mL. Eleven concentrations of standards were used in duplicates: 0.05, 

0.1, 0.2, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, and 25 ng/mL. 

 

Detection enzyme           (GE Healthcare) 

Amdex Strepavidin HRP (Code RPN44001V) was diluted 1:1000 in assay buffer and 

further diluted 1:60 to provide a working dilution of 1:60,000. 

 

Substrate       (Insight Biotechnology) 

TMB (3,3’,5,5’-tetramethylbenzidine) Microwell Peroxidase (KPL Code 50-76-00) 

 

Stopping solution 

6% phosphoric acid 

0.16M sulphuric acid 

 

2.5.2.2. Methods: 

Day one 

1. 96-well plates (Greiner-Bio one) were coated with 50µL of capture antibody (518B7) 

at a concentration of 2µg/mL in coating buffer and incubated overnight at 4°C.
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Day two 

1. Plates were washed three times with wash buffer and blocked with 150µL of assay 

buffer. Plates were then incubated for 60 min at room temperature. 

2. Plates were then washed twice. Standards and samples were added and were 

incubated for a minimum of 3 hr at RT°C. 

3. Plates were washed five times and 100µL of signal antibody (5303-Bio) at a 

concentration of 0.5µg/mL in assay buffer were added and incubated for a minimum of 

2hr at RT°C. 

4. Plates were washed for five times and 100µL of detection enzyme (Amdex 

Streptavidin HRP) were added at a dilution of 1/60,000 in assay buffer and incubated 

for 30 min at RT°C. 

5. After incubation, five washes followed. Then 100µL of substrate solution (TMB 

Sigma T0440) were added followed by an incubation of 30 min at RT°C. 

6. The reaction was stopped using 100µL of 6% phosphoric acid or 0.16M sulphuric 

acid to produce a yellow detection signal. 

7. Colour was read at 450 nm using a spectrophotometer. 

 

2.6. Brain processing 

2.6.1. Transcardial perfusion 

Rats whose brains were used for immunocytochemistry (ICC) experiments were 

transcardially perfused to rapidly fix the brain, enabling the stabilisation of potential 

antigens while reducing protein solubility. 

The rat was inserted in a transparent plastic cone and was deeply anaesthetised 

with sodium pentobarbitone (Pentoject, 1 mL i.p./300-400g). Then placed on its back, 

incisions in the skin were done to expose the thoracic cavity. With the chest open up, 
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incisions were done through the rib cage just aside the lungs and the diaphragm was cut 

to uncover the beating heart. Following removal of the pericardium, a 21-gauge needle 

was inserted in the heart’s left ventricle apex and the perfusion began with a rinsing, 

anti-coagulant solution of 0.9% heparin saline using a peristaltic pump (Autoclade, 

Verder Company, UK). The right atrium was cut to allow drainage of the perfusate and 

blood. After 5 - 10 minutes or when blood ran clear, the heparin solution was replaced 

with the fixative solution (4% paraformaldehyde in phosphate buffer (PB) 0.1M, pH = 

7.3-7.4) for 10 to 15 minutes (typically 250-300 mL). Visual indicators of a correct 

perfusion were stiffening of the front and hind limbs, hardening of the visible abdomen, 

spontaneous contractile movements, and passage of the perfusion solution through the 

nose. After concluding the perfusion, brains were extracted and placed in a post-fix 

solution (fixative solution) overnight in a fridge at 4°C. Brains were then initially 

transferred to a 10% sucrose solution in 0.1M PB until they sank, followed by a transfer 

to a 20% sucrose solution in 0.1M PB and after sinking, they were finally put into a 

cryoprotectant 30% sucrose solution in 0.1M PB with 0.01% sodium azide (Sigma, UK) 

at 4°C. Tissues were left in the fridge until processing. 

 

2.6.2. Brain sectioning 

Brains were sectioned at 30µm, or 44µm, using a freezing microtome. If used the 

same day, sections were placed in PB 0.1M, or stored in cryoprotectant (30% sucrose 

solution in 0.1M PB, 0.01% sodium azide). 

 

2.6.3. Immunocytochemistry 

Initially described by Coons and his colleagues in 1941, immunocytochemistry is 

the identification of a particular antigen or group of antigens in cytological preparations 
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or histological tissue sections by an antibody specific to that antigen. Antigens can be 

proteins, nucleic acids, lipids, carbohydrates, and various other molecules. The 

antibody, belonging to a group of proteins called immunoglobulins (Ig), is the pivotal 

reagent common to all immunocytochemistry procedures and must possess high 

affinity, avidity, and specificity for the antigen. Two major kinds of antibodies, or 

antisera, can be used: polyclonal (a heterogeneous mixture of antibodies directed against 

various epitopes of a same antigen) or monoclonal (a homogenous population of 

immunoglobulins directed against a single epitope). Due to their multiclonality, 

polyclonal antisera are more specific and sensitive than monoclonal antibodies, as they 

possess more active paratopes against the same antigen. Furthermore, if the paratope of 

the monoclonal antibody is compromised, sensitivity towards the antigen’s specific 

epitope will be lost. The advantage of monoclonal antibodies is the lot-to-lot 

consistency and lack of the inherent variability of polyclonal antisera.  

The localisation of the primary antibody (and hence the target antigen) is 

visualised microscopically with an enzymatic or fluorescent detection marker. This 

marker has an innate ability to convert a colourless or non-fluorescent substrate 

(chromogen or fluorophore) into a coloured, or fluorescent product. The marker can be 

enzymatic (alkaline phosphatase or peroxidase) or fluorescent in nature. 

Heat-induced antigen retrieval (HIAR) demasks antigens or epitopes that are 

occluded by excessive cross-linking of amino acids during paraformaldehyde fixation.  

Various immunolabelling methods exist such as avidin-biotin 

immunocytochemistry, polymer-based immunocytochemistry, or even tyramide 

amplification. The “three steps” indirect technique features a secondary biotinylated 

antibody that is used between the primary antibody and an enzymatic Avidin-Biotin 

peroxidase Complex (ABC) marker. The attachment of ABC, which consists of avidin 
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possessing four binding sites for biotin, to the biotinylated secondary antibody amplifies 

the signal (Fig. 2.2). Visualising peroxidase is achieved by using the chromogen 

Diaminobenzidine (DAB) as substrate for the enzymatic reaction, which can produce a 

black or brown precipitate depending whether nickel ammonium sulphate is applied to 

the mix.  

 

2.6.3.1. Fos immunocytochemistry: 

Fos, the protein product of the proto-oncogene c-Fos that belongs to the 

immediate early gene (IEG) family, is found in cells and neurones, and is typically 

viewed as a marker for neuronal activation. Fos heterodimerises with an IEG protein 

(such as Jun) to form a stable protein complex transcription factor, known as activatory 

protein (AP-1), which binds to the DNA consensus sequence TGAC/GTCA to modulate 

target gene transcription induced by extracellular stimuli. 

c-fos mRNA and Fos protein are ideally used as markers of cell activation as they 

are found at low levels in intact brains under basal conditions and can be activated by 

various extracellular signals, including neurotransmitters, ions, and growth factors. The 

response is transient and detection by in situ hybridisation and ICC is not complicated.  

It can also be combined with various markers such as retrograde tracers or neuropeptide 

proteins and mRNA. 

  

i) Reagents 

Phosphate Buffer 1M (PB), pH = 7.4 

1 L     distilled water 

115 g Di-sodium hydrogen orthophosphate      (Fisher) 

27.2 g Sodium dihydrogen orthophosphate      (BDH)
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Phosphate buffered Saline (PBS), pH = 7.4 

1 L     distilled water          

5 tabs 1X Phosphate buffered saline       (Sigma) 

 

Phosphate Buffer with 0.3% Triton X-100 (PB-T), pH = 7.4     

1 L Phosphate buffer 0.1 M (900 mL dH2O + 100 mL 1M PB) 

3 mL Triton X-100        (Sigma) 

       

Phosphate Buffer 0.1M with 0.3% Triton -X-100 (PBS-T), pH = 7.4 

1 L PBS 

3 mL Triton X-100        (Sigma) 

 

Citrate Buffer 1M (CB), pH = 6.0 

1900 mL distilled water   

42.02 g Citric acid monohydrate      (Sigma) 

The pH was adjusted to 5.5 using concentrated NaOH and after bringing the solution up 

to 2 L, the pH was adjusted to 6.0. 

 

Citrate Buffer 0.01M (CB) 

10 mL Citrate buffer 1M  

990 mL distilled water  

 

0.3 % Hydrogen peroxide in 0.1 M PB 

99 mL 0.1M PB 

1 mL 30% H2O2         (Fisher)
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Normal goat serum              (Sigma) 

Bovine serum albumin              (Sigma) 

 

Primary c-Fos antibody:  

anti-c-Fos Ab-5 polyclonal antiserum                          (Calbiochem) 

Rabbit antibody raised against the N-terminus amino acids 4-17 of human c-Fos 

 

ABC solution             (Vector Labs, Elite PK-6101) 

For 1mL PBS-Triton-X-100 

10 µL Avidin DH 

10 µL Biotinylated horseradish peroxidase 

The avidin-biotin peroxidase solution must be prepared 30 minutes before use to allow 

the complex to form. 

 

Sodium acetate buffer 0.2 M, pH = 6.0   

1 L distilled water   

16.4 g Sodium acetate anhydrous      (BDH) 

The pH was adjusted to 6.0 with glacial acetic acid. 

 

Nickel-DAB solution 

1 mL DAB (3-3'diaminobenzidine tetrachloride) concentrate (25 mg/mL) 

50 mL Distilled water  

0.08 g Ammonium chloride 

2.5 g Nickel ammonium sulphate 

50 mL Sodium acetate buffer 0.2 M 
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Once the DAB concentrate is dissolved in distilled water and the ammonium chloride  

and nickel ammonium sulphate are added to the 0.2 M sodium acetate buffer, both  

solutions are mixed and finally, 100 µL of 30% H2O2 are added.  

 

DAB solution without nickel                     (Vector Labs, ImmPACT SK-4105) 

1 drop chromogen/ mL diluent 

 

ii) Methodology 

First step 

To wash out the excess fixative and cryoprotectant, as well as to permeabilise the 

cell membrane, sections were rinsed three times with 0.1M PB-T for 10 minutes each at 

room temperature and then washed once for 5 minutes with 0.1M PB. Endogenous 

peroxidase was blocked using 0.3% H2O2 at room temperature for 15 minutes and 

sections were further rinsed 3 times for 10 minutes each in 0.1M PB-T. Sections were 

placed in a blocking buffer solution containing 0.1M PB-T and 3% NGS to diminish 

non-specific labelling for 30 minutes. Sections were placed in vials containing rabbit 

polyclonal anti-c-Fos Ab-5 antibody (Calbiochem) diluted 1:20,000 in 0.1M PB-T + 3% 

normal goat serum (NGS) for 48 hours on shakers at 4°C. 

 

Second step 

Excess primary antibody removal was achieved by rinsing sections for 10 minutes 

with 0.1M PB-T (3 times). To localise the primary antibody, sections were incubated in 

vials containing a biotinylated goat anti-rabbit secondary immunoglobulin diluted 1:500 

in 0.1M PB-T + 3% NGS for one hour at room temperature on shakers. Sections were 
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rinsed subsequently in 0.1M PB-T for 10 minutes (3 times) and the Avidin-Biotin 

complex was allowed to form for 30 minutes prior to use.  

 

Third step 

To amplify the immunoreactive signal, sections were incubated in vials containing 

a previously formed Avidin DH – Biotinylated horseradish peroxidase Complex (ABC) 

diluted at 1:100 in 0.1M PB-T at room temperature for one hour. Sections were rinsed 

in 0.1M PB-T for 10 minutes (3 times), once with 0.1M PB for 10 minutes and rinsed 

with 0.1M sodium acetate buffer during 2 minutes to prepare for the visualisation stage. 

The nickel-DAB solution was poured onto the drained sections and after 30 seconds, the 

sections were closely monitored under a light microscope to observe any 

immunoreactive signal. After the desired level of immunoreactive signal was observed 

with a minimal amount of high background, the DAB reaction was halted by rinsing 

sections in 0.1M sodium acetate for 1 minute. Sections were finally washed several 

times with 0.1M PB. 

 

2.6.3.2. Kisspeptin immunocytochemistry: 

The protocol for kisspeptin neurone and fibre ICC labelling was similar to the one 

previously used for Fos (section 2.7.3.1). Sections were washed with PBS once for 10 

minutes, followed by another 10-minute was with PBS-T, and then with a 10 minute 

PBS wash. Demasking the antigenic sites was done using heat induced antigen retrieval 

(HIAR) using 0.01M citrate buffer at a pH of 6.0 during 10 minutes in a microwave at 

temperatures oscillating between 90°-95°C. Sections were placed in pre-heated plastic 

containers filled with 0.01M citrate buffer, maintained at the desired temperature range, 

and “zapped” back again in the microwave when the temperatures descended below 
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90°C. Sections were allowed to cool to room temperature in the containers under 

running cold tap water for 5 minutes. Endogenous peroxidase was deactivated using 

0.3% H2O2 in PBS for 25 minutes. Sections were rinsed with PBS, PBS-T, and PBS for 

10 minutes each. Non-specific staining was diminished using a pre-incubation blocking 

buffer comprising 3% NGS and 5% bovine serum albumin (BSA) in PBS-T. The 

primary antibody used was a rabbit polyclonal antibody ♯ 564 against mouse kisspeptin-

10 (generous gift by Dr. Alain Caraty) diluted at 1:15,000 in the same pre-incubation 

block buffer.  Sections were incubated for 12-24 hours in vials on shakers at 4°C. The 

secondary antibody, avidin-biotin complex, and incubation times were the same as those 

used for Fos ICC. A DAB kit was used for the visualisation step and the reaction was 

stopped using tap water. Sections were rinsed several times with PBS. 

 

2.6.3.3. Antibody controls and specificity of immunocytochemistry reactions: 

To appropriately identify the antigen under investigation, immunocytochemical 

reactions must be highly specific and the necessary antibody controls must be taken into 

account. Various factors can have an impact on the specificity of immunologic reactions 

and can subsequently invalidate result interpretations. Examples include using a highly 

purified antigen free of contamination or denaturing during the immunisation protocol, 

as the antiserum might contain a small amount of antibodies that aren’t related to the 

antigen being investigated and which can lead to a non-specific signal. A second crucial 

factor is cross-reactivity which denotes an immunochemical reaction between the 

antibody and an unknown tissue or cell constituent owing to stereological/structural 

resemblances between those and the immunising antigen due to the share of a common 

epitope or because it has en epitope that is structurally similar to that of immunising 

antigen. This may lead to immunological detection of an incorrect antigen. Hence, 
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antibody specificity needs to be previously determined to ensure that detection of the 

antigen (s) is not due to non-specific recognition. Optimal, stable antibodies that exhibit 

a strong avidity and affinity and are able to recognise the antigen even when masked or 

modified, should be used (Renshaw, 2007). Controls for specificity include elimination 

of signal in the absence of the primary antibody, loss of signal after pre-absorption with 

the immunising antigen, interrogation of protein data basis for sequence similarities to 

the antigen, presence of signal in cells transfected with cDNA encoding the antigen and 

absence in the untransfected cells. 

i) Rabbit polyclonal antibody Ab-5 anti c-Fos PC 38           (Calbiochem) 

The PC38 rabbit polyclonal antiserum Ab-5 specificity against Fos protein is well 

established and has been extensively used in our laboratory with successful results 

described throughout various publications; this IgG antibody recognises the 

corresponding amino acids 4-17 of human c-Fos and is immunoreactive in human, rat 

and mouse species (Rusnak et al., 2007; Gu et al., 2012). 

       

ii) Antibody controls included in the indirect ABC method: 

The antibody controls were the following: 

Control A: Brain sections were incubated with the primary antibody of interest, as 

previously described. 

Control B: Potential cross-reactivity with other neuropeptides was checked by pre-

adsorbing the primary antiserum 

Control C: A preimmune serum (blocking buffer) substituted the primary antiserum 

Control D: The primary antibody was blocked by pre-adsorption with the target antigen  

Control E: Brain sections were incubated with no antibody 
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Controls A and B should exhibit an immunoreactive signal in cells possessing the  

antigen towards which the antibody is targeted and the antibody specificity is tested.  

Any sort of immunolabelling should be absent for controls C, D, and E. 

 

2.6.3.4. Double immunocytochemistry protocol:  

      Double immunocytochemistry was performed on brain sections to study Fos co-

localisation in single kisspeptin neurones. To differentiate between Fos protein and 

kisspeptin peptide immunoreactive signals, the visualisation step during the second 

immunocytochemistry (kisspeptin peptide) had to be altered. DAB was added to 

sections without nickel ammonium sulphate enhancement in the second ICC, thus 

generating a brown precipitate after enzymatic reactions. Consequently, Fos was 

identified as a black nuclear signal and kisspeptin-containing cells were visualised by a 

brown cytoplasmic stain (Fig.2.3). 

  

i) Fos/Kisspeptin double immunocytochemistry protocol 

Brain tissue sections were initially processed for Fos labelling (section 2.7.3.1) and then 

for kisspeptin (section 2.7.3.2). 

 

2.6.4. Mounting, dehydrating & coverslipping 

      Following any ICC procedure, brain sections were carefully mounted in a rostro-

caudal anatomical order onto 0.05% gelatinised slides (Thermo-Scientific). After the 

sections firmly adhered to the slides, these were dehydrated by placing them in baths 

containing 70%, 90%, 95%, and 2 x 100% ethanol for 20 seconds each. Alcohol was 

removed by dipping the slides into two xylene baths for 5 minutes each; slides were 
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instantaneously coverslipped with coverglasses (VWR) using DPX mounting medium 

(BDH) and dried overnight. 

 

2.6.5. Analysis 

Analyses from every experiment were performed “blind” by the experimenter 

without knowledge of the identity of the slide during the counting process. 

Analyses were performed “blind” for the work described in chapters 4 and 5: the 

slide identity was unknown to the observer during the counting procedure. Analysis for 

the neuroanatomical distribution of Kiss1 neurones in chapter 3 was done knowing the 

identity of the slides. 

For single and double ICC, sections were analysed using x 20 and x 40 objectives on a 

Leica DMR microscope. 

For each brain area, several sections were counted for each individual animal and only 

undamaged sections were analysed. 

Fos-positive cells were denoted as cells with a distinct black or dark, grey nucleus 

whereas Fos-negative cells were those with a blank nucleus. 

In single immunocytochemistry experiments, neurones within the selected forebrain 

regions with a distinct fusiform, round, or elongated shape and with a brown 

cytoplasmic stain were counted. 

In the double immunocytochemistry experiment, only those neurones within the 

selected areas and with a visible nucleus (Fos-positive or Fos-negative) were counted 

(Fig. 2.3.A). 
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Analysis of the arcuate nucleus (ARC) 

Arcuate nucleus within brain sections from rostro-caudal -2.12 mm to - 4.52 mm to 

Bregma (figures 28 to 38, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) 

were analysed separately for kisspeptin neurone and fibre distribution and in 

conjunction for Fos activation in kisspeptin neurones. 

 

Analysis of the anteroventral periventricular nucleus (AVPV) 

AVPV sections within brain sections from rostro-caudal 0.00 mm to - 0.40 mm to 

Bregma (figures 18 to 20, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) 

were analysed separately for kisspeptin neurone and fibre distribution and in 

conjunction for Fos activation in kisspeptin neurones. 

 

Analysis of the hypothalamic dorsomedial nucleus (DMN) 

DMN within brain sections from rostro-caudal -2.56 mm to - 3.60 mm to Bregma 

(figures 30 to 34, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) were 

analysed separately for kisspeptin neurone and fibre distribution and in conjunction for 

Fos activation in kisspeptin neurones. 

 

Analysis of the hypothalamic periventricular nucleus (PeN) 

PeN within brain sections from rostro-caudal -0.26 mm to - 3.60 mm to Bregma (figures 

18 to 34, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) were analysed 

separately for kisspeptin neurone and fibre distribution. 
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Analysis of the hypothalamic ventromedial nucleus (VMN) 

The VMH area within brain sections from rostro-caudal -2.12 mm to - 3.60 mm to 

Bregma (figures 28 to 34, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) 

were analysed separately for kisspeptin neurone and fibre distribution. 

