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Introduction 

In mammals, hypothalamic gonadotropin-releasing hormone (GnRH) synthesizing 

neurons represent the final output element of a neuronal network that regulates reproduction. 

The episodic release of GnRH into the hypophysial portal circulation creates a pulsatile 

pattern of luteinizing hormone (LH) and follicle stimulating hormone (FSH) secretion at the 

level of the anterior pituitary. LH and FSH drive the synthesis and release of the gonadal 

steroid hormones (estrogens and testosterone) which, in turn, regulate the activity of the 

reproductive axis through feedback actions.  

GnRH neurons communicate with each other in a synaptic (1) or paracrine (2) manner 

and also receive afferents from different neuronal systems (3). These neuronal circuits are 

thought to regulate the episodic GnRH secretion (GnRH “pulse generator”) (4). Circulating 

sex steroid hormones exert a strong influence on the synthesis and pulsatile secretion of 

GnRH (3,5). However, since GnRH neurons do not express the α form of estrogen receptor, 

they can not receive estrogen signal directly (6). Therefore, most actions of estradiol on the 

GnRH neurons are mediated by estrogen-sensitive interneurons. One of the most significant 

members of the neuronal network implicated in the regulation of sex steroid feedback is the 

kisspeptin (KP) system.   

Hypothalamic neurons synthesizing KP play crucial roles in the central regulation of 

puberty and reproduction. Inactivating mutations of the genes encoding for KP (KISS1) (7) or 

its receptor (KISS1R) (8,9) cause hypogonadotropic hypogonadism in humans. 

In a variety of mammals, two major populations of KP-synthesizing neurons exist in the 

anterior preoptic area and the arcuate nucleus (ARC), respectively. The preoptic KP cells of 

female rodents have been implicated in positive estrogen feedback to GnRH neurons (10). 

Immunohistochemical and in situ hybridization studies revealed that KP neurons in the 

preoptic region express other neuropeptides (met-enkephalin, galanin) as well as 

neurotransmitters (dopamine, GABA and glutamate). 

KP neurons of the ARC (11) have been implicated in the regulation of pulsatile 

GnRH/LH secretion and in the negative feedback actions of sex steroids. ARC KP cells co-

synthesize KP, neurokinin B (NKB) and dynorphin (Dyn) in several species, forming the 

basis for the ‘KNDy neuron’ terminology (12). Morphological and electrophysiological 

studies provided evidence that KNDy neurons communicate extensively with each other. 

This local communication via NKB/neurokinin 3 receptor (NK3R) and Dyn/κ-opioid 
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receptor signaling was proposed to play a critical role in the generation of episodic 

GnRH/LH pulses (13-15). In rodents, KP neurons of the ARC also co-contain galanin and 

classic neurotransmitters. 

Both KP cell populations are also detectable in the human, with the bulk of neurons in 

the infundibular (=arcuate) nucleus (Inf) (16,17). While neurochemical data about the 

preoptic KP cell population of the human are currently unavailable, a series of recent studies 

from our laboratory used immunofluorescent multiple-labeling to determine the phenotype of 

KP neurons in the Inf. 

Similarly to the ARC of laboratory animals, the Inf encloses a large population of KP 

neurons that also synthesizes NKB (18). The density of KP-IR (and NKB-IR) neurons in the 

Inf as well as the extent of their co-expression were found to be highly sex-dependent (19) 

and age-dependent (20). Unlike in rodents and sheep where Dyn was detected in the vast 

majority of ARC KP cells, morphological studies from our laboratory only found poor 

evidence for the presence of Dyn immunoreactivity in human KP neurons (21). To the 

opposite, large subsets of KP and NKB neurons in humans expressed immunoreactivity 

for substance P (SP) (22), which has not been colocalized with KP in rodents. These 

immunohistochemical experiments established that the neurochemical properties of human 

KP neurons are often distinct from those of laboratory species.  

Therefore,  

 we aimed to characterize further the phenotype of human KP neurons in the 

mediobasal hypothalamus, with a focus on species differences between 

laboratory animals and the human. We extended the colocalization experiments 

to several neuropeptides in order to obtain a fingerprint of KP co-

transmitters/modulators. 

 Another goal was to analyze the connectivity of KP- and NKB-containing fibers 

to the somatic and dendritic compartment of various peptidergic cell types of the 

infundibular region, including GnRH neurons. 

