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  Preface 

 We were lucky to get into the kisspeptin “ fi eld” during its early days, though we had 
different avenues of entry. In early 2004, Sasha was a postdoctoral fellow in 
Dr. Emilie Rissman’s lab in Virginia, where he was studying the effects of various 
reproductive neuropeptides, such as GALP and GnRH variants, on sex behavior. 
Dr. Rissman asked whether Sasha would be interested in studying sexual behavior 
and sexual differentiation in a newly created transgenic mouse that was lacking an 
orphan receptor called GPR54. This was just months after several high-pro fi le (and 
soon-to-be seminal) papers had been published linking this receptor—and its ligand 
kisspeptin—to reproductive status in humans and mice. The prospect of studying 
this new, highly uncharacterized reproductive factor was too enticing to pass up. 

 Meanwhile, across the country in Seattle, Washington, Jeremy was also conduct-
ing postdoctoral research in the lab of Dr. Robert Steiner, who had also recently 
stumbled upon the exciting new kisspeptin system and was currently testing its 
gonadotropin-releasing ability and sex steroid regulation in mice. Such was our 
initial foray into kisspeptin reproductive biology, and our paths soon crossed when 
Sasha headed west in 2005 to work in the Steiner lab. Since then, much has been 
learned—by us and many others—about kisspeptin and GPR54. Satisfyingly, much 
of what the  fi eld has learned in the past decade has come from a growing commu-
nity of international scientists and labs situated all around the globe, not to mention 
from a large variety of species and animal models. Indeed, kisspeptin has now been 
shown, by numerous investigators, to be important for puberty and reproduction in 
not only humans and mice, as originally demonstrated in 2003, but in a great assem-
blage of vertebrate species, ranging from mammals of all shapes and sizes down to 
frogs and  fi sh. 

 As we rapidly approach the 10-year anniversary of the “discovery” of kisspep-
tin’s role in reproductive biology, we believe this textbook is particularly timely. 
The goal was to critically highlight—in a single cohesive volume—the functions 
and regulation of kisspeptin as it relates to reproductive biology. To this end, we 
present in-depth reviews of a wide range of kisspeptin topics, including (but not 
limited to) hormone-releasing effects of kisspeptin in a variety of species (including 
humans); consequences and underlying mechanisms of impaired kisspeptin  systems; 
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utility and bene fi ts of speci fi c kisspeptin experimental “tools” (including a variety 
of new mouse models and novel chemical analogues); development of the kiss-
peptin system; the role of kisspeptin in puberty; the regulation of kisspeptin circuits 
by hormones, photoperiod, circadian signals, metabolic conditions, and stress, as 
well as by other reproductive neuropeptides; alterations in kisspeptin induced by 
endocrine-disrupting chemicals; and the newest kid on the block: electrophysiologi-
cal properties of kisspeptin neurons. In addition, this book emphasizes several larger 
themes, including the importance and bene fi ts of comparative biology (despite—or 
perhaps because of—the occasional “species differences”), as well as the value of 
using both molecular and physiological analyses to advance the  fi eld, not to men-
tion the growing importance of bedside-to-benchside (and back) research. Another 
prominent message throughout the book is that there is still much to learn. While a 
good deal of the “low-hanging fruit” on the kisspeptin experimental tree has now 
been plucked, there are still many intriguing questions to be answered and many 
fundamental gaps in our knowledge that demand  fi lling. These numerous key areas 
of future direction underscore the notion that, while we have come incredibly far in 
the past decade, we still have a long way to go to solve some of reproductive biol-
ogy’s greatest puzzles. Thus, our aim for this book is to summarize and celebrate the 
key  fi ndings from the past decade of kisspeptin research, as well as stimulate both 
future experimentation and further re fi nement of clinical use of kisspeptin for medi-
cal and therapeutic endeavors. 