 

Analysis of the hypothalamic horizontal continuum 

The horizontal continuum is a set of Kiss1 neurones and fibres extending horizontally 

approximately 1 mm between the DMN and VMH from rostro-caudal -2.56 mm to -

3.60 mm to Bregma (figures 30 to 34, third edition “ The rat brain atlas”, Paxinos, G. & 

Watson, C.) were analysed separately for kisspeptin neurone and fibre distribution. 

 

 

 

 

Analysis of the medial amygdala (MeA) 

The MeA within brain sections from rostro-caudal -2.30 mm to -3.80 mm to Bregma 

(figures 29 to 35, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) were 

analysed separately for kisspeptin neurone and fibre distribution. 

 

Analysis of the bed nucleus of the stria terminalis (BnST) 

The BnST within brain sections from rostro-caudal -0.26 mm to -0.92 mm to Bregma 

(figures 18 to 22, third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) were 

analysed separately for kisspeptin neurone and fibre distribution. 
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Analysis of the rostral part of the third ventricle (RP3V) 

A periventricular continuum comprised of the anteroventral periventricular, 

periventricular preoptic and median preoptic nuclei that contain estrogen-sensitive 

afferents to GnRH neurones possessing kisspeptin neurones and fibres (figures 18 to 22, 

third edition “ The rat brain atlas”, Paxinos, G. & Watson, C.) were analysed for Fos 

activation in kisspeptin neurones (Fig.2.3.B)(Herbison, 2008). 
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Figure 2.1: Schematic illustration of the “3 steps” indirect technique 

A primary rabbit polyclonal antibody recognises the antigen’s epitope and 
binds to it. A secondary biotinylated anti-rabbit IgG binds to the primary 
antibody and a preformed avidin-biotin peroxidase complex attaches to the 
secondary antibody and enhances the signal. Peroxidase prompts DAB to turn 
brown and enhancement with nickel ammonium sulphate generates a black 
end product. A: Avidin, B: Biotin, P: Peroxidase, Ni: Nickel. 
          

     Adapted from Renshaw (2007) 
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Figure 2.2: Photomicrographs illustrating the controls used for the 
analysis of the immunocytochemistry. 
 
A: Fos immunocytochemistry: example of a Fos-positive cell. 
B, C: Double immunocytochemistry Fos / kisspeptin. B: Fos-positive Kiss1 
neurone; C: Fos-negative Kiss1 neurone. 

A

B C



   
   

 
 
   

 
 
 
 
 
 

Chapter 3 
 
 

Distribution of Kiss1 neurones and 
fibres in the adult male rat brain
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3.1. Introduction: 

Kisspeptins are present in various brain regions in several mammalian and non-

mammalian species; hence dissecting out the exact neuroanatomical distribution of 

kisspeptin cell bodies, fibres, and receptors as well as their development, morphological 

phenotype, and projections to other cells, helps to demystify their actions. The first 

report of Kiss1 presence in the brain occurred in humans in 2001 and since then, various 

studies have flourished, traditionally depicting two crucial kisspeptin neuronal regions: 

the ARC and the RP3V in rodents (POA in non-rodents). Kiss1 cells in both regions 

project to GnRH neurones, which possess Kiss1r; notably, ARC Kiss1 neurones 

additionally project to GnRH axons in the ME (Lehman et al., 2013). The denomination 

of the KNDY neurones stems from the fact that Kiss1 cells in the ARC possess NKB 

and dynorphin, which are neuropeptides that have been postulated to control GnRH 

pulses and the negative sex steroid feedback (Mittelman-Smith et al., 2012). Moreover, 

a population of RP3V kisspeptin cells contains dopamine and galanin (Kallo et al., 

2012). It is of relevant importance to denote co-localisation of Kiss1 neurones with 

steroid receptors, neurotransmitters, and neuropeptides in different regions as well as 

sexual dimorphism. 

Multiple studies have pinpointed the neuroanatomy of kisspeptinergic cells 

throughout different species since 2001. Unveiling the sites of kisspeptin cells has been 

accomplished by use of analytical techniques such as in situ hybridisation (ISH) for 

Kiss1/ Kiss1r mRNA and immunocytochemical detection of neurones and fibres using 

highly consistent specific antibodies, which have been further refined to provide more 
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exquisite consistency and specificity. Hence so far, kisspeptin mapping in rodents 

(mice, rats, and hamsters) has been the most extensively characterised in terms of 

messenger RNA and peptide, but other species have been studied as well such as the 

ovine, porcine, equine, primate and human species. Alongside ICC/ISH studies, 

transgenic mice experiments refined and further validated the aforementioned 

techniques regarding neuroanatomical localisation.  

Kiss1 cell localisations using 1) developed Kiss1-CreGFP knockin mice, wherein 

the endogenous promoter of the Kiss1 gene directs expression of a Cre recombinase-

enhanced green fluorescent protein (GFP) fusion protein and 2) concomitantly, a Kiss1-

CreGFP mouse line targeting GFP or β-galactosidase activity was also generated (Cravo 

et al., 2011; Gottsch et al., 2011). Apart from replicating previous data from Kiss1 

mRNA neurone distribution studies with protuberant expression in the preoptic area and 

ARC, other areas such as the medial amygdala (MeA), the bed nucleus of the stria 

terminalis (BnST), and anterodorsal preoptic area have been exposed, although the 

physiological functions of Kiss1 cells in these areas remain unknown. On the whole, the 

ability to exquisitely dissect Kiss1 populations using genetic approaches is sublime but 

nonetheless, Cre expression promoter specificity, especially while using BAC 

transgenic methods, needs careful interpretation of results (Pinilla et al., 2012). 

Before the appearance of reports with transgenic models, we decided to 

characterise the precise distribution of kisspeptin cells in the brain through ICC using a 

robust anti-rat kisspeptin antiserum. Validation through pre-adsorption with different 

peptides was crucial in the proper discrimination of false-positive neurones compared to 

true Kiss1 cells. To correctly address future premises in subsequent chapters, we 

decided to analyse the distribution of Kiss1 neurones and fibres across the adult male rat 

brain, simultaneously investigate their preponderance and morphology.
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3.2. Methods:  

3.2.1. Experiment 1: Optimisation of kisspeptin ICC labelling with anti-rat 

kisspeptin antiserum  

To achieve optimal antibody immunoreactive labelling of Kiss1 neurones and 

fibres, the immunocytochemistry protocol had to be modified to include different 

techniques and labelling steps. Antigen retrieval was used to unmask and linearise the 

epitope sites as well as to remove the cross-linkages produced by the fixative.  

 

3.2.2. Experiment 2: Neuroanatomic distribution of kisspeptin neurones and fibres 

Detection of Kiss1 ir-neurones and fibres across the brain was annotated, and the 

distribution and prevalence of neurones were quantified. Kiss1 neurones were identified 

on the basis of being round, fusiform, or pyramidal, brown cell bodies, with one or two 

processes, and typically displaying a blank nucleus. To assess that neurones weren’t 

false positive, we decided to observe selected Kiss1 neurone populations comparing 

them between the four different pre-adsorption groups to ensure that the antibody didn’t 

recognise any non-specific binding within these regions. Labelling specificity was 

confirmed by kisspeptin antisera omission during the primary antibody incubation step, 

resulting in an absence of staining. 

Fibre density was assessed using a 10 x 10 grid placed on the microscope 

eyepiece above the field of view of a dense, isolated fibre plexus or one stemming from 

a Kiss1 neurone in a section of each of the selected nuclei. The total number of 

crossings within the grid was counted over 100 crossings. 
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3.2.3. Experiment 3: Validation of anti-rat-kisspeptin-10 antisera specificity 

To adequately present results of Kiss1 neuronal and fibre distribution using a 

polyclonal antibody ♯564, raised in rabbit against mouse Kp-10 (generous gift by Dr. 

Alan Caraty), pre-adsorption with 1µM and 10µM concentrations of kisspeptin-10 

peptide and three different mammalian peptides containing an RF- or RY-NH2 terminus 

had to be performed to verify the specificity of the antiserum. Kisspeptin belongs to the 

family of arginine-phenylalanine (RF) amide peptides and this leads to queries about the 

specificity of the immunolabelling obtained with the anti-kisspeptin antiserum. Previous 

reports established the specificity of the antibody against several RFamide peptides such 

as chemerin, GnIH, NFF, PrRP, and QRFP, but we decided to also check against cross-

reaction with human PYY and human RFRP-3. Additionally, this antibody has been 

extensively used across the literature, indicating that it does not exhibit cross reactivity 

with GnRH, Galatin, SP, NPY, CRH, α-MSH, SRIF by RIA, and is commercially 

readily-available from Millipore (Billerica, MA, USA) (Franceschini et al., 2006; 

Desroziers et al., 2010).  

The same protocol was used as described in chapter 2 to perform the incubation 

with the other peptides with the addition that the peptide was introduced in the 

kisspeptin antibody mastermix and the incubation followed as usual. 
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 3.2.4. Experiment 4: Morphology and orientation of kisspeptin neurones 

The anatomical phenotype of selected Kiss1 neurones was studied to distinguish 

the different type of axonal and dendritic protrusions that are present within each 

neuronal population. The divisions were as follows: unipolar, bipolar, and multipolar. 

Neurones were classified as unipolar if they exhibited a single axonal process. Bipolar 

neurones contained two processes, where one branch is an axon and the other one is a 

dendrite. Multipolar cells possess a single axon and multiple dendrites (usually regarded 

as basal more than apical), emerging from several points around the soma. 

Likewise, the orientation of the cells in each distinct region was characterised 

using a 10 x 10 grid over the eyepiece focusing on a neuron and observing the direction 

of its axon or the direction indicated by the vertex formed by various processes of the 

Peptide 
Name 

Sequence MW Source Purity 

mouse 
KP-10 

YNWNSFGLRY-NH2 1318.46 Phoenix Pharmaceuticals, INC 95% 

rat GnIH VPHSAANLPLRF-NH2 -           (gift from Prof. Millar) - 

human 
RFRP-3 

VPNLPGRF-NH2 969          Pepnome LTD 84.82% 

human 
PYY 

YPIKPEAPGEDASPE
ELNRYYASLRHYLNL

VTRQRY-NH2 

4309.81 Bachem - 

Table 3.1: Peptides used for pre-adsorption of anti-Kp-10 
antisera. 
 
MW: Molecular Weight 
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neurone. The orientation was then based on a 360° plot, subdivided into the following 

sectors: 0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°, 330°, 360°. 

 

3.3. Results:  

3.3.1. Experiment 1: 

Kisspeptin ICC was adjusted using different labelling methods, antibody 

concentrations and the addition of an antigen retrieval technique. Initially, detection of 

the primary antibody was done using streptavidin horseradish peroxidase (SA-HRP) at a 

concentration of 1:1000 but the labelling method was then changed to an avidin-biotin 

complex at [1:100]. The primary antibody was diluted at 1:3000, 1:5000, 1:10000, 

1:15000, and 1:30000 whereby 1:15000 exhibited the desired signal to noise ratio with 

low background and clarity in neuronal labelling detection. Heat-induced epitope 

retrieval using citrate buffer at pH 6.0 at 90°-95°C and a microwave oven revealed more 

neurones and fibres compared to sections that didn’t undergo antigen retrieval (Fig. 

3.1).  

 

3.3.2. Experiment 2: 

i.) Neuroanatomical localisation and distribution of Kiss1 neurones: 

Proper identification of kisspeptin neurones requires firm criteria of the 

description of these cells. Positive Kiss1 neurones were defined as being either round or 

elongated, fusiform cells with visible dendrites. Positive Kiss1 fibres were described as 

elongated or bundled neuronal processes covered with varicosities; fibres are typically 

observed within a fibre network, however, single neurites can also be identified. 

Immunolabelled Kiss1 neurones and fibres were mapped according to stereotaxic 

bregma coordinates on plates corresponding to the 4th edition of the Paxinos and Watson 
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rat atlas. Photomicrographs of labelled fibres and cell bodies were taken using a bright 

field microscope. Anti-Kp-10 antiserum omission (negative control) during the primary 

antibody incubation resulted in complete absence of fibre or cell immunoreactivity. 

Kisspeptin-immunoreactive somata were counted in coronal sections in various nuclei 

of the adult male rat brain. Calculating the number and mode of neurones/ fibres for 

each area derived from taking the average of the number of Kiss1 ir-cells bilaterally 

from each section across the rostro-caudal extent of the entire nucleus; from there, the 

average was taken from multiple coronal sections again across the entire nucleus. This 

was considered as the group mean; finally, all the group means from different animals 

were averaged together to produce the value representing the number of neurones 

averaged from bilateral counts for a particular nucleus. This does not represent the total 

number of every individual neurone found within a given nucleus.  

Mode scores for neurones and fibres were based on a scale from 0 to 4. The mode 

represented the value (0-4) that repeated itself the most. The value “0” indicated that no 

neurones or fibres were observed. A value of “1” meant that occasional neurones or 

fibres were seen. “2” meant sparse, “3” several, and “4” many. The value was ascribed 

per the overall estimate of the abundance assessed bilaterally per section per region per 

rat and then averaged across all rats. 

In keeping with previous literature, the classic, diencephalic areas, ARC and 

AVPV, were initially identified. The largest kisspeptinergic population was located in 

the ARC with 25 neurones averaged throughout the whole nucleus from bregma -2.00 

mm to bregma -4.52 (Fig. 3.2; Fig. 3.31). These neurones appeared dispersed within the 

ARC; this is in juxtaposition to the classical packed conglomerate of 

oxytocin/vasopressin cells, which covers almost entirely the whole SON and which 

seem to be in apposition to one another in coronal sections. Very few Kiss1 neurones 
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are observed at bregma -2.00mm and start augmenting in number at -2.12mm. The 

number of neurones further increases towards bregma -3.80mm and only minimal 

numbers are seen at bregma -4.52mm.  With relation to the whole nucleus, the ARC 

Kiss1 population was give a mode score of 2 indicating that the number of neurones 

was sparse and only half of the ARC contained Kiss1 neurones (Table 3.2). Cells 

possessed a moderate intensity labelling as in some cells, a blank nucleus was 

identifiable and in others it was not. The dense fibre plexus also occluded occasionally 

the observation of a discernible blank nucleus. Fibres scored a 3, indicating the large 

amount of fibres that innervate the nucleus (Table 3.2). 

The AVPV (bregma 0.00 to -0.60mm) in male rats was examined revealing about 

3 neurones per section averaged throughout the entire extent of the nucleus (Fig. 3.4; 

Fig. 3.31). The AVPV had a mode score of 1 and a fibre score of 3 (Table 3.2). These 

neurones showed moderate intensity immunoreactive stain that covered the whole cell, 

occasionally showing a blank nucleus. 

The PeN averaged to 3 cells per section based on the whole rostro-caudal 

continuum. It spans from bregma 0.00mm to bregma -3.60mm; Kiss1 neurones are 

found at the level of the AVPV (rostral: bregma 0.00mm to bregma -0.60mm) (Fig. 3.6) 

and ARC (caudal: bregma -2.00mm to -4.52mm) (Fig.3.10), however, neurones are not 

detected at the level of the SCN/SON (middle: bregma -0.60mm to -2.00) (Fig. 3.8), 

although dense immunoreactive fibre plexuses are found throughout the entire 

rostrocaudal extent surrounding entirely the 3rd ventricle. There seems to be a stronger 

prevalence of caudal PeN Kiss1 neurones compared to rostral PeN kisspeptinergic cells. 

The number of neurones in the PeN was assessed for the entire nucleus instead of 

considering a rostral, central, and caudal approach in consistency with the other nuclei 

considered; thus, the approach would have generated an elevated number of Kiss1 
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neurones across the 3 subdivisions when compared to the entire nucleus. Rostral PeN 

neurones might be averaged to about 4 neurones per section, whereas caudal PeN Kiss1 

neurones might round up about 12 neurones per section. The low number obtained 

throughout the rostrocaudal extent is due to counting no neurones seen in the middle 

PeN as 0 (Fig. 3.31). In terms of mode, the entire PeN possess a neurone score of 1 and 

a fibre score of 4 (Table 3.2). 

The next most numerous collection of Kiss1 cells was the medial amygdala 

(MeA) rounding up to an average of approximately 20 neurones from the rostro-caudal 

extent of bregma-2.30 to -3.80mm (Fig. 3.12; Fig. 3.31). There are few neurones at 

bregma -2.30, increasing until bregma -3.60 mm until very few neurones are observed at 

-3.80mm. The fibre network score was 3 and the neurone score was 2, again 

demonstrating that the area didn’t contain an overabundant amount of neurones, but that 

these were rather sparse (Table 3.2). As in the ARC, these cells were not closely packed 

and were unevenly distributed across the entire area. The labelling intensity was high 

for MeA Kiss1 cells as cells were darker than in other regions, barely exhibiting a blank 

nucleus as it was densely covered with Kiss1 peptide. This large region exhibits 

substantial innervation of kisspeptinergic fibres. 

Another kisspeptinergic population that closely followed behind the 

preponderance of Kiss1 neurones in the MeA was the one formed by he horizontal 

continuum (HC) (sometimes called the tuber cinereum) located between the 

ventromedial hypothalamic nucleus (VMN) and dorsomedial hypothalamic nucleus 

(DMN), roughly located between bregma -2.56mm to -3.30mm (Fig. 3.18; Fig. 3.31) 

On average, there were approximately 18 cells on each side of this region. These cells 

were sparsely distributed and many of them exhibited a blank nucleus. With regards to 

the mode, neurones and fibres both scored 2 (Table3.2).
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A few scattered Kiss1 cells were found in other areas in the rat brain. An average 

of 6 Kiss1 cells was found in the dorsomedial hypothalamic nucleus (DMN) (Bregma 2-

.56mm to -3.30mm) (Fig. 3.16; Fig. 3.31), receiving a neurone mode score of 1 and a 

fibre score of 2. These neurones had a moderate stain and the majority were usually 

found close to the PeN (Table 3.2).  

The BnST was assessed for Kiss1 cells at the first appearance of the anterior 

commissure (ac) at bregma -0.26mm extending to bregma -0.80mm (Fig. 3.14; Fig. 

3.31). It exhibited moderate to intense labelling, similar to the MeA, with an average of 

3 neurones per region. This region was attributed a neurone score of 2 and a fibre mode 

score of 2 as well.  

The VMN (bregma -2.12mm to -3.60mm) showed the fewest number of Kiss1 ir-

neurones. 1-2 neurones are typically perceived in this brain area (Fig.3.20; Fig. 3.31). It 

received a neurone and fibre mode score of 1 (Table 3.2). A mode scoring system for 

Kiss1-ir neurones and fibre prevalence within the entire area for other nuclei was used 

(Table 3.3) Occasional neurones were also located at the anterodorsal preoptic nucleus 

(ADP), the preoptic area (POA), ventromedial preoptic area (VMPO), medial preoptic 

area (MPA), median preoptic area (MnPO), the paraventricular nucleus (PVN), the 

pararaventricular hypothalamic nucleus anterior parvicellular part (PaAP), posterior 

hypothalamus (PH), bed nucleus of the stria terminalis intraamygdaloid division 

(BSTIA), dorsal tuberomammillary nucleus, (DTM), and mammillary recess of the third 

ventricle (MRe) (Fig. 3.22, 3.23, 3.24, 3.25, 3.26, 3.27, 3.28). Multiple kisspeptin 

somata were discerned in multiple parts of the hippocampus (DG, CA1, CA2, CA3) 

with extremely faint labelling, although this could be accountable to the “stickiness” of 

antibodies, which can lead to the conjecture that 
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they might conceivably be false positive neurones (personal communication by Dr. 

Vicky Tobin). At high resolution, occasional hippocampal cells appear to contain 

minimal amounts of kisspeptin varicosities. Nonetheless, occasional fibres were seen in 

different hippocampal regions (Fig. 3.29Q).  

Occasionally, some neurones in the piriform cortex appear to be kisspeptinergic 

given that the soma sometimes seems to contain kisspeptin varicosities. Kiss1 fibres 

seem to wrap around certain cells within the piriform complex, which might 

additionally suggest that these cells are true Kiss1 cells, however, they might also seem 

to be fibres forming “baskets”, wrapping around a cell and making them look 

kisspeptinergic in nature (Fig. 3.29N).  

No neurones were observed in other major important areas such as different parts 

of the cortex, SON, SCN, thalamus, other amygdala regions, and in other forebrain 

areas.  Neurones were not detected at the level of the anterior olfactory nuclei (AON) or 

the diagonal band of Brocca (DBB) and beyond the mammillary bodies. The olfactory 

bulbs, cerebellum, and brainstem were not processed for this study. 