 Finally, to explore the structural basis of the putative axo-axonal communication 

in the peptidergic regulation of human GnRH neurons, we analyzed the 

anatomical relationship of KP-IR, NKB-IR and SP-IR axon plexuses with 

hypophysiotropic GnRH fiber projections.   
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Materials and methods 

Human subjects 

Hypothalamic tissue samples were obtained at autopsy from the Forensic Medicine 

Department of the University of Debrecen according to the Hungarian Law (1997 CLIV and 

18/1998/XII.27. EU¨M Decree). Permission to carry out tissue collection and experiments 

was obtained from the Regional Committee of Science and Research Ethics (DEOEC 

RKEB/IKEB: 3183-2010). Selection criteria included lack of history of neurological and 

endocrine disorders and post mortem intervals below 48 h. 

Immunohistochemistry 

Prior to peroxidase-based dual-label immunohistochemistry and immunofluorescent dual-

/multiple-labeling, the 30-µm thick coronal sections were pretreated with a mixture of 0.5% 

H2O2 and 0.2% Triton X-100 for 30 min. Then, antigen retrieval was carried out by using a 

0.1 M citrate buffer wash at 80 °C for 30 min. Various control approaches were used to 

confirm the specificity of immunohistochemical results (e.g. using pairs of antibodies raised 

in two different animal species against the same neuropeptide targets; preabsorption control) 

Microscopy 

Representative light microscopic images were taken with an AxioCam MRc 5 digital camera 

mounted on a Zeiss AxioImager M1 microscope (Carl Zeiss, Göttingen, Germany). Confocal 

images were prepared with a Radiance 2100 confocal system (Bio-Rad Laboratories, Hemel 

Hempstead UK). 

Analysis 

We determined the relative incidences of different labeling patterns in cell bodies and axon 

varicosities, expressed as mean percentages of the total number of detected immunoreactive 

neuronal elements (%±SEM of 3-5 individuals). Quantitative results were illustrated in pie 

charts or column graphs.   
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Results, thesis 

Immunohistochemical profiling of human kisspeptin neurons 

1. Using immunofluorescent triple-labeling, we showed that human KP and NKB 

neurons often exhibit cocaine- and amphetamine regulated transcript (CART) 

immunoreactivity. 

 

2. Using quantitative analyses, we provided evidence for the presence of CART in 

47.9±6.6% of KP-IR and 30.0±4.9% of NKB-IR perikarya. All three neuropeptides 

were present in 33.3±4.9% of KP-IR and 28.2±4.6% of NKB-IR somata, respectively. 

 

3. We have developed an approach to determine the degrees of neuropeptide 

colocalization in axon varicosities. 

 

4. Using this method, we showed that 17.0±2.3% of KP-IR and 6.2±2.0% of NKB-IR 

axon varicosities also contained CART immunoreactivity and 14.3±1.8% of KP-IR 

and 5.9±2.0% of NKB-IR fibers were triple-labeled for CART, KP and NKB. 

 

5. We found that CART neurons synthesizing NKB and/or KP are distinct from those 

expressing agouti-related protein (23). 

 

6. We provided quadruple-immunofluorescent evidence for an overlap between the SP-

expressing (22) and the CART-expressing subsets of human KP and NKB neurons, 

indicating that these neuronal populations are partly identical. 

 

7. We showed that CART-IR cell bodies and fibers were involved in neuronal contacts 

between the different types of peptidergic neurons of the Inf, including those 

expressing KP, NKB, CART and SP. 

 

8. Using immunofluorescent triple-labeling, we provided evidence for the presence of 

proenkephalin (pENK) in 12.5±5.1% of NKB-IR and 1.9±1.0% of KP-IR neurons of 
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human males. pENK signal was also detected in 4.9±1.8% of KP-IR and 5.7±2.5% of 

NKB-IR axon varicosities. 

 

9. In line with previous observations made in laboratory animals, we found that agouti-

related protein, α-melanocyte stimulating hormone, cholecystokinin, neurotensin and 

neuropeptide Y were not detectable in human KP and NKB neurons and these neurons 

were also immunonegative for somatostatin. Furthermore, human KP and NKB cells 

did not contain galanin and tyrosine hydroxylase which, in turn, were colocalized 

earlier with KP in rodents. 