 In sum, we hope this cohesive and timely volume of kisspeptin reviews will be a 
valuable educational and reference tool, useful for both the seasoned kisspeptin 
researcher and clinician, as well as for new students and doctors wishing to dive into 
the kisspeptin pool. We believe the comprehensive discussion herein of the numer-
ous kisspeptin topics will provide a fair, yet critical, assessment of the current state 
of the kisspeptin  fi eld, as well as identify key areas of targeted future research and 
clinical applicability. Indeed, as we pass the  fi rst 10-year marker on our kisspeptin 
journey, it is likely that many of the open questions identi fi ed throughout this book 
will guide the next series of exciting experimental and therapeutic kisspeptin ven-
tures well into the next decade.

La Jolla, CA, USA Alexander S. Kauffman
Nedlands, WA, Australia Jeremy T. Smith  
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    Abstract     Research in the nineteenth and early twentieth century established that 
the brain awakens reproduction, governs reproductive activity in the adult of virtually 
all vertebrates. By 1950, nearly 100 years later, scientists realized that the hypo-
thalamus and its neurosecretory products play a key role in regulating gonadal func-
tion in both males and females. Another 20 years would be required to reveal the 
chemical identity of GnRH and establish that neurons producing GnRH represent 
the fi nal common pathway through which the brain regulates gonadotropin secre-
tion. It had also become clear that GnRH neurons behave more like motor neu-
rons—better perhaps at going than stopping—and are themselves regulated by a 
complex network of afferent inputs, which guide the tempo of sexual maturation, 
regulate estrous and menstrual cycles, control seasonal breeding, and stop reproduc-
tion under adversity. In 2003, the revelation that kisspeptin and its receptor are criti-
cal for reproduction opened a fl oodgate of research documenting the role of 
kisspeptin neurons as central processors of reproduction. Today, there is wide con-
sensus that kisspeptin signaling in the brain is essential, providing the impetus to 
GnRH neurons to awaken at puberty and reigning the activity of these neurons 
when discretion is advised. We celebrate this watershed moment—with full knowl-
edge that time and discovery will provide context and perspective to even these 
heady days.  

     In the autumn of 1848, A.A. Berthold fi xed his eye upon two sad roosters. The 
German physiologist had castrated the young cockerels some months earlier, after 
which their tail feathers were lost, their combs had yellowed and drooped, their voices 
became monotonic, and the creatures grew disinterested in chasing hens. Berthold 
had castrated four other roosters at the same time as the fi rst two, but in these animals, 
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he had either removed one testis and “relocated” it to within the abdomen or removed 
both testes and transplanted a spanking new testis into the animal’s abdominal cavity. 
To his astonishment—despite the testicular swapping, the cockerels retained their 
lusty ways and avian pulchritude. The transplanted testes had become vascularized 
and produced sperm, but notably lacked nervous innervation. Berthold wrote (in a 
translation by D.P. Quiring): . . .  So far as voice ,  sexual urge ,  belligerence ,  and growth 
of combs and wattles are concerned ,  such birds remain true cockerels .  Since ,  how-
ever ,  transplanted testes are no longer connected with their original site and severed 
from their innervations  . . .  it follows that the results in question are determined by the 
productive function of the testes  . . .  their action on the blood stream  . . .  and then the 
entire organism ,  of which it is true ,  the nervous system represents a considerable part  
[ 1 ]. Such was the beginning of experimental endocrinology and the fi rst whiff that 
 hormones act upon the brain to regulate reproduction . 