 

ii.) Neuroanatomical localisation of Kiss1 fibres: 

Kiss1 axons and dendrites, both referred to as fibres, are ubiquitous throughout 

the entire brain in different degrees. They appear as long or short projections extending 

various millimetres across a nucleus or set of nuclei and can be detected as single 

strands or in complex bundles. All fibres seen were kisspeptin-positive and the 

distribution was similar in sections that had been pre-incubated with the other peptides 

that where used to test for cress-reaction.  

Wherever Kiss1 fibre networks were observed within a nucleus of interest, a 10 x 

10 grid was placed on the microscope eyepiece to assess the fibre density. Each time a 



   
   

fibre appeared to cross a line within the grid, it was counted as a crossing. Then the total 

number of crossings was assessed over a total of 100 grids. 

Kiss1 dendrite/axonal network was assessed in the regions where the number of 

kisspeptin neurones was counted. The density of fibres was calculated in terms of the 

mode within a variety of regions (Table 3.2). The AVPV exhibited a mode score of 3, 

dissimilar to the ARC and MeA (Table 3.2). Sparse fibres were observed in the BnST, 

DMN, and horizontal continuum, and in the VMH, only occasional fibres were detected 

(Table 3.2). Fibres were present throughout the rostro-caudal extent is the PeN with a 

mode score of 4. Fibre density surpassed more than 70 crossings within the 10 x 10 grid 

in the AVPV, ARC, PeN, and MeA (Fig.3.2). 50 crossings were observed in the DMN 

and fewer than 40 crossings were detected in both the horizontal continuum and the 

BnST (Fig.3.2). The region with the lowest fibre density was the VMN with an average 

of 25 crossings (Fig.3.2). 

 

3.3.3.Experiment 3: 

Pre-adsorption with 1µM and 10µM concentrations of the RFamide peptides 

(GnIH, PYY and RFRP-3) showed that there was no cross reactivity with anti-Kp-10 

antiserum and all kisspeptin neurones and fibres appeared as expected (Fig. 3.3C-H, 

3.5C-H, 3.7C-H, 3.9C-H, 3.11C-H, 3.13C-H, 3.15C-H, 3.17C-H, 3.19C-H, 3.21C-H). 

Persistent robust labelling in both ir-varicose Kiss1 fibres and cell perikarya was seen 

throughout all sections pre-adsorbed with the different peptides. Sections containing 

1µM and 10µM kisspeptin-10 peptide pre-adsorbed to the kisspeptin antiserum revealed 

absence of Kiss1 neurones and fibres (Fig. 3.3A-B, 3.5A-B, 3.7A-B, 3.9A-B, 3.11A-B, 
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3.13A-B, 3.15A-B, 3.17A-B, 3.19A-B, 3.21A-B). These tests ensured the specificity of 

the anti-rat-Kisspeptin-10 antibody.  

 

3.3.4. Experiment 4: 

i.) Morphology of Kiss1 neurones: 

The number of Kiss1-ir cells exhibiting a unipolar morphology oscillated between 

40 -50% of the total population within each region in the AVPV, ARC, PeN, VMN, 

DMN, and horizontal continuum. Only about 30% of the total population of kisspeptin 

cells in both the BnST and MeA were unipolar (Fig. 3.33).  

50% of kisspeptin-immunoreactive neurones in the majority of the selected nuclei 

exhibited a bipolar dendritic tree when visualised, except for the BnST where only 30% 

of Kiss1 neurones were bipolar (Fig. 3.33). 

Less than 5% of kisspeptin cells were multipolar in all regions except the MeA 

and the BnST, where 20% and 40% of the cells showed multipolar arborisation (Fig. 

3.33). 

 

ii.) Orientation of Kiss1 neurones: 

Kisspeptin neurones in the ARC, AVPV, MeA, BnST, DMN, HC, and VMN 

pointed in arbitrary directions. However, in PeN Kiss1 neurones, 50-80% of the total 

number of neurones studied pointed towards the median eminence. 
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 3.4. Discussion: 

Methodology and experimental design limits: 

The present study illustrates the neuroanatomic resolution as well as the 

morphology/topology of Kiss1 neurones and fibres in selected brain areas. Surprisingly, 

we found that Kiss1-ir fibres are widely distributed throughout the whole brain in adult 

male rats although Kiss1-ir neurones are restricted to specific region of the 

hypothalamus.  

Several supplementary parameters could have been performed to further 

potentiate our study. Apart from the morphological characteristics of each set of 

neurones, cell body measurements could have been additionally taken within each of the 

selected brain regions. Besides, sagittal sections could have been processed to provide 

additional information about the overall distribution of Kiss1 somas throughout the 

distinct nuclei.  

Apart from the existing evidence concerning the overall number of Kiss1 cell 

bodies in the arcuate region of several species, there is a paucity of data regarding the 

total number of Kiss1 cell populations in other important regions. Of note, we cannot 

rule out the potential bias of species differences regarding kisspeptin neurone 

distribution in other regions. Thus, it would have been worthwhile to generate numbers 

totalling kisspeptinergic cells throughout the continuous rostrocaudal extent of each 

area. To be more rigorous, a thorough examination of the prevalence of Kiss1 cells by 

each individual bregma coordinate per area using a scatter plot would delineate and help 

identify which parts of a given nucleus contains the highest and lowest number of cell 

bodies. 

Analysis of the olfactory bulb, midbrain, brainstem, cerebellum, and spinal cord, 

would have contributed to an even more comprehensive, global study.
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The experimental design could have additionally profited from ISH to corroborate 

Kiss1 mRNA neurone transcripts within the same area. 

 

Kisspeptin immunoreactivity labelling protocol enhancement 

The methodology was modified from previous existing ICC protocols to properly 

identify Kiss1-ir cells and fibres. The ICC protocol was tweaked multiple times in terms 

of the labelling methods, dilutions and antigen retrieval methods. Pre-treatment with 

colchicine was not included in our protocol as it tends to render the rat sick (personal 

communication from Dr. Alison Douglas). Instead, to achieve optimal immunolabelling, 

antigen retrieval using citrate buffer was added to the ABC immunocytochemical 

labelling procedure. The procedure greatly benefited from treatment with heat induced 

epitope retrieval as previously established in the methods section. Moreover, we 

corroborated the robustness of the anti-rat Kp10 antiserum as there wasn’t any existing 

cross-reactivity with the mouse kisspeptin-10 peptide nor with any of the other RF-

amides. As a result, the labelling of kisspeptin neurones and fibres was always 

consistent and robust. 

 

Kisspeptin analysis within the ARC, AVPV, and PeN 

Kisspeptin cells might possess a myriad of autonomic, behavioural, and 

neuroendocrine functions based on their locations within the brain and the type of 

connections they establish. Moreover, kisspeptin neurones have been previously 

reported in the brainstem and spinal cord. Projections may also be present in the 

olfactory bulb and cerebellum; however, our analysis does not cover these aspects and 

focuses on part of the forebrain.  
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Two prominent diencephalic groups of Kiss1 cells have been extensively 

described and analysed: the ARC and the AVPV. In recent literature, the latter 

population has been merged with the adjacent periventricular preoptic zone group of 

Kiss1 cells to conform the RP3V. In our study, we confirm previous findings on the 

neuronal distribution of Kiss1 ARC and AVPV cells. The periventricular nucleus, PeN, 

is devoid of Kiss1 neurones in the central region but contains various cells in the rostral 

and caudal regions. In consequence, the overall number of PeN Kiss1 neurones reflected 

in the results section comprises the cell density across all three different parts: rostral, 

central, and caudal; there should be a separate assessment of cell number divided 

according to the mentioned parts. 

Probably due to the overall, continuous presence of Kiss1 fibres from the rostral 

to the caudal formation of the PeN, kisspeptin might exhibit some type of 

interconnectedness between the AVPV and ARC, serving as a relay point for 

transmission of signals between these two nuclei. 

 

Tenable kisspeptin actions within the versatile amygdaloid nucleus and the BnST and 

oxytocinergic/vasopressinergic interactions 

The amygdala is involved in fear, anxiety, stress, aggression, memory, emotional 

learning, sexual and social behaviour. Though the amygdaloid nucleus consists of 

various subdivisions, only within the medial amygdala do we encounter plenty of 

densely stained kisspeptinergic cells and heavy Kiss1 fibre plexuses, neatly delineating 

and staining the MeA. Occasional fibres can be detected in other areas such as the 

lateral amygdala (LA) or basolateral amygdala (BLA) while other division such as the 

central amygdala contain sparse, scattered fibres.  
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Occasional Kiss1 neurones are encountered next to the MeA in the bed nucleus of 

the stria terminalis intraamygdaloid division (BSTIA). Apart from previous examination 

of castration on these cells in male and female rodents, many issues remain ill defined to 

date like the functional characteristics, connections to other neuropeptides, and 

neurochemical identities, among others. The MeA projects to accessory and main 

olfactory sensory pathways, ventral striatum, ventral pallidum, intrahippocampal 

circuits, BnST, multiple hypothalamic areas, medial parts of the thalamus, PAG, VTA, 

entorhinal and perirhinal cortices, basal ganglia, and midbrain raphé (Canteras et al., 

1995; Morrison & Salzman, 2010). Kiss1 immunoreactive fibres exist in varying 

degrees of density within these areas. The posterodorsal part of the MeA (MePD) 

projects to the main nucleus of the BnST, the AVPV, to central and medial regions of 

the MPOA, and to the ventral premmamillary hypothalamic nuclei (PMV) (Canteras et 

al., 1995). Except for the PMV, all these regions contain a few kisspeptin cell bodies. 

Hence interconnectivity should be analysed by retrograde/anterograde tracing 

techniques. These regions heavily project to neuroendocrine and autonomic-related 

areas of the PeN (Canteras et al., 1995). The ventral part of the MeA, which consists of 

the anterodorsal, anteroventral, and posteroventral parts, is typified by dense efferents to 

the interfascicular and transverse areas of the BnST, as well as projections to the lateral 

parts of the MPOA, anterior hypothalamus, and VMH. Functional studies indicate that 

circuits that are related to dorsal regions of the ventral division can be implicated in 

reproductive behaviours; on the other hand, circuits coupled with ventral regions of the 

ventral division may mediate agonistic, aggressive behaviours (Canteras et al., 1995).    

The MeA might exert effects on the neuroendocrine release of LH. A study 

conducted in the inhibition of LH in stressed female mice after restraint, LPS induction, 
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or insulin-induced hypoglycemia, showed the involvement of the medial and central 

amygdalae. The CeA was revealed to play a pivotal role in the immunological stress-

induced suppression of the GnRH pulse generator whereas the MeA mediated 

psychogenic stress-suppression of the same (Y. Lin et al., 2011b). This same study 

postulates different, direct and indirect, connections with the ARC. One scenario shows 

that there are direct, yet sparse projections from the MeA to the ARC, which might offer 

a limited level of interaction between these nuclei, or 2) an indirect neural construct 

involving robust connections between the amygdala and BnST, the latter which projects 

to the arcuate nucleus. At the present time, this hypothesis needs to be tested in females 

and males. As a note of interest, the kisspeptinergic cell body populations of the MeA 

and BnST are the most densely labelled. 

As mentioned, there is compelling evidence that social and sexual behaviour are 

connected to amygdala processing.  One of the initial pilot studies, for this thesis was to 

establish the potential sexual behaviour component of adult male rat Kiss1 neurones 

through c-Fos activation in various brain regions in socialised and non-socialised rats 

after mating with female rats. Sexual behaviour involves sexual experience, sexual 

reward, sexually-conditioned place and partner preference, sniffing of the partner’s 

body, bedding, and anogenital region, dashing, ear wiggling, lordosis, mounting, 

intromission, ejaculation, and self-grooming among others (Pfaus et al., 2012; Petrulis, 

2013). Male rats with lesions in amygdala or BnST have reduced intromission 

frequencies and increased ejaculation latencies (Newman, 1999). Similarly, the MeA is 

important for lordosis in female rats (Rajendren & Moss, 1993). Sociability, defined as 

the tendency to seek social interactions, involves hierarchical status and sex 

discrimination, affiliative, parental, aggressive, or copulatory behaviours (Caldwell, 
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2012; Ferguson, 2002). Two neuropeptidergic systems, oxytocin and vasopressin, are of 

particular importance for socio-sexual behaviours. Kisspeptin fibres innervate of 

oxytocin- and vasopressin-synthesising nuclei as shown in this chapter suggesting direct 

involvement between these systems. Recent evidence suggests phylogenetic 

conservation of this neuroanatomical interaction between those systems as evidenced in 

medaka, whereby vasotocin and isotocin (vasopressin and oxytocin orthologs, 

respectively) neurones express gpr54-2 as revealed by dual ISH (Kanda et al., 2013). 

Pubmed literature search after implementation of the terms “kisspeptin / vasopressin” 

and “kisspeptin / oxytocin”, reveals a small number of investigations up to now; 

however, more studies are linking kisspeptins to these two well-known nonapeptides. 

The pilot study revealing that kisspeptins were the natural ligands of GPR54 showed 

plasma oxytocin increases after kisspeptin-10 injection in female rats (Kotani et al., 

2001). Kisspeptin alters gene expression of both oxytocin and vasopressin (Rao et al., 

2011). Peripheral injection of kisspeptin-10 has been shown to increases the activity of 

OXT neurones and a proportion of AVP neurones within the SON (Scott & Brown, 

2011). Kisspeptins’ actions might not only be relegated to parturition, pregnancy, and 

possibly milk-ejection, but they most likely will be shown to have their behavioural 

counterparts (Scott & Brown, 2013). Kisspeptin interacts in various manners with AVP. 

Central administration of KP-10 to anaesthetised male rats inhibits natriuresis and 

diuresis induced by blood volume expansion, an effect likely mediated by an increase in 

AVP (Han et al., 2010; Ten et al., 2010). The SCN, which acts as the master circadian 

brain clock, communicates with GnRH neurones. SCN AVP neurones innervate RP3V 

neurones, allowing the latter to receive circadian signals by an 
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estrogen-induced vasopressinergic monosynaptic pathway (Vida et al., 2010). 

Moreover, there is kisspeptin innervation in the SCN. This leads to a strongly-based 

assumption that kisspeptins act as a locus of integration for steroid and circadian signals 

to initiate ovulation and the surge of gonadotropic hormones. 

Within the context of socio-sexual behaviour, the multifaceted mechanisms of 

oxytocinergic and vasopressinergic pathways set the stage for the involvement of Kiss1 

neurones. AVP is mainly synthesised in the magnocellular cells of the SON and PVN, 

which send axonal projections to the posterior pituitary. Parvocellular AVP neurones 

are also present in the PVN, BnST, SCN, and MeA (Caldwell et al., 2008). Medial 

amygdala AVP cells are sensitive to the presence of sex steroids and project to limbic 

structures like the septum and hippocampus. AVP cell stimulation generates alterations 

in early phases of sexual behaviour, consistent with the hypothesis that the MeA 

organises the appetitive phase of recognition of an ideal partner and sexual arousal 

(Smock et al., 1999). AVP innervates the lateral septum, thereby modulating social 

memory; within this region, many Kiss1 fibres are encountered, indicating an 

interaction with vasopressin and sociability (Dantzer et al., 1988). Oxytocin is 

synthesised in magnocellular neurones in the SON and PVN, which project to the 

posterior pituitary. OXT knockout mice don’t recognise familiar conspecifics after 

repeated social encounters, yet non-social memory and olfactory functions remain intact 

(Winslow & Insel, 2002). Moreover, sexual behaviour in OXT KO female mice is 

ablated (Becker et al., 2013). OXT seems to be crucial in the acquisition rather than 

then consolidation phase of memory. The effects of OXT on social memory are 

mediated via a discrete group of cells in the MeA (Ferguson, 2002). Kiss1 neurones 

have the potential to act in tandem with oxytocin via oxytocin receptor 
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activation within these neurones in the MeA to regulate social recognition (Ferguson et 

al., 2001; Becker et al., 2013). Currently, no experiments have been done to 

demonstrate the presence of oxytocin receptors in Kiss1 neurones. Without doubt, 

chemosensory signals from the main and the main and vomeronasal systems can 

probably be considered the most important stimuli for sexual behaviour of male rodents. 

These inputs are processed in the medial amygdala. Input from the medial amygdala, 

both directly and through the BnST, towards the medial preoptic area (MPOA), are 

crucial for copulation in male rats (Hull & Dominguez, 2007; Kondo & Y. Arai, 1995). 

Hence Kiss1 BnST neurones can be forming a direct connection to medial amygdala 

Kiss1 neurones; tracing studies to study the interconnectivity between these regions 

remain unexplored. 

Further plausible scenarios for the involvement of Kiss1 neurones/fibres in the 

amygdala are neurocircuits of fear, stress, and anxiety. Modest innervation by Kiss1 

fibres occurs in the central amygdala, wherein oxytocin and vasopressin play opposite 

roles in physiological and behavioural tests for fear and anxiety (Viviani & Stoop, 

2008). Inhibition of reproductive function can arise from cross-talk between the 

hypothalamic-pituitary-adrenal (HPA) axis and the HPG axis during periods of chronic 

psychological or physiological stress (Rao et al., 2011). Stress modulates GnRH release 

via activation of corticotropin-releasing factor (CRF) and sympathoadrenal pathways. 

CRF is thought to act upon the GnRH pulse generator via indirect regulatory 

mechanisms as no efferents to GnRH perikarya from CRF cells in the PVN, amygdala, 

and BnST, can be detected (Li et al., 2010). CRF expression increases during chronic 

stress in the BnST and amygdala; additionally, CRF cell bodies and terminals are 

located across the amygdala (Swanson et al., 1983; Kim et al., 2006). This body of 
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evidence suggests that Kiss1 neurones may be mediators of stress and anxiety in those 

regions. 

 

Involvement of kisspeptins in the preoptic area 

The MPOA is the critical site for male sexual behaviour orchestration; 

additionally, GnRH neurones reside throughout the preoptic area. It is also known to 

regulate female sexual behaviour and maternal behaviour. This site receives sensory 

inputs indirectly from all sensory networks and dispatches reciprocal connections back 

to those areas; this allows the MPOA to influence inputs received (Hull & Dominguez, 

2007). There are occasional Kiss1 neurones in the MPOA, including the median 

preoptic (MPA), anterodorsal preoptic area (ADP) and ventromedial preoptic area 

(VMPO). This modest fraction of neurones might provide tenable pathways for the 

coordination of inputs to regulate reproduction or other physiological processes. 

Additionally, regulation of information in the MPOA may be heavily modulated due to 

the extensive population of kisspeptin fibres spreading in all directions within the 

region. Steroidal and non-steroidal receptors in these diffuse kisspeptinergic cells have 

not yet been elucidated. Investigation of the type of steroidal receptors involved should 

provide insight due to the importance of steroids in male sexual behaviour. In virtually 

all male vertebrate species, this type of behaviour depends on testosterone, which is 

released by testicular Leydig cells and converted in target cells to DHT, via 5α-

reduction, or to Eⁿ through aromatisation. Both Eⁿ and DHT contribute to mating 

activation, however, Eⁿ is crucial for copulation whereas DHT is necessary for genital 

reflexes. MPOA hormonal activation is most effective, yet MeA implants have the 

potential to stimulate mounting in castrated rats (Hull & Dominguez, 2007). Withal, 

Kiss1 cells in the MPOA and other areas require 
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more studies to fuel subsequent analysis of their identities as conveyors of classical 

neurotransmitters: acetylcholine, dopamine (DA), serotonin, GABA, glutamate, etc... 

Different neurotransmission mechanisms are involved in sexual behaviour. 