New aspects in the afferent regulation of human GnRH neurons 

1. Quadruple-immunofluorescent studies showed that CART is occasionally present 

within KP-IR and NKB-IR axons forming appositions to GnRH neurons. 

 

2. Using peroxidase-based dual-label immunohistochemistry, we showed that KP-IR, 

NKB-IR and SP-IR plexuses intermingled, and established occasional contacts, with 

hypophysiotropic GnRH fibers in the postinfundibular eminence and through their 

lengthy course while descending within the infundibular stalk. 

 

3. Finally, triple-immunofluorescent studies revealed considerable overlap between the 

KP, NKB and SP signals in individual fibers, providing evidence that these 

peptidergic projections arise from neurons of the mediobasal hypothalamus where 

these neuropeptides often colocalize (22).   
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Conclusions 

The functional significance of neuropeptide co-transmitters in KP neurons may vary 

largely. So far, NKB has been the most consistently detected co-transmitter of KP in the 

mediobasal hypothalamus, independently of species. Its critical involvement in the regulation 

of human reproduction is shown by the hypogonadotropic hypogonadism of the TAC3 

(NKB)- or TAC3R (NK3R)-mutant humans (24). In recent clinical studies, NKB/NK3R 

signaling was found essential during early sexual development and its importance became 

attenuated over time in sustaining the normal functioning of the reproductive axis (25). It is 

possible that compensatory mechanisms involve SP which is co-expressed in human KP cells 

(22) and other neurokinin receptors (NK1R, NK2R) which might substitute NK3R in human 

KP neurons.  

A second intensely studied neuropeptide, Dyn, is colocalized in the vast majority of KP 

neurons is rodents, sheep and goats, giving rise to the KNDy neuron terminology. Somewhat 

surprisingly, our immunohistochemical studies did not reveal significant Dyn expression in 

human KP neurons. The low level of colocalization challenges the universal importance of 

endogenous Dyn in the regulation of episodic GnRH/LH secretion by KP neurons. The 

possibility exists that pENK we detected in human KP cells replaces some of the functions 

that Dyn plays in KP cells in laboratory species. 

While human KP and NKB neurons contained CART, the same colocalization 

phenomenon has not been noticed in rodents. In addition to playing a role in metabolic 

regulation, CART has also been implicated in reproductive functions, and thus, suggested to 

contribute to the inhibition of fertility under negative metabolic conditions (26). While the 

GnRH neurons in mice (27) and rats (26) give excitatory responses to CART, CART neurons 

are also capable of modulating GnRH neuronal functions indirectly. CART-IR fibers 

innervate KP neurons of the ARC and CART exerts excitatory actions on these cells (26). It is 

important to emphasize that although such excitatory actions of CART on both GnRH and KP 

neurons are well established in rodents, conclusions of these experiments should only be 

applied to primates with great caution. Similarly to KP, NKB and SP, CART may either act 

on autoreceptors or on postsynaptic peptide receptors to modulate GnRH and/or KP neuronal 

functions. 

The detection of SP and CART in KP neurons of the human which was not reported in 

laboratory species also indicates that humans and laboratory animals may use considerably 
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different neuropeptide signaling mechanisms to regulate sex steroid feedback and the GnRH 

neurosecretory pulses. 

Axo-axonal interactions taking place in the median eminence/postinfundibular 

eminence region have long been thought to play important roles in neuroendocrine regulation 

(28). Morover, axo-axonal communication may represent the primary mechanism whereby 

KNDy neurons influence the pulsatile secretion of GnRH. 

In this study, we present morphological evidence that hypophysiotropic GnRH axons in 

postmenopausal women form intermingling plexuses and establish occasional axo-axonal 

appositions with KP-IR, NKB-IR and SP-IR fibers. Such areas of regional overlap and axo-

axonal contacts were detected throughout the lengthy course of the hypophysiotropic GnRH 

axons, including the postinfundibular eminence, the infundibular stalk and the 

neurohypophysis. These axo-axonal interactions may involve important autocrine and 

paracrine components. We also show that many of the KP-IR, NKB-IR and SP-IR fibers in 

these regions are identical, indicating that their site of origin is the infundibular nucleus where 

a subsets of neurons co-synthesize two or all three of these neuropeptides (22). 
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