 At the turn of the twentieth century, two neurologists, Joseph Babinski and 
Alfred Frölich, described patients with a condition called dystrophia adiposogeni-
talis (later called Frölich’s or Babinski–Fröhlich syndrome), whose clinical features 
include sexual immaturity and which were known to be caused by tumors of the 
basal forebrain and pituitary. A debate raged for some 20 years thereafter about 
whether this syndrome was attributable to lesions of the brain or pituitary. In 1912 
Bernhard Aschner exhorted:  Not only hypophysectomy — but even a mere wound in 
the base of the thalamencephalon leads to atrophy of the gonads in male and female 
dogs  [ 2 ]. However, 30 years would pass until seminal studies in rats by Walter 
Hohlweg and Karl Junkmann demonstrated that . . .  internal secretion of the 
anterior pituitary and the gonads is controlled by a nervous system  [ 3 ]. They 
accomplished this remarkable feat by showing that the capacity of the pituitary to 
respond to castration required its close proximity to the brain—and the so-called 
“nervous sex center” (now recognized to include the hypothalamus), which regu-
lates gonadotropin secretion as a feedback control system. Over the next 20 years, 
scientists, including F.L. Dey [ 4 ], C.H. Sawyer, and G.W. Harris, placed lesions and 
evoked electrical activity within discrete regions of the forebrain and observed their 
effects on reproduction, and by the early 1950s it became widely accepted that the 
hypothalamus constitutes the central processor of reproduction—governing the 
onset of puberty, gonadotropin secretion in both sexes, and timing of ovulation in 
females. In the 1930s, the anatomy of the hypothalamo-hypophyseal portal system 
was argued and settled, and the concept of “neurosecretion” gained traction. Belief 
in the existence of GnRH became widespread by the 1950s, but the fi nal character-
ization of GnRH would come only after 20 more years of protein chemistry and 
physiology—in the late 1960s and early 1970s. Thus, the cornerstone of the brain-
pituitary-gonadal axis was laid—and acknowledged by the Nobel Committee in 
1977. But mysteries remained. 

 The 20 years that followed awarding the Nobel Prize in Physiology or Medicine 
to Roger Guilleman and Andrew Schally produced highly reductionist studies of 
hypothalamic circuitry, which characterized many afferent inputs to GnRH neurons, 
with the use of pharmacological, neurosurgical, biophysical and, eventually, molec-
ular techniques. This research imparted appreciation to the complexity of the mech-

R.A. Steiner
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anisms that govern GnRH neurons, the fi nal common pathway through which the 
brain regulates reproduction, and put upfront the classical neurotransmitters 
(e.g., acetylcholine, norepinephrine, dopamine), certain amino acids (e.g., glutamate 
and GABA), as well as a constellation of neuropeptides that regulate GnRH 
neurons. The list of neuropeptides implicated in the regulation of GnRH secretion 
in mammals boggles the mind—and becomes even more astonishing when we con-
sider those discovered among other nonmammalian vertebrates. Among those with 
particular prominence include neuropeptide Y, proopiomelanocortin (and its prod-
ucts), galanin, and the RF amide family—not to mention their extended family of 
receptor subtypes. Yet, by the turn of the twenty-fi rst century, many in the neuroen-
docrinology community felt that something was missing. Although neuropharma-
cology and molecular mapping argued persuasively that these neuropeptides play 
key regulatory roles in the regulation of GnRH secretion, all the hoot ‘n holler didn’t 
change the fact that knockouts of  Npy ,  Gal ,  Agrp ,  Pomc , and the like failed to pro-
duce remarkable reproductive phenotypes. The fi eld of dreams had become parched 
under intense illumination and precision mowing. Although it remains true that 
redundancy and developmental compensation may excuse the absence of one or 
another players, it had become clear that we hadn’t really discovered  the real  secret 
how the brain regulates GnRH neurons. Indeed, much of what had been learned in 
the 1980s and 1990s was on margin—worthwhile, but no Holy Grail. We still didn’t 
know how the brain triggers the onset of puberty; we didn’t know the identity of 
molecular and cellular pathways that allow sex steroids to communicate with GnRH 
neurons, (since these cells don’t express the appropriate receptors); we had nary a 
clue about the mechanisms that link the circadian clock to GnRH neurons and 
induce ovulation at a precise time of day, nor how season is perceived by the neuro-
endocrine reproductive axis—not to mention how a tiny network of GnRH neurons 
is capable of generating discrete “pulses” that drive LH secretion. 