Microinjections with a dopamine agonist, apomorphine, facilitates copulation in 

castrated and gonadally intact rats. This agonist additionally restored copulations in 

males with substantial damage to the amygdala. On the other hand, a DA antagonist 

impedes copulation and decreases sexual motivation (Dominguez & Hull, 2005). Before 

and during copulation, dopamine is released in the MPOA; testosterone is required for 

dopamine increase and copulation (Hull et al., 1995). Another crucial factor stimulating 

DA release in the MPOA is nitric oxide (NO). NO synthase immunoreactivity is 

positively regulated by testosterone and estrogen. Moreover NO is fundamental for 

copulatory performance. Kiss1 cells in the MeA might offer support in the circuit 

architecture of sexual behaviour, as inputs from the MeA are required for the 

dopaminergic response to a female. However, these inputs are not required for basal 

levels of dopamine. Chemical stimulation of the MeA causes increases in MPOA 

extracellular dopamine in comparison to those generated by females (Dominguez et al., 

2001). Apparently, no dopaminergic neurones exist in male rat MeA, hence MeA Kiss1 

neurones may not contain dopamine (Dominguez, 2009). MeA and BnST efferents to 

the MPOA are glutamatergic; these glutamate efferents facilitate genital reflexes and 

copulation, both directly and via NO-mediated increments in dopamine. Within the 

MPOA, other neurotransmitters such as acetylcholine, norepinephrine, prostaglandin, 

Eⁿ, and orexin exist, which can stimulate male rat sexual behaviour. GABA and 

serotonin may act as inhibitors. Opioids can be facilitatory or inhibitory depending on 

the dosage levels (Hull & Dominguez, 2007).
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Speculation of an additional role for Kiss1 neurones could be their participation in 

one or more of the dopaminergic pathways. The mesocorticolimbic DA tract is an 

important candidate to consider; this neuroanatomic circuitry ascends from the ventral 

tegmental area (VTA) to the nucleus accumbens and prefrontal cortex. It is essential in 

the reinforcement and appetitive behaviours (Hull & Dominguez, 2007). The VTA and 

prefrontal cortex contain occasional Kiss1 fibres and the accumbens nucleus has a 

distinguished pack of fibres surrounding it. The MPOA, with its widespread kisspeptin 

fibre plexuses, and other areas, project their fibres to these tracts (Stolzenberg & 

Numan, 2011; Simerly & Swanson, 1988). 

 

Kiss1 cell network in the PVN 

While the CeA regulates most of the behavioural and autonomic stress reactions, 

the PVN governs neuroendocrine stress response. A marginal subset of kisspeptinergic 

cell bodies and fibres reside within various subdivisions of the PVN, including regions 

such as the anterior parvicellular, medial parvicellular posterior parts of the PVN 

(PaAP, PaMP, PaPo respectively), hence hinting at their participation in the HPA axis. 

As mentioned before, this is one of the fundamental sites for OXY and AVP synthesis. 

Within the paraventricular nucleus, other neuronal cell types exist such as thyrotropin-

releasing hormone (TRH) and corticotropin-releasing hormone (CRH) (Sjoeholm et al., 

2011; Kovács, 2013). Noradrenaline is a potent neurotransmitter involved in modulation 

of GnRH and LH release; reductions in plasma LH, pulse frequency, and/or pulse 

amplitude in gonad-intact rats as well as neuronal activity inhibition in the MPOA of 

ovariectomised rats is achieved via central administration of NA. Intra-POA 

administration of α-adrenergic receptor antagonists also diminishes the frequency of 
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pulsatile LH secretion (Li et al., 2010). Kiss1 and Kiss1r mRNA expression is down-

regulated in both ARC and MPOA by CRF administration and by various stressors such 

as restraint, lipopolysaccharide, and insulin-induced hypoglycaemia (Kinsey-Jones et 

al., 2009). This reduction entails that Kiss1-Kiss1r signalling may be a decisive factor in 

stress-related inhibition of the GnRH pulse generator frequency (Li et al., 2010). Direct 

administration of NA into the PVN inhibits pulsatile LH release and PVN Kiss1 cells 

might be mediating noradrenergic inputs or other stimuli in this region to suppress 

GnRH/LH secretion (Tsukamura et al., 1994). 

 

Kisspeptinergic activity in the DMN 

The hypothalamic dorsomedial nucleus is mechanistically relevant in body-weight 

regulation, feeding, drinking, and circadian activity. This area is implicated in 

conveying neural information related to appetite/feeding regulation, energy 

consumption and body weight, to brain areas dealing with wakefulness/sleep regulation, 

corticosteroid secretion, and regulation of body temperature (Chou et al., 2003). The 

DMN receives direct and indirect inputs from the SCN; additionally, the DMN projects 

to the ventrolateral preoptic area, the locus coeruleus, and orexin cells to regulate 

wakefulness (Gooley et al., 2006). Previous interactions between kisspeptin and a 

metabolism regulator, neuropeptide Y (NPY), have been examined in the ARC, wherein 

synthesis of both neuropeptides occur (Crown et al., 2007). Additionally, the DMN is 

another major location of NPY synthesis and interactions with Kiss1 neurones are 

highly possible (Bi, 2007). This aspect will be covered in more depth in chapter 5. It 

also forms part of the corticotropin-releasing hormone pathway (Kawaguchi et al., 

2005). Cocaine and amphetamine regulated transcript (CART) neurones can be found in 

the AVPV, ARC, PVN, DMN, and are implicated in reward, feeding, and stress; Kiss1 
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neurones have been shown to interact with these neurones in the ARC and the same 

might be true of DMN Kiss1 cells (Crown et al., 2007; Myers et al., 2013). ARC CART 

fibres can be seen in close apposition to ARC and AVPV Kiss1 cells; likewise, CART 

cells from the AVPV, ARC, and DMN project to the region possessing GnRH neurones 

(True et al., 2013). 

Similarly, our study is the first to identify and quantify in male rats a novel group 

of Kiss1 cells in male rats located between the hypothalamic dorsomedial and 

ventromedial regions, termed the horizontal continuum. The substantial amount of cells 

(20 cells counted ipsilaterally in one section) perfectly spreads away horizontally from 

each side of the 3rd ventricle. This propagation of cells, in close proximity to one 

another and with substantial innervation throughout the region, might indicate a 

paracrine effect on neighbouring cells. However, no Kiss1r protein or Kiss1r mRNA 

studies have focused on this region yet. The physiological actions of this interesting 

compendium of neurones require further elucidation.  

 

Prospective actions of kisspeptin within the VMN 

Ventromedial hypothalamic nucleus Kiss1 neurones are very sparse as an average 

of two neurones per section is typically detected. VMN kisspeptin cells are found in rats 

but not in mice, conceivably portraying a species difference; they have been recently 

characterised using both ICC and ISH protocols in both males and females (Xu et al., 

2012). These cells may be a lateral extension of the ARC kisspeptinergic neurones 

(Lehman et al., 2013). The VMN, which is larger in males compared with females, is 

well defined as a nucleus involved in fear, feeding, response to predators/predator odor, 

thermoregulation and sexual activity (male vocalisations and scent marking behaviour 

in males, lordosis in females); therefore Kiss1 



Kiss1 neurone and fibre distribution in the adult male rat brain                        Chapter 3 
 

	  	  	  	  	  
101 

cells could be implicated in any of these roles (Kurrasch et al., 2007; Borelli et al., 

2009; Floody & DeBold, 2004; Canteras & Blanchard, 2008; Flanagan-Cato, 2011). 

 

Speculation of kisspeptin neuron activity within caudal forebrain nuclei: 

Many kisspeptin cells, around 20 neurones per section, are encountered within the 

dorsal tuberomammillary (DTM) and posterior hypothalamic (PH) nuclei. Sparse Kiss1 

cells are also detectable around the mammillary recess of the 3rd ventricle (MRe). 

Orexin seems to be a putative candidate for actions within the DTM and posterior 

hypothalamus. The orexigenic system, predominantly regulating sleep, projects and 

receives input from previously cited areas of kisspeptin cell synthesis (eg., MeA and 

BnST) (España & Scammell, 2011; J.-S. Lin et al., 2011a). 

 

Kiss1 fibres throughout various nuclei 

Kisspeptin fibres are ubiquitous throughout the whole forebrain. Some 

occasionally appear within certain areas, whereas some are scattered, others are 

concentrated into clusters like in the ARC, and some form “baskets” around other cells. 

Fibres are encountered in varying intensities in sites were Kiss1 neurones are located. 

The median eminence is located at the base of the hypothalamus and connects to the 

pituitary. Both ARC and RP3V Kiss1 cells project to GnRH perikarya. Axo-axonic 

connections of ARC kisspeptin neurones with GnRH terminals, located in the median 

eminence, are observed. There is a higher preponderance of Kiss1 fibres in the internal 

zone and to a lesser magnitude within the external zone, the site of GnRH 

neurosecretory release (Lehman et al., 2013).  

The involvement of kisspeptin in the hippocampus and substantia nigra can be set 

for contention. The hippocampus forms part of the limbic system and basal ganglia 
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neurocircuitry, involved in memory regulation and spacial navigation, whereas the 

substantia nigra is one of the major sites of dopaminergic synthesis, involved in reward, 

movement, and addiction. Occasional fibres are found in various parts of the extensive 

hippocampus and the substantia nigra. Kiss1r density is very high in dentate gyrus (DG) 

granule cells but barely detectable in CA1 and CA3 pyramidal cells (Arai, 2009). Kiss1 

neurones appear to be visible in all parts of the hippocampus, however this can be an 

issue of an interaction between the antibody and the hippocampus as this brain region 

tends to be “sticky” and adheres with relative ease to antibodies (specific 

communication from Dr. Vicky Tobin). 

Scattered fibres are also detected in the striatum, mammillary bodies, 

suprammamillary nucleus, ventral tegmental area, medial septum, all of which form part 

of cholinergic/dopaminergic pathways. Kisspeptin fibres surround the anterior 

commissure and are densely located in the nucleus accumbens, which is a well-known 

area in reward mechanisms. 

The thalamus conveys sensory and motor signals to the cerebral cortex and 

regulates sleep, consciousness, and alertness. Scattered fibres can be found in various 

nuclei such as the zona incerta and reuniens thalamic nucleus. Distinct Kiss1 fibre 

innervation can be seen within the paraventricular thalamic nucleus (PVA), which is 

interconnected with several brain regions such as the lateral hypothalamus and nucleus 

accumbens shell, in mediating food intake (Stratford & Wirtshafter, 2013). Almost all 

parts of the cortex such as the motor, ectorhinal, and perirhinal cortex contain 

occasional Kiss1 fibres, hinting at higher cognitive involvement of kisspeptin as well as 

roles in motor coordination and sensorial processing. The piriform cortex forms part of 

the limbic system and is a processor of olfactory innervation in mammals (Bekkers & 

Suzuki, 2013). In the present study, Kiss1 fibres innervate the nucleus, specially 
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forming so-called “baskets” around neurones. Kisspeptin varicosities can be found 

within piriform cortex neurones. 

Kiss1 fibres are found ubiquitously around the forebrain ventricles. Dense 

innervation is detected at the level of the preoptic area/hypothalamic region around the 

3rd ventricle. Similarly there is innervation of the space surrounding the 3rd ventricle in 

the posterior hypothalamus extending into the periaqueductal gray (PAG). This region is 

typically associated with anxiety and fear, analgesia and pain, vocalisation, lordosis and 

cardiovascular control (Linnman et al., 2012; Behbehani, 1995). All in all, this offers a 

varied repertoire for potential kisspeptin functions within the area. The lateral septum 

(LS) nucleus is sexually dimorphic in its content of AVP fibres and in both sexes, there 

is abundant expression of the vasopressin receptor, V1aR (Veenema et al., 2013). Kiss1 

fibre innervation in the lateral septum might seem to be intertwined with AVP fibres 

although further examination is needed. 

GnRH neurones, fibres, and receptors are located within the POA, medial septum, 

diagonal band of Broca (DBB)/ organum vasculosum of the lamina terminalis (OVLT) 

and tenia tecta (Richardson & Parfitt, 2002; Merchenthaler et al., 1984). Kiss1 fibres 

have been found to innervate all these areas in this study.  

 

Morphologies of Kiss1 neurones and implications in information transmission 

The overall neuronal population per brain region was characterised in terms of 

neuronal polarisation into the following categories: unipolar, bipolar, and multipolar. 

No pseudounipolar neurones were observed. 

Within the ARC, AVPV, DMN, HC, and VMN, half the neurones analysed per 

section were unipolar and half bipolar. A minute 
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number of neurones display a multipolar morphology. The PeN was the only nucleus 

were multipolar neurones were not observed.  

The limbic areas (BnST and MeA) were the only ones to contain a considerable 

percentage of multipolar neurones. In the MeA, half the total population are bipolar 

whereas 20% is multipolar.  

In the BnST, the number of multipolar Kiss1 cells is double that of the multipolar 

MeA Kiss1 population. 30% of Kiss1 neurones are unipolar and 30% are bipolar. Here, 

individual neurone anatomy can only be assessed on the basis of a two-dimensional 

view without much power to fine focus using a microscope and go deeper within the 

tissue section to observe plausible connections coming in from below the cell or from 

other angles. Using confocal laser scanning microscopy, more specifically, “z stacks”, it 

is possible to obtain images of planes at varying depths in the sample. To determine the 

function and power of a neurone, a connectome approach to those cells would need to 

be used.  

It’s tenable to propose a scenario where the Kiss1 multipolar neurones could 

actually be bipolar Kiss1 neurones that are in close apposition to axons coming from 

other kisspeptinergic cells (axo-somatic synapse), hence giving an equivocal impression 

and providing faulty analysis. The protuberances extending from the cell bodies ought 

to be carefully examined under a higher magnification or with another microscopy 

technique/ approach. 
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Kisspeptin neuronal orientation 

Neurone orientation was initially analysed to observe whether PeN Kiss1 

neurones pointed down towards the median eminence. We found that more than half of 

the overall population in the rostral-caudal extent of the PeN pointed towards the 

median eminence (in unipolar cells), or at 0 and 180 degrees (bipolar cells), whereas the 

rest of neurones in the same nucleus pointed in arbitrary directions. All the different 

neuronal morphologies were taken into account (uni-, bi-, multi-polar) to assess 

orientation. In the case of multipolar cells, the vertex direction established by the 

various dendrites/ axon was used. The rest of neurones in the other brain regions 

examined pointed arbitrarily in all directions. One aspect to consider is that neuronal 

orientation is relatively easier to gauge in unipolar neurones, where one process is 

observable. 
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Figure 3.1: Photomicrographs illustrating Kiss1 positive 
immunoreactive neurones (brown cytoplasmic stain) and fibres in 
the ARC (A) without antigen retrieval and (B) with antigen retrieval. 
 
3V: Third ventricle. Scale bar: 100µm 
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Figure 3.2: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the ARC. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) positive 
Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling after 
primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm).  
 
3V: Third ventricle. 
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Figure 3.3: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the ARC after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, 
(C) 1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 
10 µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm 
human PYY.  
 
3V: Third ventricle. Scale bar: 100µm 
 

 



Kiss1 neurone and fibre distribution in the adult male rat brain                        Chapter 3 
 

	  	  	  	  	  
110 

 

 

 

 

 

 

 

!

!

!

!

! !

Figure 3.4: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the AVPV. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) 
positive Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling 
after primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm).  
 
3V: Third ventricle, ox: Optic chiasm. 
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Figure 3.5: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the AVPV after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, (C) 
1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 10 
µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human 
PYY.  
 
Ox: optic chiasm. Scale bar: 100µm. 
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Figure 3.6: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the rostral PeN. 
(A) Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 
labelling (scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 
100µm), (D) positive Kiss1 labelling (scale bar: 50µm), (E) negative 
Kiss1 labelling after primary antibody omission (scale bar: 100µm), (F) 
negative Kiss1 labelling after primary antibody omission (scale bar: 
50µm).  
 
3V: Third ventricle, ox: optic chiasm. 
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Figure 3.7: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the rostral PeN after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, (C) 
1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 10 
µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human 
PYY.  
 
3V: Third ventricle. Scale bar: 100µm 
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Figure 3.8: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the central PeN. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) 
positive Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling 
after primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm).  
 
3V: Third ventricle, opt: optic tract. 
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Figure 3.9: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the central PeN after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, 
(C) 1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 
10 µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human 
PYY. 
 
3V: third ventricle. Scale bar: 100µm 
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Figure 3.10: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the caudal PeN. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) 
positive Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling 
after primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm).  
 
3V: Third ventricle. 
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Figure 3.11: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the caudal PeN after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10,   
(C) 1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 
10 µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human 
PYY.  
 
3V: Third ventricle. Scale bar: 100µm 
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Figure 3.12: Photomicrographs illustrating Kiss1 
immunoreactive neurones (brown cytoplasmic stain) and fibres 
in the MeA. (A) Positive Kiss1 labelling (scale bar: 500µm), (B) 
positive Kiss1 labelling (scale bar: 200µm), (C) positive Kiss1 
labelling (scale bar: 100µm), (D) positive Kiss1 labelling (scale bar: 
50µm), (E) negative Kiss1 labelling after primary antibody 
omission (scale bar: 100µm), (F) negative Kiss1 labelling after 
primary antibody omission (scale bar: 50µm).  
 
Opt: optic tract, st: stria terminalis. 
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Figure 3.13: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the MeA after pre-adsorption 
with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, (C) 1 µm rat 
GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 10 µm 
human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human PYY.  
 
opt: optic tract. Scale bar: 100m 
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Figure 3.14: Photomicrographs illustrating Kiss1 
immunoreactive neurones (brown cytoplasmic stain) and fibres 
in the BnST. (A) Positive Kiss1 labelling (scale bar: 500µm), (B) 
positive Kiss1 labelling (scale bar: 200µm), (C) positive Kiss1 
labelling (scale bar: 100µm), (D) positive Kiss1 labelling (scale bar: 
50µm), (E) negative Kiss1 labelling after primary antibody 
omission (scale bar: 100µm), (F) negative Kiss1 labelling after 
primary antibody omission (scale bar: 50µm).  
 
ac: anterior commissure, ic: internal capsule. 
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Figure 3.15: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the BnST after pre-
adsorption with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, 
(C) 1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 
10 µm human RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human 
PYY. 
 
Ic: internal capsule. Scale bar: 100µm 
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Figure 3.16: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the DMN. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) 
positive Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling 
after primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm). 
 
3V: third ventricle. 
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Figure 3.17: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the DMN after pre-adsorption 
with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, (C) 1 µm rat 
GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 10 µm human 
RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human PYY.  
 
3V: third ventricle. Scale bar: 100µm 
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Figure 3.18: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the horizontal 
continuum (HC). (A) Positive Kiss1 labelling (scale bar: 500µm), (B) 
positive Kiss1 labelling (scale bar: 200µm), (C) positive Kiss1 labelling 
(scale bar: 100µm), (D) positive Kiss1 labelling (scale bar: 50µm), (E) 
negative Kiss1 labelling after primary antibody omission (scale bar: 
100µm), (F) negative Kiss1 labelling after primary antibody omission 
(scale bar: 50µm).  
 
3V: third ventricle. 
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Figure 3.19: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the horizontal continuum 
(HC) after pre-adsorption with (A) 1 µm mouse KP-10, (B) 10 µm 
mouse KP-10, (C) 1 µm rat GnIH, (D) 10 µm rat GnIH, (E) 1 µm 
human RFRP-3, (F) 10 µm human RFRP-3, (G) 1 µm human PYY, 
and (H) 10 µm human PYY.  
 
3V: third ventricle. Scale bar: 100µm 
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Figure 3.20: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the VMN. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) 
positive Kiss1 labelling (scale bar: 50µm), (E) negative Kiss1 labelling 
after primary antibody omission (scale bar: 100µm), (F) negative Kiss1 
labelling after primary antibody omission (scale bar: 50µm). 
 
3V: third ventricle. 
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Figure 3.21: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) in the VMN after pre-adsorption 
with (A) 1 µm mouse KP-10, (B) 10 µm mouse KP-10, (C) 1 µm rat 
GnIH, (D) 10 µm rat GnIH, (E) 1 µm human RFRP-3, (F) 10 µm human 
RFRP-3, (G) 1 µm human PYY, and (H) 10 µm human PYY.  
 
3V: third ventricle. Scale bar: 100µm 
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Figure 3.22: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the central MPOA. 
(A) Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 
labelling (scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 
100µm), and (D) positive Kiss1 labelling (scale bar: 50µm). 
 
3V: third ventricle. 
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Figure 3.23: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the PAaP. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), and (D) 
positive Kiss1 labelling (scale bar: 50µm).  
 
3V: third ventricle. 
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Figure 3.24: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the PVN. (A) Positive 
Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling (scale bar: 
200µm), (C) positive Kiss1 labelling (scale bar: 100µm), and (D) positive 
Kiss1 labelling (scale bar: 50µm).  
 
3V: third ventricle. 
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Figure 3.25: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in the BSTIA. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling 
(scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 100µm), and (D) 
positive Kiss1 labelling (scale bar: 50µm).  
 
3V: third ventricle. 
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Figure 3.26: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in PH. (A) positive 
Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 labelling (scale bar: 
200µm), (C) positive Kiss1 labelling (scale bar: 100µm), and (D) positive 
Kiss1 labelling (scale bar: 50µm).  
 
3V: third ventricle. 
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Figure 3.27: Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres in DTM. (A) 
Positive Kiss1 labelling (scale bar: 500µm), (B) positive Kiss1 
labelling (scale bar: 200µm), (C) positive Kiss1 labelling (scale bar: 
100µm), (D) positive Kiss1 labelling (scale bar: 50µm), (E) positive 
Kiss1 labelling in area above DTM (scale bar: 50µm) 
 
3V: third ventricle. 
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Figure 3.28 Photomicrographs illustrating Kiss1 immunoreactive 
neurones (brown cytoplasmic stain) and fibres around the dorsal 
part of the mammillary recess of the 3rd ventricle. (A) Positive Kiss1 
labelling (scale bar: 500µm), (B) positive Kiss1 labelling (scale bar: 
200µm), (C) positive Kiss1 labelling (scale bar: 100µm), (D) positive 
Kiss1 labelling (scale bar: 50µm),  
 
MRe: Mammillary recess of the third ventricle 
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Figure 3.29: Photomicrographs illustrating Kiss1 immunoreactive 
fibres in (A) lateral septum “LS”, (B) nucleus of the vertical limb of 
the diagonal band “VDB”, (C) median preoptic nucleus “MnPO”, (D) 
suprachiasmatic nucleus “SCN”, (E) supraoptic nucleus “SON”, (F) 
paraventricular thalamic nucleus “PV”, (G) ventral tegmental area 
“VTA”, (H) periaqueductal gray “PAG”, (I) suprammamillary nucleus 
“SuMM”, (J) substantia nigra “SN”, (K) mammillary bodies,  
(L) zona incerta “ZI”, (M) cortex, (N) piriform cortex “pir”, (O) tenia 
tecta “TT”, (P) median eminence “ME”, (Q) hippocampus, and (R) 
central amygdala “CeA”. 
 
 
3V: Third ventricle; ac: anterior commissure; aq: acqueduct (Sylvius); CA2: field 
CA2 of hippocampus; CA3: field CA3 of hippocampus; D3V: dorsal third 
ventricle; DTT: dorsal tenia tecta; Ect: ectorhinal nucleus; ic: internal capsule; 
LV: lateral ventrical; MM: mammillary bodies; opt: optic tract; pc: posterior 
commissure; PRh: perirhinal nucleus; SN: substantia nigra; SPF: 
subparafascicular nucleus; st: stria terminalis; STh: subthalamic nucleus; 
SuMM: suprammamillary nucleus; VDB: nucleus of the vertical limb of the 
diagonal band; VTT: ventral tenia tecta. Scale bar: 100µm 
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Figure 3.30:  Distribution of immunoreactive Kiss1 neurones in  
various brain regions according to stereotaxic bregma coordinates. 
 
The color-filled circles represent Kiss1 neurones from a specific brain region and are 
only illustrate the relative presence of neurones within that area. 
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Figure 3.31:  Number of immunoreactive Kiss1 neurones in eight  
selected brain regions. 
 
Arc: arcuate nucleus; AVPV: anteroventral periventricular nucleus; PeN: 
periventricular nucleus; MeA: medial amygdala; BnST: bed nucleus of the 
stria terminalis; Arc: arcuate nucleus; AVPV: anteroventral periventricular 
nucleus; PeN: periventricular nucleus; MeA: medial amygdala; BnST: bed 
nucleus of the stria terminalis; DMN: dorsomedial nucleus of the 
hypothalamus; HC: horizontal continuum between DMN and VMN; VMN: 
ventromedial nucleus of the hypothalamus. Values are mean of Kiss1-positive 
neurones/ section ± SEM. The number of rats per group is in parenthesis. 
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Figure 3.32:  Density of immunoreactive Kiss1 fibres in eight  
selected brain regions. 
 
Arc: arcuate nucleus; AVPV: anteroventral periventricular nucleus; PeN: 
periventricular nucleus; MeA: medial amygdala; BnST: bed nucleus of the 
stria terminalis; DMN: dorsomedial hypothalamic nucleus; HC: horizontal 
continuum between DMN and VMN; VMN: ventromedial hypothalamic 
nucleus. Values are mean of Kiss1-fibre density/ section ± SEM. The 
number of rats per group is in parenthesis. 
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Region Neuron frequency Fibre frequency 

ARC 2 3 

AVPV 1 3 

PeN 1 4 

MeA 2 3 

BnST 2 2 

DMN 1 2 

HC 2 2 

VMN 1 1 

POA 1 3 

ADP 1 2 

MPA 1 2 

VMPO 1 2 

PaAP 1 2 

PVN 1 2 

BSTIA 1 2 

DTM 2 3 

Mammillary Recess of the 3rd Ventricle 2 3 

PH 2 2 

 

Table 3.2: Mode score indicating presence of Kiss1-positive neurones and    
fibres in a scale from 0 to 4 in all nuclei where Kiss1- neurones are 
observed. 
 
Arc: arcuate nucleus; AVPV: anteroventral periventricular nucleus; PeN: periventricular nucleus; 
MeA: medial amygdala; BnST: bed nucleus of the stria terminalis; DMN: dorsomedial hypothalamic 
nucleus; HC: horizontal continuum between DMN and VMN; VMN: ventromedial hypothalamic 
nucleus; POA: preoptic area; ADP: anterodorsal preoptic nucleus; MPA: medial preoptic area; 
VMPO: ventromedial preoptic nucleus; PaAP: paraventricular hypothalamic nucleus, anterior 
parvicellular part; PVN: paraventricular hypothalamic nucleus; BSTIA; bed nucleus of the stria 
terminalis, intraamygdaloid division; DTM: dorsal tuberomammillary nucleus; PH: posterior 
hypothalamus. 
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Region Neuron frequency Fibre frequency 

Median eminence 0 1 

Olfactory nuclei 0 1 

Cortex 0 1 

Piriform cortex 0 1 

Tenia tecta 0 1 

Nucleus accumbens 0 1 

Lateral septum 0 3 

Medial septum 0 1 

Diagonal band of Broca 0 1 

Hippocampus 0 1 

Striatum 0 1 

Suprachiasmatic nucleus 0 1 

Thalamus 0 2 

Paraventricular thalamic nucleus 0 3 

Supraoptic nucleus 0 1 

Central amygdala 0 2 

Basolateral amygdala 0 2 

Zona incerta 0 2 

Periaqueductal gray 0 2 

Mammillary bodies 0 1 

Supramammillary nucleus 0 2 

Substantia nigra 0 2 

Ventral tegmental area 0 2 

 

Table 3.3: Mode score indicating presence of Kiss1-positive neurones 
and fibres in a scale from 0 to 4 in all nuclei where no Kiss1-neurones 
are seen. 
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Figure 3.33: Anatomy of immunoreactive Kiss1 neurones.  
(A) unipolar, (B) bipolar, (C) multipolar. 
 
3V: Third ventricle. Scale bar: 50µm 
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Figure 3.34: Type of Kiss1 neurone anatomy across selected     
brain regions.  
 
The overall number of Kiss1 neurones analysed across fours rats counted 
on both sides in multiple sections across the entire rostro-caudal extent of 
each nucleus is in parenthesis. 
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Figure 3.35: Orientation of Kiss1 neurones across selected brain regions.  
 
The overall number of Kiss1 neurones analysed across three rats counted on both sides in 
multiple sections across the entire rostro-caudal extent of each nucleus is in parenthesis. 
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4.1. Introduction: 

Kiss1 neurones in the rodent brain are sexually dimorphic and influenced by sex 

steroids in several forebrain nuclei. Castration in both sexes of rats and mice induces 

changes in Kiss1 mRNA-expressing and Kiss1 immunoreactive cells. Confirmed 

presence of estrogen receptor (ER) and androgen receptor (AR) validate the hypothesis 

of sexual dimorphism and steroid-responsiveness in different Kiss1 neurone 

populations. The existing literature confines the findings to the arcuate nucleus (ARC), 

anteroventral periventricular nucleus (AVPV), periventricular nucleus (PeN) or rostral 

part of the third ventrical (RP3V), medial amygdala (MeA) and more recently to the bed 

nucleus of the stria terminalis (BnST), ventromedial hypothalamus (VMN), and 

paraventricular hypothalamic nucleus (PVN). 

The goal of this study was to confirm those past findings and to elucidate the 

effects of a chemical castration with a GnRH antagonist, Teverelix, on the ARC, 

AVPV, MeA, BnST, VMN, and additional regions comprising the dorsomedial nucleus 

(DMN), and the horizontal continuum between the DMN and VMN (HC). This helps to 

expand on the knowledge of the eight Kiss1 neuronal populations previously studied 

(Chapter 3). It also reveals in what ways a chemical castration compared to a 

conventional orchidectomy affects the miscellaneous kisspeptinergic populations. To 

validate castration effects of Teverelix, we performed an LH ELISA assay to observe 

whether serum LH levels in both “Teverelix” only and “Teverelix and Testosterone” 

groups decreased as expected compared to controls. Moreover, we compared testes 

weights from rats across all the three groups to discern changes following chemical 

castration.
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4.2. Materials and Methods: 

All animal experiments were carried out under project and personal licenses 

awarded by the U.K. Home Office and in accordance with U.K. Home Office 

guidelines. 

 

4.2.1. Animals 

Twenty-five adult male Sprague-Dawley rats (400 – 450g) were obtained from 

Charles Rivers Laboratories (Kent, UK) and maintained under normal laboratory 

conditions (temperature: 21°C ± 2%; humidity: 55% ± 10%; 12-hour light-dark cycles 

with lights on at 7:00 AM) with food and water ad lib. They were allowed 1 week 

acclimatisation and were weighed upon arrival. Rats were caged in groups according to 

treatment group and were handled for 2-3 minutes for 1 week until commencement of 

the experiment. 

 

4.2.2. Experimental design:  

4.2.2.1. GnRH antagonist injection: 

The GnRH antagonist Teverelix (The Specials, Clinical Manufacturing) (also 

named Antarelix, code-EP24332) was used.  Receptor antagonists are either drugs or a 

class of receptor ligands that do not evoke a biological reaction themselves upon 

binding to a receptor, but instead block or diminish a response exerted by an agonist. 

GnRH agonists override regular hypothalamic GnRH pulsatile control of the pituitary 

by providing continuous stimulation and eventually leading to pituitary GnRH receptor 

downregulation, reduction of LH/FSH biosynthesis and testosterone suppression. 

However, before all of this occurs, the so-called “flare effect” takes place, in which 

there is a temporal, transient elevation of LH/FSH, accompanied by a testosterone surge 
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during the initial 3-4 day treatment. GnRH antagonism compensates this issue, as the 

flare effect is absent. Moreover, GnRH antagonists directly bind to GnRH receptors, 

blocking the stimulatory actions of GnRH on the pituitary and expeditiously 

suppressing LH, FSH, and testosterone levels (Gordon and Hodgen, 1992; Van Poppel 

and Klotz, 2012). In summary, GnRH antagonists competitively block and inhibit 

GnRH-induced GnRH receptor gene expression, hence instantly suppressing the 

pituitary. This arrest in pituitary function leads to suppression of gonadal steroids and a 

reduction in gonad weight (Herbst, 2003). 

Teverelix is prepared by conventional solid-phase synthesis by Bachem 

Feinchemikalien AG, 4416 – Bubendorf (Switzerland) and by Neosystem Laboratoires, 

67100, Strasbourgh, (France), exhibiting a purity not less than 98%. Antarelix is freely 

soluble in isotonic saline and water or mannital at concentrations of 10 mg/mL or 

higher. Antarelix dose-dependent subcutaneous administration decreases ovulatory 

activity in proestrous; moreover, intramuscular injection of Teverelix at a dose of 300 

µg/kg BW suppresses testosterone activity in adult male rats while inducing a rapid 

diminishment in gonadotropin secretion and a modest decrease in body weight as well 

as a reduction in sex accessory tissue (SAT), epididymal, and testes weights (Deghenghi 

et al., 1993). Other reports suggest that Teverelix, when injected i.v. and s.c., is 

effective in suppressing testosterone, reducing testicle size, and in diminishing GnRH 

secretion in the male rat (Ashby and Lefevre, 2001; Botte et al., 1999; Garrel et al., 

1998; Nellemann et al., 2003; Sharpe et al., 1998).    

To ensure GnRH receptor blockade, Teverelix was suggested to be used at a 

supraphysiological dose of 400 µg/kg BW every two days during a 10-day period 

(personal communication from Prof. R. Millar). 100µL of the GnRH antagonist solution 

was injected at a concentration of 400 µg/ rat. 
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4.2.2.2. Steroid injection: 

 Testosterone enanthate, or TE (Steraloids, Inc.), is an oil-based, injectable testosterone 

ester that is slowly released from the injection site. Yarrow and colleagues (2008) 

demonstrated that a weekly injection of TE (7mg/week per animal) to orchidectomised 

animals increased serum testosterone in a sustained manner. 

 

4.2.2.3. Protocol: 

Three groups of animals were used during the 10-day regime: control, chemically 

castrated, and chemically castrated with testosterone enanthate replacement. Animals 

were assigned to two cohorts, wherein each cohort had animals from all three treatment 

groups. Then rats were organised in different numbers into cages according to cohort 

and to treatment group. No rats from different treatments were mixed together in cages 

to eliminate the risk of conspecific aggression or dominance due to lower hormonal 

levels after Teverelix injection. 

Nine control rats received one s.c. injection of 100 µL of isotonic saline/ rat every 

2 days and one i.m. injection of 100 µL of sesame oil injected on days 1 and 7 into 

separate quadriceps. Eight Teverelix-treated rats were injected s.c. on days 1, 3, 5, 7, 

and 9 with Teverelix, previously dissolved in 100 µL isotonic saline, at a concentration 

of 400 µg/kg BW and with 100 µL of sesame oil administered i.m. on days 1 and 7 in 

separate quadriceps.  Similarly, eight chemically castrated rats receiving testosterone 

rescue treatment received the same dose of s.c. Teverelix on days 1, 3, 5, 7, and 9 as 

chemically castrated animals and on days 1 and 7, they received an i.m. TE injection at 

a concentration of 70mg/1000 µL, previously dissolved in 50 µL 100% EtOH.  

Blood samples were taken via cardiac puncture before animals were killed with a 

lethal dose of sodium pentobarbitone (200mg/mL, i.p.). Rats were then transcardially 
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perfused with heparinised saline (0.9%) followed by 4% paraformaldehyde in 0.1 M 

phosphate buffer (see section 2.6.1). 

Testes and brains were removed, post-fixed overnight in 4% PAF in 0.1 M 

phosphate buffer, transferred to solutions of 10% sucrose for one night and 20% sucrose 

another night and stored in 30% sucrose + 0.01% sodium azide at 4°C. Testis were 

removed from the testicular sac, excess liquid was blotted and dry weights were 

obtained. 

44µm coronal sections were cut using a freezing microtome from the diagonal 

band of Broca (DBB) to the mammillary bodies. Free-floating sections were processed 

for single immunocytochemistry to detect immunoreactive kisspeptin neurone 

immunolabelling (as described in sections 2.6.2 and 2.6.3) and every third section 

obtained after microtome sectioning was chosen for the experiment. 

In order to establish a rigorous criterion to count Kiss1 positive neurones and not 

be confounded by false positive staining, we referred back to chapter 3 and observed the 

data analysed. We were able to denote that in the ARC, MeA, and BnST, Kiss1 ir-

neurones possessed dense cytoplasmic labeling. Given the dramatic upsurge of the 

number of ARC kisspeptin cells following gonadectomy, as portrayed in the literature, 

we speculated that a high concentration of anti-rat kisspeptin antiserum used to detect 

ARC Kiss1 cells could lead to detection of non-specific labeled neurones, which could 

be equivocally counted as true Kiss1 neurones, and could ultimately render our neurone 

count analysis inaccurate and invalid. Dynamic changes relative to gonadectomy 

additionally occur at the level of the AVPV/RP3V/PeN and MeA in terms of the 

quantity of Kiss1 ir-neurones as castration exerts it reducing effects on these nuclei as 

well as on the BnST and VMN. In an effort to adequately present results and to not be 

confounded by any misinterpretations of false-positive neurone counts, we elected to 
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perform a pilot study to obtain true kisspeptin labeling by using various primary 

antiserum dilutions for the aforementioned nuclei. Accordingly, for the ARC we 

initially assessed counts using the following antibody concentrations: [1:15,000], 

[1:30,000], [1:50,000], [1:80,000], [1:100,000]. Similarly, for the MeA we utilized the 

following: [1:10,000], [1:15,000], [1:20,000], [1:30,000], [1:50,000]; at the level of the 

AVPV/RP3V/BnST we tested using higher concentrations: [1:5,000], [1:10,000], 

[1:15,000], and [1:30,000].  

After multiple ICC trials using sections from controls, “Teverelix only” and 

“Teverelix + Testosterone”, we performed initial counts within the ARC, AVPV, MeA, 

and BnST. For the ARC, 1:40,000 was chosen for the final runs due to the fear of 

counting false positive Kiss1 neurone as true positive cells. On the other hand, using a 

concentration of 1:40,000 leads to very low, detectable levels of Kiss1 cells in areas like 

the AVPV/RP3V/PeN, where numbers of Kiss1 neurones decrease following castration. 

Likewise, the number of detectable Kiss1 positive neurones in the BnST, DMN, and 

VMN is low compared to other regions. Thus, we selected 1:15,000 as the concentration 

to quantify changes within those areas. At the time of the experiment, no articles 

revealed the impact of castration on the MeA and we considered counting this novel 

population of cells. Although a robust cytoplasmic stain is seen in Kiss1 cells in the 

MeA and the number of neurones is large, we not only showed results at 1:15,000 but 

also included those derived from the ones done at 1:40,000. Analysis of the HC was 

similarly performed at 1:15,000 and 1:40,000 due to the extensive neurone population.  

Subsequently, we coded the slides and the number of immunoreactive Kiss1 

neurones was separately counted blind across eight selected nuclei for all three separate 

treatment groups. All counts consisted on taking the average of the bilateral number of 

cells as described in chapter 3. Five to seven sections/rat were counted for the entire 
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rostro-caudal extent of the ARC. Three to four sections/rat were counted for the entire 

AVPV, BnST. Four to five sections were counted for DMN, HC, MeA, and VMH.  

 

4.3. Statistics: 

All data presented in the graphs are means ± SEM. To compare the effects of s.c. 

injections of GnRH antagonist on the different groups, a one-way ANOVA followed by   

Tukey’s multiple comparison test was used for 1) measurement of mean weights of 

testes, 2) LH ELISA, and 3) Kiss-1 neurone single-labeling ICC across various brain 

regions. A P value < 0.05 was considered as statistically significant.  

 

4.4. Results: 

4.4.1. Effects of s.c. injection of GnRH receptor antagonist with and without 

steroid rescue on adult rat testis weight: 

Testes from animals of the three groups did not reflect a distinctively visible 

change in size after treatment despite the decrease in LH levels in the Teverelix and 

Teverelix + T.E. groups (Fig. 4.1). Weights were also measured and no significant 

difference was observed between groups (P > 0.05, One-way ANOVA, Tukey’s 

multiple comparisons test) (Fig. 4.2).  

 

4.4.2. Chemical castration effects on LH serum levels of GnRH receptor antagonist 

s.c. injection with and without testosterone treatment 

Blockade of receptor activation following s.c. injection of Teverelix yielded 

extremely low serum LH values below the detection level of the assay compared to the 

control group (P < 0.0001, One-way ANOVA, Tukey’s multiple comparisons test; Fig. 

4.3). Similarly, values descended significantly in Teverelix treated rats with testosterone
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rescue when compared to control animals (P < 0.0001, One-way ANOVA, Tukey’s 

multiple comparisons test; Fig. 4.4). As expected, serum LH levels were maintained low 

in both the Teverelix only and Teverelix + testosterone enanthate groups. 

 

4.4.3. Changes in number of Kiss ir-neurones following s.c. injection of GnRH 

receptor antagonist with and without testosterone replacement: 

The experiment comprised a 10-day regime where we tested the effects of an s.c. 

injection of GnRH antagonist Teverelix on the number of Kiss1 immunoreactive 

neurones in eight different brain nuclei. We evaluated the results obtained with 

Teverelix to control results and to results in Teverelix-treated animals that were 

administered an i.m. injection of testosterone enanthate. 