 The world as we knew it changed in late 2003, when it was discovered that 
mutations in an obscure cancer-related gene that encodes the receptor for kisspeptin 
(aka  KISS1R / kiss1r  or  GPR5 / Gpr54 ) cause profound hypogonadotropic hypogo-
nadism in humans and mice—a rare fi nding reported by two separate groups in 
papers that launched a thousand ships. Thus began the saga of kisspeptin signaling 
in the neuroendocrine regulation of reproduction. Today, almost 10 years and a 
1,000 papers later, kisspeptin has emerged as the  chargé d ’ affaires —providing 
impetus, information, and guidance to GnRH neurons, whose ancient role in repro-
duction may more akin to that of a motor neuron—an essential servant but no savant. 
If the GnRH neuron is the prima ballerina, certainly the kisspeptin neuron must be 
her choreographer. Indeed, we’ve learned a lot about kisspeptin and reproduction in 
the past decade! 

 Scientists enjoy a wide consensus about many aspects of kisspeptin signaling. 
We know that kisspeptin acts through a Gα 

q/11
 -coupled mechanism to activate GnRH 

neurons, which express Kiss1r, by inhibiting A-type and inwardly rectifying K +  currents 
and activating TRPC currents to induce depolarization and sustained action poten-
tials. We’ve learned that kisspeptin-expressing neurons reside in many parts of the 
brain (and in cells elsewhere in the body) and likely serve many different functions 

1 Kisspeptin: Past, Present, and Prologue
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in adulthood and development. There are many cellular “phenotypes” of  kisspeptin 
neurons, whose anatomy and physiology varies among species and as a function of 
age and sex. Some kisspeptin neurons coexpress neurokinin B (NKB) and dynorphin 
(at the very least!), whereas others express a completely different array of co-transmitters 
(such as tyrosine hydroxylase). Sex steroids, including estradiol and testosterone, 
act through the estradiol receptor α and the androgen receptor to regulate the expres-
sion of  Kiss1  in kisspeptin neurons. Moreover, the effect of these sex steroids 
depend on the particular phenotype of their target cells, as well as the age and sex 
of the animal. Metabolic hormones, such as leptin, act directly (and indirectly) on 
kisspeptin neurons to regulate their function, and may play a role in inhibiting 
reproduction during lactation and stress [ 5 ]. We also suspect that the  Kiss1  gene is 
subject to developmental regulation—perhaps through epigenetic mechanisms, 
which become manifest in adulthood. 

 Notwithstanding these accomplishments, controversies remain. Debate surrounds 
the precise role of certain anatomical subsets of kisspeptin neurons in regulating 
gonadotropin secretion.  Which population of kisspeptin controls the onset of 
puberty ?  Which mediates the negative and positive feedback effects of estradiol on 
GnRH secretion ?  Do metabolic hormones exert direct or indirect effects on kiss-
peptin neurons ?  Are kisspeptin neurons  “ responsible ”  for driving pulsatile GnRH  
( and LH )  secretion ?  How does the functional anatomy of different populations of 
kisspeptin neurons differ among species ? Controversy also attends the nature and 
interpretation of studies in transgenic animal models expressing GFP and/or Cre 
recombinase (Cre) under the  Kiss1  promoter and the phenotype of animals gener-
ated by crossing the Cre mice with fl oxed alleles. Such studies are complicated by 
the promiscuous nature of Cre expression in  Kiss1  transgenic crosses with reporters 
and in  Kiss1  knock-in mice, wherein the stochastic properties of Cre expression 
may (or may not) produce offspring with the expected results of targeted manipula-
tion [ 6 ,  7 ]. This all translates into confusion about (1) interpreting electrophysiolog-
ical results predicated on identifying kisspeptin neurons in slice preparations based 
on the presence of GFP—produced by crossing  Kiss1 - Cre  mice with transgenic 
mice reporters (GFP) and (2) creating cell-specifi c knockouts of genes that are 
coexpressed in kisspeptin neurons by crossing  Kiss1 - Cre  lines with fl oxed alleles. 

 So,  what does the future hold ?  What remains to be learned about kisspeptin sig-
naling ? Certainly, we can dissect more about the details of kisspeptin’s molecular 
action on GnRH neurons—worthy, perhaps, but may fi nd rough sledding in funding 
agencies. We can (and certainly will) explore the diversity of kisspeptin’s action in 
regions of the brain outside of the hypothalamus (e.g., hippocampus, cortex, amyg-
dala)—also worthwhile, but outside of the context of a physiological problem, such 
ventures may be viewed as molecular bird-watching. It is essential that we learn 
more about kisspeptin signaling in the brain of species besides rodents, including 
humans, to learn more about how kisspeptin neurons are regulated in creatures like 
us and what it means for puberty and menstrual cycle function. Understanding the 
role of kisspeptin neurons in the generation of pulsatile GnRH secretion remains 
one of neuroendocrinology’s most fundamental problems—a keystone. Parsing the 
signifi cance of kisspeptin’s co-transmitters in the arcuate nucleus (i.e., NKB and 
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dynorphin) should help to unravel the mystery of pulsatile kisspeptin (and GnRH) 
secretion. Identifying the afferent inputs to kisspeptin neurons is essential. We need 
to learn more about the development and lineage of  Kiss1  neurons.  What are major 
challenges we face ? A lack of understanding of the strengths and limitation of the 
cellular, molecular, and transgenic tools we currently possess (or would like to 
develop) stands as an impediment to dialogue, collaboration, and progress.  What ’ s 
next ?  Is there life after kisspeptin ? History would suggest that neuropeptides 
enjoy a theater run of about 7 years.  To everything there is a season . However, 
important work remains—at least in the short term.  What are the best opportunities 
ahead ? Collaboration. In this era of economic constriction, groups need to pool 
resources, combine technologies, and forge interdisciplinary approaches to address 
the stickiest problems.     
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    Abstract     The kisspeptin system is considered to be essential for successful 
mammalian reproduction. In addition to the Kiss1 peptide, Kiss2, the product of 
 kiss2  (the  kiss1  paralogue), has also been shown to activate kisspeptin receptor sig-
naling pathways in nonmammalian species. Furthermore, in nonmammalian spe-
cies, there are two subtypes of receptors, Gpr54-1 (known as GPR54 or Kiss1R in 
mammals) and Gpr54-2. Although complete understanding of the two kisspeptin—
two kisspeptin receptor systems in vertebrates is not so simple, a careful examina-
tion of the phylogeny of their genes may provide insights into the functional 
generality and differences among the kisspeptin systems in different animal phyla. 
In this chapter, we fi rst discuss the structure of kisspeptin ligands, Kiss1 and Kiss2, 
and their characteristics as physiologically active peptides. Then, we discuss the 
evolutionary traits of  kiss1  and  kiss2  genes and their receptor genes,  gpr54 - 1  and 
 gpr54 - 2 . It appears that each animal species has selected either  kiss1  or  kiss2  rather 
randomly, leading us to propose that some of the important characteristics of kiss-
peptin neurons, such as steroid sensitivity and the anatomical relationship with the 
hypophysiotropic GnRH1 neurons, may be the keys to understanding the general 
functions of different kisspeptin neuronal populations throughout vertebrates. 
Species differences in  kiss1 / kiss2  may also provide insights into the evolutionary 
mechanisms of paralogous gene-expressing neuronal systems. Finally, because kis-
speptins belong to one of the members of the RFamide peptide families, we discuss 
the functional divergence of kisspeptins from the other RFamide peptides, which 
may be explained from phylogenetic viewpoints.  