  

In the ARC:  

Figure 4.4 delineates the rationale for selecting a primary antibody concentration 

of 1:40,000 instead of 1:15,000 to perform ICC counts; preliminary counts performed in 

a Teverelix-treated section within the ARC (where a known increase in the number of 

Kiss1 neurones is detected under conventional castration) visually indicate that true 

positive kisspeptin cell counts are more feasible at the chosen concentration, reducing 

the risk of counting false positive neurones at 1:15,000.  

The chemical castration parallels the expected changes caused by an orchiectomy 

within the arcuate nucleus. Rats s.c. injected with Teverelix presented a prominent 

increase in the number of Kiss1 immunoreactive cell bodies (25 ± 2 Kiss1 positive 

cells/section) (P<0.005, One-way ANOVA, Tukey’s multiple comparisons test; fig. 4.5, 

4.6) relative to rats i.m. injected with vehicle (12.7 ± 2 Kiss1 positive cells sections). 

The number of ARC Kiss1 neurones was attenuated in animals administered Teverelix 
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and testosterone enanthate (7 ± 2 Kiss1-positive cells) compared to Teverelix-treated 

rats (P=0.0003, One-way ANOVA, Tukey’s multiple comparisons test; fig. 4.5, 4.6).  

 

In the AVPV: 

In rats injected with Teverelix no significant differences in the amount of Kiss1 ir-

neurones in the AVPV were perceived (P=0.16, One-way ANOVA, Tukey’s multiple 

comparisons test (Fig. 4.7, 4.8) compared to controls, and in animals administered 

Teverelix and testosterone enanthate (P=0.58, One-way ANOVA, Tukey’s multiple 

comparisons test) (Fig. 4.7, 4.8). Nonetheless, a noticeable trend was established 

wherein Kiss1-positive cell numbers decreased (1 Kiss1-positive cell/section) relative to 

vehicle-treated animals (3 Kiss1-positive neurones/section). Regarding the testosterone 

replacement group, there was a minute increase to 2 Kiss1 neurones/section. Note that 

due to low number of Kiss1 neurones in intact animals, we had to use our standard 

antibody concentration of 1:15,000 so as to detect the even lower number of Kiss1 cells 

following Teverelix administration as using an antiserum dilution of 1:40,000 would 

render cell bodies imperceptible, thus yielding improper values. This reflects the same 

phenomenon exposed in a conventional gonadectomy paradigm within the AVPV where 

the number of Kiss1 mRNA-containing cells and Kiss1 ir-neurones decreases after 

castration and increases following steroid replacement.  

In hopes of attaining higher numbers and hence a significant change between 

treatments, we combined the AVPV with the rostral part of the PeN (bregma -0.26mm 

to -0.80mm). Nonetheless, although a trend is clearly established, there isn’t a 

statistically significant reduction following Teverelix administration as compared to 

vehicle or Teverelix with steroid supplementation (Fig. 4.9).
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In the MeA: 

The injection of Teverelix induces a significant decrease in Kiss1 ir-cell bodies, 

(Fig. 4.10, 4.11): from 30 ± 3 Kiss1-positive cells in rats injected with vehicle to 18 ± 2 

cells (P=0.03, One-way ANOVA, Tukey’s multiple comparisons test) at a primary 

antibody dilution of 1:15,000. 

Animals administered Teverelix along with testosterone enanthate experienced a 

remarkable increase in the number of Kiss1 neurones. In comparison to Teverelix-

treated rats, the number of kisspeptin cell bodies increased to 30 ± 3 cells (P<0.05, One-

way ANOVA, Tukey’s multiple comparisons test, fig.4.10, 4.11), once again utilizing a 

dilution of 1:15,000.  

At 1:40,000, the same significant effects are established comparing the number of 

cells in controls to Teverelix-treated rats: 17 ± 2 cells to 7 ± 2 cells (P<0.05, One-way 

ANOVA, Tukey’s multiple comparisons test, fig.4.12, 4.13), respectively. Analogously 

to the prior dilution used, in rats co-administered Teverelix and testosterone, there is a 

major increase to 17 ± 2 cells (P<0.05, One-way ANOVA, Tukey’s multiple 

comparisons test, fig.4.12, 4.13), relative to Teverelix-treated rats. 

Neurones were averaged throughout the entire rostrocaudal extent of the MeA 

after the first appearance of Kiss1 neurones (starting at bregma -2.80 mm and 

continuing to -3.80mm). 

 

In the BnST: 

Despite not being significant, a decrease in the number of Kiss1 cells from 3 cells 

to 1 cell, relative to controls, is observed in rats injected with Teverelix (P>0.05, One-

way ANOVA, Tukey’s multiple comparisons test, Fig. 4.14, 4.15). With regards to 

groups that received both Teverelix and testosterone, a slight increase from 1 neurone 
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(Teverelix-only) to 3 neurones per section was detected (P>0.05, One-way ANOVA, 

Tukey’s multiple comparisons test, Fig. 4.14, 4.15). 

 

In the DMN: 

As is the case with the AVPV, BnST, and VMN, the DMN exhibits a low 

kisspeptinergic neuronal population (~6 neurones) as reflected in Chapter 3. Thus, the 

antiserum dilution used was 1:15,000 to be able to detect as many DMN Kiss1 ir-cells 

as possible. Levels of kisspeptin neurones among the three groups did not vary across 

groups: controls rats had 8 ± 1 cell, Teverelix-treated rats possessed 6 cells ± 1 cell, and 

Teverelix + testosterone had 6 neurones ± 1 cell. Figures 4.16 and 4.17 reveal that no 

significant differences were detected between control and Teverelix-treated animals (P 

< 0.05, One-way ANOVA, Tukey’s multiple comparisons test), and between Teverelix-

treated rats and those receiving steroid replacement (P = 0.99, One-way ANOVA, 

Tukey’s multiple comparisons test). 

 

In the horizontal continuum (HC) between the DMN and VMN: 

This novel area has not been described previously in terms of the effects of 

castration. Kisspeptin cells are neatly distinct and distributed throughout this area 

situated between two areas of relevant physiological noteworthiness, the dorsomedial 

and ventromedial hypothalamic nuclei. We evaluated neurones at both 1:15,000 and 

1:40,000 on the basis that we initially did not know, due to a lack of castration studies 

within this area, whether the number of cell body counts would undergo a massive 

increase or decrease.  

Conclusively, the amount of Kiss1 ir-neurones surprisingly didn’t vary in control 

rats versus Teverelix-treated rats and in Teverelix-treated rats versus Teverelix with 
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testosterone replacement at both concentrations. Thus, at 1:15,000, the average number 

of cells was about 22 ± 2 cells across all three groups (Fig.4.18). A P-value of 0.95 was 

achieved for both comparisons: Teverelix versus control and Teverelix versus Teverelix 

with testosterone enanthate (Fig. 4.19). Brains sections treated with a 1:40,000 

antiserum dilution consequently showed lower numbers relative to 1:15,000. We 

detected 9 neurones in control animals, in juxtaposition to the averaged 22 cells per 

section that were counted in controls at 1:15,000. We detected 10 kisspeptin neurones 

per section in rats injected with Teverelix and 9 cells were identified in Teverelix and 

testosterone enanthate sections (Fig.4.20). A one-way ANOVA using Tukey’s multiple 

comparison tests reveals no significant difference in the control versus the Teverelix 

only group (P = 0.27) and similarly, no significant change between the Teverelix-only 

group and Teverelix + T.E (P < 0.05) (Fig. 4.21). 

 

In the VMN: 

Due to the small number of neurones seen in this nucleus, the concentration 

chosen for optimal detection of kisspeptin cells was 1:15,000. No significant changes 

between control rats and rats injected with Teverelix were observed (in both groups: 3 

neurones/section; P = 0.94, One-way ANOVA, Tukey’s multiple comparisons test, Fig. 

4.22, 4.23). Neither was there any noticeable change between the number of Kiss1 cells 

from Teverelix animals (3 neurones/section) to Teverelix + testosterone enanthate (3 

neurones/section) (P = 0.89, One-way ANOVA, Tukey’s multiple comparisons test, 

Fig. 4.22, 4.23).  
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4.5. Discussion: 

Experimental design and limitations:  

The initial scheme comprised eight groups instead of three, which would have 

presented a more elegant model. The designation of groups was as follows: 1) wild-type 

control, 2) castration, 3) sham-castration, 4) Teverelix only, 5) Teverelix + testosterone 

enanthate, 6) Teverelix + inhibin, 7) and 8) inhibin only.  

Inhibin is a dimer that is synthesized by Sertoli cells after stimulation by FSH. 

Inhibin inhibits FSH biosynthesis. Teverelix has been shown to significantly reduce 

FSH (Botte et al., 1999; Sharpe et al., 1999). We aimed at additionally exploring the 

effects of administering an inhibin peptide or antibody to study the impact on Kiss1 cell 

populations. 

With regards to technicality issues, we need to take into account the cons 

associated with immunocytochemistry. Cautious interpretation is expected from this 

type of semi-quantitative assessment, especially at very high/low antibody 

concentrations where one can misinterpret false-positive cells regarding them as actual 

neurones. We encountered several issues due to the fact that various sections contained 

a considerable amount of DAB artefact and some sections were damaged, hence 

resulting in less than desired, lower numbers of sections per rat wherein many rats 

didn’t possess the adequate number of sections to be included for the analysis. Given 

that we used multiple sections (3 per nucleus) for multiple ICC trials at many different 

primary antibody dilutions to decide on the final concentration, we ended up limiting 

even more our section sample size per nucleus per rat. Normalisation of cell numbers 

across all regions was initially included but was excluded at the end, as we wanted to 

portray individual differences within each nucleus. 
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PeN counts were not included in the analysis due to the time-consuming analysis 

done for a massive amount of sections encompassing the complete rostro-caudal 

extension at the two different dilutions. At first, we performed counts for the entire 

nucleus but we had to exclude the central part of the PeN as this contained no neurones 

and yielded unrealistic values less than 1 neurone. To compensate, we decided to merge 

the AVPV and rostral PeN to conform the RP3V (Herbison, 2008). Despite this 

“fusion” of nuclei, no significant changes were observed in our study. Another 

shortcoming of our analysis approach was that we should have aimed for a more 

systematic approaching, considering to count neurones by specific bregma coordinates 

and especially in counting and depicting the coordinates exhibiting the highest number 

of neurones. 

To our surprise, we expected a significant reduction in testes weight and size but 

ended up seeing no significant difference in the mean weight of both testicles between 

groups as well as no visual change in size between the testes of Teverelix-treated rats 

compared to vehicle and to Teverelix with steroid replacement animals. We postulate 

that a longer treatment would be required to achieve muscle atrophy in the testes. 

The present study predominantly illustrates the modulatory effects of GnRH 

antagonist on kisspeptin neurones in the ARC, AVPV, RP3V, MeA, BnST, DMN, HC, 

and VMN. Surprisingly, we found that a chemical castration mimics the same effects 

that a typical castration exerts with significant change in the ARC and MeA, and to a 

lesser extent in the AVPV, RP3V, and BnST. Nonetheless, we weren’t able confirm 

past findings on the VMN. To date, pending investigation existed regarding the popular 

DMN as well as the newer HC region and we aimed at uncovering how hormonal levels 

affected those areas. 
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Divergences in Kiss1 population dynamics across different areas possibly arise 

primarily due to the presence of steroid receptors; our ICC experiment for this chapter 

would have additionally benefited from presenting co-labelling with androgen, estrogen, 

or progestogen receptors as to present a working hypothesis for the underlying 

mechanisms modulating responses to steroid treatment. So far, only ARC and AVPV 

neurones have been demonstrated to be co-localised with steroid receptors (Kauffman, 

2010; Roa et al., 2009; Smith, 2009).  

To further corroborate our findings, we should have performed the same analysis 

in females and should have observed ISH levels for Kiss1 mRNA-containing cells in 

both sexes. Along those lines, it would have proven interesting to observe chemical 

castration in both sexes at different developmental standpoints such as infantile, 

juvenile, mature adult, and senescent.  

Due to time-constraints, we were not able to perform a testosterone ELISA or RIA 

to further demonstrate the effectiveness of Teverelix in suppressing endogenous 

testosterone levels and to corroborate that administration of testosterone enanthate 

recoups those levels back to control. 

 

Impact of Teverelix on testes and plasma LH levels: 

Teverelix administration did not induce a significant change between group mean 

testes’ weight, despite an apparent minimal increase in Teverelix-treated animals 

compared to controls. Even so, a modest increment was observed in the group co-

administered testosterone. These results make us postulate that a longer treatment would 

be required to cause atrophy in testes. 
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Plasma LH levels decreased to barely detectable levels as exposed in our assay in  

Teverelix and Teverelix + testosterone rats, indicating the potency and effectiveness of  

the antagonist. Although minimal LH levels are representative of endogenous  

testosterone downregulation, our study remains confined to plasma LH data without  

further corroboration of measurement of testosterone levels. Thus, the possibility  

remains that minimal circulating levels of testosterone still persist. 

 

Teverelix mimics modulatory effects of castration on ARC, AVPV, RP3V, MeA, and 

BnST Kiss1 neurones: 

1. Kiss1 neurones in the ARC: 

The present results show for the first time, that a chemical castration using a 

GnRH antagonists exerts the same effects on male rat ARC kisspeptin cells similar to a 

normal castration by drastically increasing the number of kisspeptin neurones in the 

area. Conversely, we also noticed that the circulating sex steroid milieu affects 

kisspeptin in the ARC since administration of testosterone enanthate to Teverelix-

treated animals induced a massive decrease in the number of Kiss1 cells similar to the 

exposition of gonadal steroids to gonadectomised animals. 

The literature illustrates that the effects of sex steroids upon the ARC are 

inhibitory. Ovariectomised female mice show an increase in the number of ARC cells 

expressing Kiss1 mRNA compared to intact controls (Smith, Cunningham, et al., 2005). 

The same trends are observed in adult male mice whereby adult orchidectomy increases 

the number of identifiable Kiss1 mRNA containing cells and the number of grains per 

Kiss1 cells in the ARC. These numbers readily decrease after administration of 

testosterone whereas dihydrotestosterone (DHT) partially reverses them. Nonetheless,  
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the numbers of Kiss1 cells in orchidectomised DHT-treated animals is significantly 

higher compared to intact controls (Smith, Dungan, et al., 2005). Estradiol replacement 

fully reverses gonadectomy effects. Estrogen treatment is effective in mediating 

negative (in the ARC) and positive (in the AVPV and PeN) regulation of Kiss1 mRNA 

in males. Testosterone maintains its Kiss1 mRNA expression regulatory capacity in 

orchidectomised ERKO (estrogen receptor knockout) mice in the ARC and AVPV. A 

greater proportion of cell bodies is detected in adult OVX + estradiol (E2) and castrated 

+ E2  rats than in OVX and castrated rats, respectively (Xu et al., 2012). There is neither 

expression of ERα nor of androgen receptor within male/female GnRH neurones yet 

kisspeptin cells possess those receptors and thus are able to relay sex steroid feedback 

signals to GnRH cells. ARC kisspeptin neurones possess both and it is through the two 

mechanisms that testosterone can exert its regulatory functions, at least in mice (Oakley 

et al., 2009).	  

 

2. Kiss1 neurones in the AVPV/RP3V: 

Despite not achieving statistical significance among groups due to low number of 

kisspeptin cell bodies in the area (given that Kiss1 neurones are sexually dimorphic with 

more neurones in females compared to males), we were able to denote a decrease 

following chemical castration relative to vehicle-treated animals and an increase in 

animals injected with testosterone. As previously discussed, our sample size was limited 

since we took various bregma coordinates from sections across all three groups for the 

dilution trials. With more sections we would have possibly been able to generate to 

establish significance. Thus we discard the possibility that treatment with Teverelix 

does not cause a major impact on AVPV/PeN/RP3V cells. Likewise, treatment with 
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testosterone enanthate provides an adequate factor for restoration of kisspeptin levels 

within the nucleus.  

The vast majority of AVPV/PeN Kiss1 neurones express estrogen receptor α 

(ERα) providing a direct bridge for the stimulatory actions of estradiol to these 

neurones. The mechanisms regulating testosterone regulation point at estrogen receptors 

in the AVPV/RP3V/PeN rather than androgen receptors as dihydrotestosterone has no 

inductive effects on Kiss1 expression in these areas in rats and mice (Kim et al., 2011). 

At least in male mice, AVPV neurones mediate testosterone effects through ERα and 

possibly through ERβ as well (Smith, Dungan, et al,. 2005).  

AVPV kisspeptin cells are involved in generating the preovulatory GnRH/LH 

surge, a phenomenon that only occurs in females and is orchestrated by gonadal steroids 

around the neonatal period (Cao, 2013). It is generally accepted that the generation of 

sexually dimorphic brain nuclei like the AVPV is determined by control of cell numbers 

in these nuclei induced by neurogenesis, neuronal migration, amount of dying 

(pyknotic) cells, and phenotypic neurone differentiation, among others (Forger et al., 

2004; Sakuma, 2009; Tsukahara, 2009). Studies on AVPV Kiss1 neurones in rodents 

have been critical in displaying the organisational effects of steroids on those cells. 

Ovariectomised adult mice show a decrease in the number of Kiss1 mRNA-expressing 

cells and treatment with E2 restores this number to that of intact mice. A similar effect 

can be denoted in the mRNA content per cell. Kiss1 immunoreactive cells in male rats 

are scarce in orchidectomised subjects yet T and E2 treatment slightly increases the 

number of neurones (Adachi et al., 2007). This same study shows that no Kiss1 mRNA 

was detectable in the AVPV of any of the male groups regardless of steroidal 

conditions.
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Kiss1 cells in the PeN are analogous to Kiss1 cells in the AVPV in response to the  

effects of castration in both mice and rats. The number of kisspeptin cells and grain per 

cell content decrease with removal of the testes and increase after testosterone 

replacement. Supplementation of E2 reverses the effects of castration by both per cell 

content of Kiss1 mRNA and cell number in female mice. In females, castration affects 

the PeN in a similar manner to the AVPV where a reduction in cell number occurs with 

ovariectomy and the numbers of Kiss1 cells increase after estradiol treatment. A 

comparable effect is observed for the Kiss1 mRNA content per cell (Smith, 

Cunningham, et al., 2005; Smith, Dungan, et al., 2005). 

 

3. Kiss1 neurones in the MeA: 

Our present results coincide with the two existent studies that have elucidated the 

effects of castration on medial amygdala Kiss1 neurones in rats and mice using in situ 

hybridization and ICC. At both antibody concentrations used, we encountered a 

significant reduction in the number of kisspeptin cells and an upregulation in animals 

administered testosterone. 

According to literature, Kiss1 expression is sexually dimorphic in non-

gonadectomised mice where males show a larger number of Kiss1 mRNA-containing 

neurones compared to diestrous females (approximately 35 and 5 cells respectively). 

Also the content of Kiss1 mRNA per cell is higher in males than in females on diestrous 

(Kim et al., 2011). Gonadectomised mice of both sexes given E2 have far more Kiss1 

mRNA-containing neurones than untreated gonadectomised mice. Immunoreactive 

Kiss1 neurones in gonadectomised rats also show clear-cut increases after estradiol 

administration (Xu et al., 2012). Testosterone treatment can up-regulate Kiss1 

expression in both sexes and it does so via ER (after aromatization to E2) since
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dihydrotestosterone (DHT) does not exert a stimulatory increase in Kiss1 cell 

expression in gonadectomised mice of both sexes (Kim et al., 2011). Treatment with E2 

shows dramatic increases in Kiss1 neuronal expression in males and females and 

supplementation of testosterone to orchidectomised males also revealed high Kiss1 cell 

levels. The capability of sex steroids to stimulate kisspeptin expression in the MeA is 

analogous to other peptides within this subdomain of the amygdala; substance P and 

vasopressin expression/ immunoreactivity are stimulated by E2 or T and are conversely 

decreased by gonadectomy (Cooke, 2006). 

 

4. Kiss1 neurones in the BnST, VMN, DMN, and horizontal continuum: 

To date, only three more Kiss1 neurone populations have been studied with 

regards to orchidectomy and steroid replacement. In line with findings in the AVPV, 

PeN, and MeA of adult male and female rats, conventional castration and ovariectomy 

indicate lower numbers of immunoreactive Kiss1 neurones in the paraventricular 

hypothalamic nucleus, anterior parvicellular part (PaAP), VMN, and BnST compared to 

orchidectomised rats with E2 replacement (Xu et al., 2012). Due to the low number of 

cells, similar to the PeN, we couldn’t observe any significant change in the BnST, 

although we were able to perceive a clear trend similar to the aforementioned one where 

Teverelix-treated animals experience a decrease in Kiss1 neurones and an elevation 

following steroid administration. Similarly, in the VMN (where few are encountered) 

we couldn’t discern any change between groups. Of note, the antibody used by Xu and 

colleagues (2012) is an anti-rat kisspeptin mouse monoclonal antibody, clearly different 

from our polyclonal antibody; nonetheless, their ICC analysis cannot be rebutted given 

that they showed consistence with anti-kisspeptin labeled probes. For the general 

analysis of each region, they took the total number of cell bodies in every area 
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unilaterally and typical sections included those from one specific bregma coordinate 

(e.g. BnST at bregma -0.30mm) whereas we took the bilateral mean of neurones per 

section across the entire rostrocaudal extent of the nucleus. This brings a call of caution 

to interpretation as the ARC, MeA, and BnST have more neurone density at certain 

bregma coordinates compared to others. Contrary to our study, they must have indicated 

changes among groups from bregma coordinates where the peak of Kiss1 neurones 

within that region is found and thus were able to render larger numbers. 

Our study confers an additional amount of detail to the existing literature as we 

intended to show chemical castration effects on two more hypothalamic nuclei. At the 

level of the DMN, we only perceived a minor non-significant attenuation in the amount 

of kisspeptin cells and no increase nor further decrease after testosterone administration. 

We postulate that there is indeed a plausible decrease, similar to all other nuclei 

explored to date with exemption of the ARC, after castration; similarly we presume a 

“classical” upregulation following steroid treatment. Another possible scenario is that 

given that there is no apparent change between Teverelix and Teverelix + testosterone 

enanthate, DMN Kiss1 cells might not possess androgen nor estrogen receptors, 

although this assumption seems unlikely. For future experiments, we would like to look 

at steroid receptor co-localisation in VMN, DMN, BnST, MeA, PVN, posterior 

hypothalamus, and HC Kiss1 neurones. Similarly, we anticipated that HC Kiss1 cells 

would respond in a similar manner to the other nuclei except the ARC in terms of 

downregulation following castration, however, we observed no elevation or decrease in 

kisspeptin tone. We only noticed an insignificant increase in the number of cells 

following castration and another increase after steroid treatment; it might be occur that 

this region is not influenced by androgens/estrogens and may be devoid of steroid 
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receptors. Possibly taking neurones at a specific bregma coordinate with the highest 

density of cells could have yielded significant changes amongst groups. 

Taken together, we have shown for the first time that a chemical castration using a 

GnRH receptor antagonist exerts potent changes at the level of kisspeptin neurones. 

Indeed, kisspeptins act by inducing the secretion of the releasable pool of endogenous 

GnRH and these mechanisms are mediated by Kiss1 neurones in the ARC, which after 

castration, increase in number. A chemical castration is able to reproduce these same 

effects and parallels those achieved in the AVPV/RP3V and other nuclei. Putatively, 

Teverelix seems to exert a cascade effect whereby suppression of LH levels hampers 

endogenous testosterone and thus alter kisspeptin cells.   
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Figure 4.1: Photographs illustrating the sizes of both testes from a rat 
in one of three groups: (A) control; (B) Teverelix only; (C) Teverelix + 
testosterone enanthate. 
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Figure 4.2: Effects of s.c. injection of GnRH antagonist on the mean of 
the weights of both testes. 
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Figure 4.3: LH serum levels in rats treated with vehicle, Teverelix only, 
and Teverelix and testosterone enanthate. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. *P < 
0.0001 versus s.c./i.m. vehicle, **P < 0.0001 versus s.c. vehicle (one way ANOVA 
followed by Tukey’s multiple comparison test method). 
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Figure 4.4: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres in a Teverelix-only treatment section of the ARC at a 
primary anti-rat Kisspeptin-10 antibody dilution of (A) 1:15,000 and (B) 
1:40,000. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.5: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown 
cytoplasmic stain) and fibres at a primary antibody dilution of 1:15,000 
in the ARC in (A) control, (B) Teverelix only, and (C) Teverelix with 
testosterone enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.6: Number of ARC Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:40,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. *P = 
0.003 versus s.c./i.m. vehicle, ♯P = 0.0003 versus s.c. Teverelix and i.m. 
testosterone enanthate (one way ANOVA followed by Tukey’s multiple comparison 
test method). 
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Figure 4.7: Photomicrographs of a representative section at bregma -
0.30mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres at a primary antibody dilution of 1:15,000 in the AVPV 
in (A) control, (B) Teverelix only, and (C) Teverelix with testosterone 
enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.8: Number of AVPV Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.16 
versus s.c./i.m. vehicle, P = 0.58 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.9: Number of RP3V Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.09 
versus s.c./i.m. vehicle, P = 0.07 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.10: Photomicrographs of a representative section at bregma -
3.30mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres at a primary antibody dilution of 1 in 15,000 in the MeA 
in (A) control, (B) Teverelix only, and (C) Teverelix with testosterone 
enanthate groups. 
 
Opt: Optic tract. Scale bar: 200µm.  
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Figure 4.11: Number of MeA Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. *P = 
0.03 versus s.c./i.m. vehicle, ♯P = 0.03 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test 
method). 
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Figure 4.12: Photomicrographs of a representative section at bregma -
3.30mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres at a primary antibody dilution of 1:40,000 in the MeA in 
(A) control, (B) Teverelix only, and (C) Teverelix with testosterone 
enanthate groups. 
 
Opt: Optic tract. Scale bar: 200µm.  
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Figure 4.13: Number of MeA Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:40,000. 
 
 
Values are means ± SEM. The number of rats per group is in parenthesis. *P = 0.02 
versus s.c./i.m. vehicle, ♯P = 0.03 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.14: Photomicrographs of a representative section at bregma -
0.30mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres at a primary antibody dilution of 1:15,000 in the BnST 
in (A) control,  (B) Teverelix only, and (C) Teverelix with testosterone 
enanthate groups. 
 
ac: anterior commissure. Scale bar: 200µm.  
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Figure 4.15: Number of BnST Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.13 
versus s.c./i.m. vehicle, P = 0.09 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.16: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres at a primary antibody dilution of 1:15,000 in the DMN in 
(A) control, (B) Teverelix only, and (C) Teverelix with testosterone 
enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.17: Number of DMN Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.52 
versus s.c./i.m. vehicle, P = 0.99 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.18: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown cytoplasmic 
stain) and fibres in the HC in (A) control, (B) Teverelix only, and (C) 
Teverelix with testosterone enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.19: Number of HC Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.95 
versus s.c./i.m. vehicle, P = 0.94 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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Figure 4.20: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown 
cytoplasmic stain) and fibres in the HC in (A) control, (B) Teverelix only, 
and (C) Teverelix with testosterone enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.21: Number of HC Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:40,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.27 
versus s.c./i.m. vehicle, P = 0.40 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test 
method). 
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Figure 4.22: Photomicrographs of a representative section at bregma -
3.14mm illustrating Kiss1 immunoreactive neurones (brown 
cytoplasmic stain) and fibres in the VMN in (A) control, (B) Teverelix 
only, (C) Teverelix with testosterone enanthate groups. 
 
3V: Third ventricle. Scale bar: 200µm.  
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Figure 4.23: Number of VMN Kiss1 immunoreactive neurones in rats 
treated with vehicle, Teverelix only, and Teverelix with testosterone 
enanthate using a primary kisspeptin antiserum dilution of 1:15,000. 
 
Values are means ± SEM. The number of rats per group is in parenthesis. P = 0.93 
versus s.c./i.m. vehicle, P = 0.89 versus s.c. Teverelix and i.m. testosterone 
enanthate (one way ANOVA followed by Tukey’s multiple comparison test method). 
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5.1. Introduction: 

Fertility and body weight are intimately intertwined and the discovery of 

neuroendocrine networks and peripheral signals has been able to shed more light on this 

subject. Early reports in the 1960s and 1970s began to elucidate findings relating the 

proper functioning of the gonadotropic reproductive axis to metabolic and nutritional 

cues (Kennedy & Mitra, 1963; Frisch & McArthur, 1974) In both experimental animals 

and clinical trials in humans, miscellaneous states of persistent negative energy balance 

such as physical exercise or undernutrition impinge on reproductive success and the 

onset of puberty (Martos-Moreno et al., 2010; Zieba et al., 2005). 

The mediobasal hypothalamus is a key site for the integration of peripheral 

metabolic cues, which ultimately notifies the reproductive system of nutritional status. 

Availability of metabolic resources is broadcasted to the brain by peripheral signals 

such as ghrelin, leptin, insulin, as well as by centrally released peptide hormones like 

melanocortins, neuropeptide Y (NPY), and melanin-concentrating hormone (MCH). A 

variety of studies in rodent brains have dealt with the effects of undernutrition and 

Kiss1/Kiss1r expression (Castellano et al., 2010; Brown et al., 2008). Although GnRH 

neurones do not possess leptin receptors, leptin is able to directly target leptin receptors 

on Kiss1 neurones to drive GnRH secretion (Smith et al., 2006). Kiss1 mRNA 

expression is increased in the ARC of leptin-deficient ob/ob mice treated with leptin 

(Smith et al., 2006). As such, adult male rats subjected to 48 hours of fasting compared 

to controls do not show changes in the number of immunoreactive Kiss1 neurons in the 

ARC (Castellano et al., 2010). Acute fasting in adult female rat hypothalamii reduces 

Kiss1 mRNA levels (Brown et al., 2008). However a decline in hypothalamic Kiss1 

expression can be observed in leptin-deficient mice exposed to food restriction implying 



Refeeding and neuronal activity in ARC, RP3V, and DMN Kiss1 population      Chapter 5 

 

	  	  	  	  	  
213 

that other elements separate from a reduction in circulating leptin levels may participate 

in the suppression of Kiss1 expression in the hypothalamus by restrictive feeding 

(Luque et al., 2007; Kalamatianos et al., 2008). Ghrelin, an orexigenic neuropeptide, is 

also implicated in kisspeptin signaling. Acute ghrelin administration results in an 

imminent decline in LH pulse frequency in ad libitum fed rats. Ghrelin, fasting, or a 

combination of both, decreases mPOA Kiss1 mRNA expression but exerts no change in 

mPOA Kiss1r mRNA expression. Nonetheless, Kiss1 mRNA expression in the ARC 

does not seem to be altered (Forbes et al., 2009). Additionally, the number of c-Fos 

expressing RP3V Kiss1 cells in wild-type mice is significantly increased compared to 

mice on a low-level E2 treatment, thus linking metabolic state to the nucleus in charge of 

the pre-ovulatory surge (Quennell et al., 2011). Moreover, fasting during 48 hours 

reduces the amount of Kiss1 mRNA in the AVPV but not in the ARC (Kalamatianos et 

al., 2008). The interplay of various hormones such as kisspeptin, leptin, ghrelin, PYY, 

GnRH, GnIH, and insulin among others, are involved in the complex regulation of body 

weight and reproduction. Previous studies have shown that Fos expression is increased 

in rodent PVN, DMN, ARC and various brainstem nuclei after satiety, fasting, and 

refeeding states(Singru et al. 2006; Angeles-Castellanos, 2004; Renner et al., 2010). 

In Chapter 3, we investigated the topographical neural distribution and frequency 

of all kisspeptin populations whereas in Chapter 4, we studied the effects of a chemical 

castration regime on eight kisspeptinergic brain regions. To investigate whether 

adequate nutritional increased or decreased neuronal activity in three kisspeptinergic 

neural sites after fasting and refeeding, Fos expression in the DMN, RP3V, and arcuate 

nucleus was studied. 
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 5.2. Methods: 

5.2.1. Fos expression in the ARC, RP3V, and DMN in fasting and refeeding 

 

5.2.1.2. Experimental design: 

Eight adult male Sprague-Dawley rats (300 – 500g) were obtained from the HRB 

BRR animal unit and maintained under normal laboratory conditions (temperature: 

21°C ± 2%; humidity: 55% ± 10%; 12-hour light-dark cycles with lights on at 7:00 

AM). Food pellets (RM1 Maintenance) were obtained from SDS (UK). They were all 

individually caged and divided into two groups: rats experiencing fasting during 24 

hours and rats deprived of food for 24 hours that were then allowed to feed again. 

Refeeding is typically characterized by an early stage of hyperphagia that is followed by 

a satiety phase which can last for up to six hours before increased food intake resumes 

(Singru et al., 2006). Five “fasted” rats were provided food and water ad lib during 

three consecutive days. They were then fasted during twenty-four hours and on the 

fourth day were granted access to drink without limit but were not provided with food. 

Four “fasted and refed” rats were given water and food ad lib initially for three 

consecutive days and were not allowed to consume food during 24 hours. Following the 

fast, these rats had access again to food and water ad lib. Body weight changes, water 

consumption, and the quantity of bland food eaten (in grams and kilocalories) were 

tracked during each of the four days for all rats. The amount of bland food consumed in 

one hour in refed animals was recorded as well as the number of kilocalories. Following 

the 1 hour slot allocated to food consumption (refeeding group), all rats from both 

groups were deeply anaesthetized with an overdose of sodium pentobarbitone 

(200mg/mL, i.p.) and transcardially perfused with physiological 0.9% heparine saline 

followed by 4% paraformaldehyde in 0.1M PB (see section 2.6.1). Brains were 
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removed, post-fixed overnight, transferred to a cryoprotection solution containing 30% 

sucrose and stored at 4°C until needed for immunocytochemistry processing. 44µm 

free-floating coronal sections were cut using a freezing microtome and sections were 

processed for double immunocytochemistry for Fos and kisspeptin using standard 

procedures, described in section 2.6.3.4. Fos was analysed in areas related to feeding 

such as the PVN and SON which served as controls. The percentage of kisspeptin-

positive cell bodies that were activated were counted blind for the ARC, RP3V, and 

DMN. Fos-positive nuclei in every kisspeptin neurone in five arcuate and dorsomedial 

hypothalamic nuclei sections/rat were analysed throughout each entire nucleus. 

Similarly, Fos-positive nuclei in every kisspeptin neurone within three RP3V 

sections/rat were counted throughout the whole extent of the nucleus. The number of 

kisspeptin neurones in all three nuclei was normalised for both groups. 

 

 

5.3. Statistics: 

Data presented are means Fos-positive cells/section or % of kisspeptin neurones 

Fos-positive/section ± SEM. 

An unpaired t-test was used to compare Fos-positive nuclei in kisspeptin neurones 

between “fasted” and “fasted and refed” animals in three different nuclei. 

 

5.4. Results: 

5.4. Experiment 1: Fos expression in ARC, RP3V, and DMN Kiss1 cells in fasting 

and refeeding states: 

Following the 24-hour fast, rats that were allowed to refeed ate voraciously during 

one hour. Figure 5.1 depicts Fos immunoreactivity in the hypothalamus and indicates 
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that the Fos ICC protocol appropriately worked. Activation of SON and PVN neurones 

was seen as a positive control marker as these nuclei are typically related to food intake 

(Fig 5.2). Figure 5.3 reveals Fos activity in the caudal ARC following refeeding. 

 

i) Changes in Fos expression in kisspeptin neurones in the arcuate nucleus after 

refeeding: 

In rats that were fasted and not refed, Fos nucleus activation was not colocalised 

within kisspeptin neurones. Within the refed group, the percentage of ARC Kiss1 

neurones that expressed Fos compared to fasted animals increased from 0 to 3 ± 2%  

cells (P = 0.16, unpaired t-test; Fig. 5.4). 

 

 

ii) Changes in Fos expression in kisspeptin neurones in the nucleus of the rostral part of 

the third ventricle after refeeding 

No Fos activity was discerned in RP3V Kiss1 cells in both groups. Eve after 

dissociating the nucleus into the AVPV and PeN, no single kisspeptin neurone is 

activated following either fasting or refeeding  (Fig. 5.4). 

 

 

iii) Changes in Fos expression in kisspeptin neurones in the dorsomedial hypothalamic 

nucleus after refeeding 

No significant difference was perceptible between fasted and refed animals in 

terms of Fos activation in DMN Kiss1 neurones. Only one Kiss1 neurone was co-

localised in all brains of the refed group (P=0.43, unpaired t-test, Fig. 5.4).
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 5.5. Discussion 

The present study illustrates the activational effects of refeeding on Kiss1 

neurones in the ARC, RP3V, and DMN in animals that experienced a twenty-four hour 

fast. Surprisingly, we found a minimal level of Fos activation at the level of the ARC 

and DMN after refeeding and no activation in the RP3V. No kisspeptin activation was 

observed in MeA and BnST Kiss1 cellsalthough Fos activity was present in the region. 

Colocalisation was difficult to distinguish in the VMN, PeN, and horizontal continuum 

as Fos nuclei weren’t not dark enough to consider a Kiss1 cell as an activated one. 

Most of the studies conducted have addressed changes in the Kiss1 system in 

hypothalamic mRNA levels following several forms of metabolic stress. The extent to 

which these alterations in mRNA translates to kisspeptin content or release at specific 

brain regions requires further evaluation. In ICC studies, discrete quantitative changes 

in kisspeptin protein expression were not detected but rather gross changes in the 

number of Kiss1 ir-neurones. Thus our study represents the first approach in a refeeding 

paradigm in males following c-Fos activation. 

 

I. Kisspeptin and Fos expression in the arcuate nucleus: 

Despite the fact that Fos expression was widespread in the arcuate nucleus 

following food consumption for one hour, minimal co-localisation within kisspeptin 

neurones was observed. Due to the highly stained background within this region, we 

failed to observe conspicuous co-localisation, especially within the ventral portion. The 

ARC, which acts both as a feeding and satiety center, is clearly distinguished as a 

hypothalamic heterogeneous region containing miscellaneous neuronal populations with 

specific transmitters that modulate and mediate particular effects. So, the slight 

increment of Fos in kisspeptin cells after refeeding, albeit not being significant, indeed 
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reflects that these neurones participate to some degree in the neurocircuitry of hunger. It 

is postulated that kisspeptinergic cells in the arcuate, unlike other neuronal circuits of 

feeding and satiety in the ARC, might not affect food intake but rather may serve as 

conduits for other neurones as they tend to be responsive to circulating metabolic and 

hormonal factors (Wahab et al., 2013). It plausibly signifies that it acts in close tandem 

with other neurones in the arcuate that are activated during refeeding so as to form a 

construct for a refeeding response. 

One plausible candidate for this type of response is the potent orexigenic 

neuropeptide Y (NPY), from the pancreatic polypeptide family, which is released in 

response to food scarcity, and whereby the ARC is the major source in the 

hypothalamus of NPY expression. ARC NPY neurones are inhibited by circulating 

leptin and activated by circulating ghrelin (Johnstone et al., 2006). NPY neurones are 

also afferent stimulators of GnRH cells through the presence of NPY receptors (Li et 

al., 1999). The stimulatory effect on GnRH neurones has been well-documented, 

however NPY can inhibit GnRH release and this effect is dependent on changes in 

species, stage development and steroidal milieu (Kim et al., 2010). NPY neurones are 

activated in negative energy balance conditions and an increase in NPY release may 

occur to stimulate feeding while suppressing release of GnRH and inhibiting the HPG 

axis. Kisspeptin directly regulates NPY synthesis and secretion (Kim et al., 2010). Our 

observations indicate no portrayal of kisspeptin neuronal activation in the ARC during 

fasting. On the other hand, arcuate nucleus NPY neurones are activated during food 

deprivation and deactivated after refeeding (Becskei et al., 2009a; 2009b). Kiss1 

neurones indirectly inhibit NPY cells via enhancement of GABA-mediated inhibitory 

synaptic tone. Parenthetically, ablation of NPY via generation of NPY knockout mice 

reveals that there is defective expression of the Kiss1 gene, hinting that intact NPY 
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neurocircuitry is crucial for proper functioning of kisspeptin cells (Wahab et al., 2013). 

NPY, which coexpresses GABA, innervates and negatively modulates (via opening of 

potassium channels) ARC proopiomelanocortin (POMC) cells.  Kisspeptin has also 

been revealed to potently excite POMC neurones. POMC cells synthesise anorectic 

peptides α-MSH and cocaine- and amphetamine-regulated transcript (CART). Anorexic 

effects of α-MSH are modulated by MC4 receptors in the hypothalamus. ARC NPY 

cells also produce agouti-related protein (AgRP), which serves as an endogenous 

antagonist to the MC4 receptor (present on ARC α-MSH cells) and which augments 

food intake during the first two hours of refeeding (Singru et al., 2006) These two 

cleavage products of POMC additionally innervate GnRH cells. POMC cells are 

inhibited by ghrelin and stimulated by leptin; these effects are mediated both directly or 

indirectly by NPY/AgRP cells (Johnstone et al., 2006).The effects of α-MSH on ARC 

Kiss1 neurones has not been elucidated yet, nonetheless, α-MSH has been confirmed to 

stimulate GnRH neurones. Refeeding activates ARC α-MSH neurones within two hours 

after reintroducing food to rats that were fasted; it also seems to shift the location of c-

Fos ir cells from the medial ARC (where orexigenic cells reside) to the lateral ARC 

where anorexigenic neurones can be found (Singru et al., 2006). Approximately 90% of 

ARC α-MSH neurones respond to refeeding signals suggesting the importance of this 

anorexigenic peptide of regulating meal size following a prolonged fast. CART directly 

stimulates firing in both GnRH and ARC Kiss1 neurones determining that CART might 

regulate GnRH secretion both directly and indirectly (True et al., 2013). 

Of particular relevance, other hypothalamic nuclei are equally involved in 

metabolic regulation such as the lateral hypothalamus (LH), VMN, and PVN, which 

send and receive projections from the ARC. Of note, refeeding induces an increment in 

c-Fos in the parvocellular and magnocellular subdivisions of the PVN (Singru et al., 
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2006), although we did not explore kisspeptin cell activation in this region mainly due 

to the limited number of kisspeptin-positive cells in the region. Similarly, we didn’t 

investigate Kiss1 neurone activation within the VMN due to low basal level of 

kisspeptinergic cells. 

 

 

II. Kisspeptin and Fos expression in the RP3V: 

Fos activation was not observed in any single kisspeptin neurone in either fasted 

or refed male rats at the level of the AVPV and the rostral periventricular nucleus, both 

of which comprise the RP3V. As previously indicated in chapter 4, the AVPV is 

sexually dimorphic with more kisspeptin neurones in females and it’s also the site of 

positive feedback regulation. Thus, it’s tenable to propose that kisspeptinergic cells in 

this region do not regulate metabolic status. Although these cells aren’t active, other 

unspecified cells were activated in the region, suggesting that neurones in this site 

participate in some manner in receiving metabolic cues, acting as interneurons to 

convey signals to other cells, or participating in other types of food-ingestion behaviors. 

To date two studies have tried to resolve the effects of fasting at the level of the AVPV 

only in female rats. Contradicting evidence exists relating how food deprivation alters 

this well-known recognized kisspeptinergic population. According to one study, fasting 

during 72 hours induces a decrease in Kiss1 mRNA levels at the level of the ARC but 

not in the AVPV in female rats (Matsuzaki et al., 2011). A couple of studies imply that 

a 48 hour fast decreases Kiss1 mRNA levels in the AVPV, but not in the ARC, and that 

administration of the potent orexigenic ghrelin also leads to decrease in AVPV Kiss1 

mRNA (Forbes et al., 2009; Kalamatianos et al., 2008). However the study conducted 

by Matsuzaki and colleagues used gonadally intact cycling female rats while the other 
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groups used ovariectomised rats with implanted estradiol, thus generating diestrous 

phase levels of estrogen in the blood. This entails persistent estrogen stimulation of the 

CNS, which is not physiological and modulates both positive and negative feedback 

effects of estrogen on kisspeptin and GnRH cells. 

 

 

III. Kisspeptin and Fos expression in the DMN: 

The implication of the DMN in ingestive behavior and body weight regulation has 

been corroborated by a wealth of studies. Ablation of this nucleus induces hyperphagia, 

obesity, blocks food entrainment of locomotor activity, and disrupts body temperature 

and wakefulness (Bellinger & Bernardis, 2002) (Saper et al., 2002; Chou et al., 2003). 

In good agreement with previous literature, refeeding following a period of fasting 

activates dorsomedial hypothalamic neurones to a greater extent than ad libitum fed rats 

or food-deprived rats. Apart from possessing neurones that synthesise NPY, the DMN 

has other orexigenic and anorexigenic synthesizing cells such as α-MSH, orexins, 

galanin-like peptide (GALP), alarin, cholecystokinin (CCK), among others, as well as 

MC3/MC4 receptors. Presumably, DMN neurones also have the potential to shape the 

response of food intake, and more specifically, of the mediation of satiety by 

melancortin signaling. Refeeding tends to activate a concentrated population of cells in 

the ventral subdivision of the DMN in comparison to other subregions (Renner et al., 

2010; Angeles-Castellanos, 2003; Singru et al., 2006). Kisspeptin DMN neurones are 

active in this subdivision but we found activated cells in other parts of the nucleus. 

Prolactin-releasing peptide (PrRP), which stimulates prolactin release and regulates its 

expression, is also involved in food intake regulation and energy balance; PrRP 

projections stemming from the NTS to the dorsomedial contribute to activation of this 
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particular subdivision during refeeding (Renner et al., 2010). A plausible interaction 

between this circuitry and kisspeptin fibres remains under investigation. An early 

immunocytochemistry kisspeptin distribution study established that Kiss1 cells and 

fibres were present at the level of the NTS although the antibody was of dubious 

specificity (Brailoiu et al., 2005). Thus more neuroanatomical studies will need to focus 

on the brainstem to verify the existence of cells in this area and observe efferent 

projections to the dorsomedial nucleus. 

GnIH and its mammalian analog RFRP-3 are known to inhibit gonadotropin 

release and increase food intake. They both inhibit POMC cells by opening of 

potassium channels. RFRP-3 cells are located in the dorsomedial hypothalamus and 

while Kiss1 cells do not directly signal to RFRP-3 neurones, RFRP3- cells directly 

modulate a small population of ARC kisspeptin cells, at least in mice (Poling et al., 

2013). A hypothalamic motif is observed in which certain neuropeptides which mediate 

reproduction, concurrently regulate - but in opposite manner – the effects of feeding. 

NPY stimulates food intake at the expense of inhibiting reproduction. Conversely, 

POMC and GALP decrease food intake but stimulate endocrine reproductive 

physiology (Johnson et al., 2007). Speculatively, kisspeptin might reverse the 

orexigenic effects of GnIH. In the absence of GnIH, kisspeptin exerts no feeding 

phenotype, which is consistence with previous evidence revealing that kisspeptin alone 

generates little feeding phenotype (Fu & van den Pol, 2010). 

 

● Relationship between Fos and neuronal depolarization: 

Ever since the pioneering findings in stimulated neurones by Sagar and colleagues 

(1988), the protein product Fos of the immediate early gene c-Fos, has been extensively 

used as an evidential marker of neurone activation. It is expressed within 30-60 minutes 
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of c-Fos induction and is quantified within a brain area or a specific neural population 

by counting cells that contain Fos. The general consensus has been that Fos presence in 

a neurone indicates electrical neurone excitation and is resultant of a depolarization 

brought about by stimulus-induction. 

 

1. Why has Fos been assumed to reflect neurone excitation? 

In various neural networks, Fos presence corresponds to an increment in neural 

electrical activity in several conditions: 

 When stimulated kisspeptin neurones typically express Fos protein. c-Fos 

expression is induced in female rodent AVPV Kiss1 cells , coinciding with the LH 

surge and activation (Smith et al., 2006; Robertson et al., 2009). In accord, 

AVPV/RP3V kisspeptin cells exhibit estrous cycle dependent firing rates with a change 

from irregular to tonic firing during proestrous (Ducret et al., 2010). Likewise, ICV 

injection of kisspeptin-52 induces GnRH Fos activation and an increase in LH (Irwig et 

al., 2004). Increases in electrical activity of GnRH neurones occurs following kisspeptin 

stimulus (Dungan et al., 2007). Opposite sex urinary odors induce pheromonal 

activation of Fos in male and female mice (Bakker et al., 2010). 

 

Taking these observations together, in agreement with multiple studies in other 

neural systems, it was deduced that a neuron expressing Fos was an excited cell and led 

to the general conclusion that Fos was a valid marker of neural excitation 
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 Numerous findings still need to be accomplished and reconciled to better 

comprehend the regulatory mechanisms underlying fasting/refeeding effects in 

metabolic-related neurophysiology, in which kisspeptin neurones are involved. The 

activation of Kiss1 cells is perceivable, albeit being rather minimal, which may question 

the biological significance of our results. In the present study, we have given further 

evidence than the one existing relative fasting effects on Kiss1 cells in female rodents. 

Obviously, fluorescence studies looking at kisspeptin along with other neuropeptides 

and the relative activation of Fos nuclei should provide more insight into the exact 

regulation of appetitive behavior conduits. Therefore, to elucidate he ambivalence of the 

integrative role of kisspeptinergic neurones within the ARC and to understand the 

concerted enhancement of excitatory signals inducing feeding, further investigation is 

needed. 
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3V

Figure 5.1:  Photomicrographs illustrating Fos immunoreactivity (black 
arrow) in the hypothalamus (ARC and DMN) of refed animals. 
 
3V: Third ventricle. Scale bar: 500µm.  
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3V

oc

oc

Figure 5.2:  Photomicrographs illustrating Fos immunoreactivity (black 
arrow) in the SON of refed animals.  
 
3V: Third ventricle, OC: Optic chiasm. Scale bars: 50µm, 100µm.  
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3V

3V

Figure 5.3:  Photomicrographs illustrating Fos immunoreactivity (black 
arrow) in the caudal ARC of refed animals.  
 
3V: Third ventricle. Scale bars: 50µm, 100µm.  
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3V

Figure 5.4:  Photomicrographs illustrating Fos immunoreactivity (black 
arrows) and Kiss1 positive cells (blue arrows) in the caudal DMN of 
refed animals.  
 
3V: Third ventricle. Scale bars: 100µm.  
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Figure 5.5:  Fos expression in kisspeptin neurones in the ARC, 
RP3V, and DMN after fasting for 24 hours and refeeding. 
 
Values are means ± SEM. The number of rats per group is in parenthesis.  
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The present study aimed to investigate the exact distribution of kisspeptinergic 

cells, their morphological and steroid-responsive characteristics as well as putative roles 

in metabolic regulation to lead a more comprehensive understanding of how this 

neuropeptide is involved in different brain regions. The following sections will 

summarize the main conclusions derived from the experimental investigations and 

critically assess their interpretation. As a result, new hypotheses and suggestions of how 

to carry out the correlative investigations will be advocated. 

 

• Extensive kisspeptinergic neurone populations 

Kisspeptin has been firmly established as a main regulatory of mammalian  

puberty and the focus has heavily relied on two key sites: AVPV and ARC. Both of 

those areas exhibit notable populations of kisspeptin cells (Chapters 3 & 4). Although, 

these findings have pervaded kisspeptin literature ever since the discovery of the 

peptide, and our findings provide further support to other numerous studies localizing 

several different kisspeptin cell populations, this is a more detailed characterisation of 

Kiss1 cells, delineating the robustness and specificity of the antibody and providing the 

most complete immunocytochemical mapping of kisspeptin cells rounding up to nearly 

20 populations. These findings are also accompanied by extensive detail in the 

morphological profiles (cell polarity and orientation) and in the amount of projections 

emanating from kisspeptin cells in a particular region, which conform dense fibre 

plexuses. This in-depth analysis highlights the potential and underestimated roles that 

other kisspeptin-rich areas might possess in pubertal regulation, or even of any other 

physiological or behavioural roles. 
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Through stereotaxic neuroanatomic maps, we provided exact coordinates of 

varying degrees of kisspeptin cells in various areas. We found that the most ample 

kisspeptinergic neuronal presence was encountered in the ARC, medial amygdala, and 

horizontal continuum and a smaller presence in the AVPV, PeN, BnST, DMN, and 

VMN. Within the medial portions of each of those nuclei, we noticed prominent 

kisspeptin distribution. In parallel, we detected that fibre density was extensive within 

the ARC, AVPV, PeN, MeA and to a lesser degree in the four remaining nuclei which 

were also quantified. Fibres were widespread throughout the entire brain, located even 

at the level of the cortex and hinting at possible roles in cognition. Our results shed 

more light on other brain areas where kisspeptin cells are found excluding the olfactory 

bulb, brainstem, cerebellum, and spinal chord. Other cited reports have started to unveil 

connections with other neuropeptides and our results reinforce those findings; 

inferences for regulation of socio-sexual behaviours are also heavily implicated. 

Meticulous analysis also detailed the orientation of all eight kisspeptinergic regions, 

with a majority of cells in the PeN pointing towards the median eminence. MeA and 

BnST kisspeptin cells exhibited a noticeable amount of multipolarity in the 

cytoarchitecture compared to other regions, thus hinting at a great integration of 

information from other neurones, especially in signals coming from parts of the limbic 

region known to regulate emotions and behaviours.  

 

• What are the characteristics of the Kiss1 system following steroid feedback 

deprivation?  

The onset of puberty and the control of the HPG axis depends upon the  

modulation of pulsatile GnRH neurosecretion via sex-steroid dependent regulation. Our 

investigations are the first to provide evidence that a chemical castration exerts similar 
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effects to those caused by a conventional castration. These results confirm previous 

findings based on the ARC, AVPV, and MeA along with more recent finings in other 

Kiss1 cell populations. We also investigated other unexplored nuclei and similarly 

aimed at deducing the effects on Kiss1 neurone number. 

 

 However, a few points in the present study require further clarification or more 

investigation: 

Firstly, a testosterone assay has not been performed to provide a fully rounded, 

clear-cut result of the chemical castration. Nonetheless, suppression of endogenous LH 

levels is strong evidence to support the functional effects of the GnRH antagonist. 

Secondly, fragmentary evidence is provided for the role of steroid receptors in the 

different populations where kisspeptin is expressed. Sex steroid receptor colocalisation 

has been exhibited within the ARC and AVPV Kiss1 cells, with a predisposition to 

focus on estrogen and progesterone receptors. Thus, the other multitudinous 

kisspeptinergic populations require further investigation on what type of sex steroid 

(androgen-, estrogen-, and progesterone-receptors) they might colocalize with and see 

whether they impact on puberty and GnRH/LH secretion. 

 

• Kisspeptin involvement during food ingestion:  

Understanding the role of kisspeptin in food consumption in the context of the  

hypothalamic regulation of appetite will require a more diligent insight regarding the 

combination of signals converging between nuclei, especially in the refeeding response. 

Although we weren’t able to get conclusive results, we postulate that possibly a longer 

period such as a 72-hour fast might induce a more robust response to consume food.
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Further studies: 

 

The present study was an initiating point in the investigation of the numerous  

other kisspeptin populations in the brain of adult male rodents. The new hypothesis that 

other kisspeptin neurones, which are not located in the AVPV and ARC regions, could 

have an impact in the commencement of puberty will require more investigation. 

Similarly, other ties to human puberty include growth spurt, sexual and social 

behaviour, obesity, enhanced cognition, substance misuse, shifts in timing of sleep, 

aggression, among others. The vast amount of kisspeptin cells might offer more insight 

into different neurobiological processes through connections to other neuropeptides. 

 

1. Is kisspeptin only involved in pubertal onset or also in other physiological/ 

pyschosomatic puberty-related events? 

Puberty is closely associated with the growth spurt, disregulation of sleep, 

increases in stress, aggression, awareness of self-identity. Investigations are slowly 

unvelieing and extending beyond the breadth of the HPG axis. Thus, studies in 

cognition, motor skills, and multisensory regions warrant further investigation as 

projections can be observed in several cortical areas. The literature relevant to other 

areas of physiology remains meagre as is the case with the involvement in the growth 

spurt and the impact on the thyroid, among others, which require further examination. 

Until now, the understanding of the complexity of how the kisspeptinergic system 

affects the regulation of GnRH neurosecretion has received a lot of supportive evidence. 

However, the fascinating advances brought about by optogenetics will guarantee a 

penetrating knowledge of the function of kisspeptin cells, how they relate to each other 

across nuclei and how they might induce an organised behavioural response instead of a 
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random and disorientated response through activation and deactivation of selective 

channels with specific light-emission frequencies on genetically targeted Kiss1 neuronal 

populations.  Evidently, optogenetics can exalt the comprehension of puberty and might 

effectively remediate issues such as IHH or other puberty physiological and psychiatric 

disorders. 

 

 

2. Does kisspeptin influence sexual behaviour or indeed any behaviour? 

Initially, the aim of this thesis was to expose the basis for the kisspeptinergic 

system in the control of sociosexual behaviour, examining various sexual conduct 

parameters, c-Fos activation in key sociosexual behaviour-related regions and in 

kisspeptinergic cells, following a protocol where rats where socialised and were then 

allowed to mate. This opened up the potential for further experiments in administration 

of exogenous kisspeptin, oxytocin and vasopressin to extricate more information on 

these types of behaviour. 

Due to the conspicuous population in the MeA, we firmly hypothesised the 

regulation of MeA Kiss1 cells in sociosexual behaviour and possibly in anxiety. These 

actions might be manifested as copulatory and intromission behaviour, lordosis, 

anogenital sniffing, grooming, social recognition, mate preference, and aggression 

among others. Hence, more populations like the VMN and BnST Kiss1 cells might be 

heavily involved in regulation of those behaviours in both males and females; in 

addition, other kisspeptin cells and fibres might be involved in fear, stress, and several 

other behaviours.  
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3. What are the connections to other brain centres? 

Subsequent studies where fragmentary evidence still persists are ones examining 

the interconnectivity of kisspeptin cells (such as those presumably connecting the media 

amygdala to the AVPV or ARC) using retrograde/anterograde tracing, and 

supplementary analyses observing coronal, sagittal, and horizontal sections while 

further exploring the olfactory bulb/brainstem/cerebellum, and spinal cord for additional 

populations. Major pathways such as the basal ganglia systems, memory and spatial 

navigation, among others wait to be inspected. 

An ultimate, ambitious goal would be to design a circuit of interconnections 

between the different kisspeptinergic populations and possibly with other neuropeptides 

to extract detailed information of the intact systems without the need to process blocks 

or tissue slices. This can optimally achieved with the newly-established CLARITY 

protocol, which renders intact biological tissue into a uniformly transparent, chemical 

and optically accessible structure whereby the facility for labelling and imaging studies 

of protein and nucleic acids as well as functional neuroanatomy experiments is greatly 

increased. The technique allows for multiple rounds of brain immunocytochemistry 

detection and for the visualisation of neurones and projections in thick blocks of tissue.  

To all intents and purposes, reconstruction of neuroanatomical tracing of various 

remote populations of neurones or projections was a laborious task but CLARITY is a 

resource that facilitates this (Chung et al. 2013). Hence, coupling CLARITY with 

behavioural analysis and optogenetic manipulation serves as an ideal platform for 

acquiring an unparalleled understanding of the kisspeptinergic or any other type of 

neurobiological system. 
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4. How might other neuropeptides modulate the Kiss1 neuronal system? 

There is ample evidence of presence of steroid receptors in AVPV and ARC Kiss1 

cell colocalisation with other peptides (NKB/Dyn in ARC and tyrosine hydroxylase 

receptors in AVPV), but no studies have yet investigated whether the other kisspeptin 

populations that we observed (DMN, HC, VMN, BnST, HC, MeA, PH, etc…) possess 

steroid and other peptide receptors such as growth hormone or orexin receptors. To 

date, the focus has relied on progesterone and estrogen receptors although androgen 

receptors should be also investigated. Likewise other peptidergic, monoaminergic, and 

amino acidergic neuronal systems should receive considerable attention to view the 

potential interactions with the kisspeptin system and to understand whether these 

populations are stimulatory or inhibitory. Thus, oxytocin and vasopressin are two very 

distinctive neuropeptides, which share common sites of expression with kisspeptin such 

as the medial amygdala where abundant presence of vasopressin V1a receptors are 

located. The magnocellular and parvocellular oxytocin and AVP cells are likely to 

interact with Kiss1 cells in the PVN and in other distant regions via OXT/AVP 

receptors. Corticotropin-releasing factor (CRF) is a highly potential target for kisspeptin 

actions and viceversa in the regulation of the stress-induced inhibition of the GnRH 

pulse generator. 

 

  

 



General Discussion              Chapter 6 

 

	  	  	  	  	  
238 

 

 

 

 

 The present study not only provides precious information about where the potent 

GnRH stimulator, kisspeptin, is located in the brain in terms of neuronal populations 

and projections, but it also presents persuasive evidence for the how these cells are 

regulated by endogenous sex-steroid levels and how they are influenced in metabolism. 

These findings not only amplify the research scope for a more universal understanding 

of puberty with a hope of acquiring results that will promote future therapeutic schemes; 

they are also evidence for the potential of these cells in regulating other neurobiological 

processes. 
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