    Chapter 2   
 Structure, Synthesis, and Phylogeny 
of Kisspeptin and its Receptor 

             Shinji     Kanda     and     Yoshitaka     Oka     
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        Introduction 

 As introduced in Chap.   1    , kisspeptin is now considered to be an essential component 
of the central regulation of reproduction, because the lack of  Kiss1  or kisspeptin 
receptor ( Kiss1r  or  Gpr54 ) genes causes hypogonadotropic hypogonadism in 
humans and rodents. On the other hand, accumulating evidence suggests that  kiss2 , 
a paralogous gene for  kiss1 , widely exists in the vast majority of vertebrates, 
although this gene appears to have been lost in placental mammals. Because the 
peptide products of these paralogous genes, Kiss1 and Kiss2, 1  show the same extent 
of receptor activation for Gpr54, these genes, which probably have arisen by 
genome-wide duplication, should be considered as “kisspeptins” from both receptor 
affi nity and phylogenetic viewpoints. 

 In this chapter, we will introduce the structure and phylogeny of kisspeptin pep-
tides fi rst. Then, projections and steroid sensitivity of the kisspeptin-expressing 
neurons will be discussed. Finally, because it is known that kisspeptins, Kiss1 and 
Kiss2, belong to the RFamide family, we also discuss the characteristics of kiss-
peptins as members of the RFamide family peptides.  

    Structure of Kisspeptin 

 Like other peptide neurotransmitters/neuromodulators, kisspeptin is initially trans-
lated into long kisspeptin precursors, which are cleaved or processed to form shorter 
mature peptides. For instance, the human kisspeptin is fi rst translated to prepro-
kisspeptin (Kisspeptin-145, consisting of 145 amino acids), including the signal 
peptide to be loaded to the peptide vesicles. The peptide is then proteolytically 
cleaved at the site next to the dibasic residues by subtilisin-like convertase, and the 
C terminal-RFG is amidated by carboxypeptidase, as in the processing of GnRH 
peptides [ 1 ]. Because several other kisspeptin peptides shorter than 54 amino acid 
residues have also been found, it is suggested that the peptides are degraded from 
the N terminus to produce shorter but still active peptides (Fig.  2.1a ). From human 
placental extracts, for example, kisspeptin-54, -14, and -13 have been purifi ed [ 1 ,  2 ]. 
Although the relative potency for their activation of the receptor Gpr54 varies 
slightly when the N terminal amino acid length changes, it was suggested that 10 
amino acid residues from the C terminal RY-NH 

2
  (for instance, YNWNSFGLRY-NH 

2
  

for rodent  Kiss1 , and YNWNSFGLRF-NH 
2
  for primates; see Fig.  2.1b ) are essen-

tial and suffi cient for the activation of Gpr54 signaling pathways. For Kiss2, a kiss-
peptin- 12 isoform (SKFNFNPFGLRF-NH 

2
 ) has been isolated from  Xenopus laevis  

1    According to the Zebrafi sh Information Network, ZFIN;   http://zfi n.org/zfi nfo/nomen.html    , we 
will italicize gene names, such as  kiss1  and  kiss2 , and romanize protein and peptide name, such as 
Kiss1 and Kiss2 in this chapter. We will call the receptor for kisspeptins as “GPR54” because of 
the promiscuous nature of ligands and receptors for RF amide families, including kisspeptin. For 
details, see Kanda and Oka [ 37 ].  
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  Fig. 2.1    Schematic illustration of Kiss1/Kiss2 peptide maturation process and conserved peptide 
core sequence in vertebrates. ( a ) Prepro-kisspeptin molecules are cleaved into shorter kisspeptin 
by the dibasic cleavage sites. The C terminus of kisspeptin is amidated to the characteristic RF or 
RY motif. After cleavage, amidation occurs at C terminus, and degradation and/or modifi cation 
such as pyroglutamate formation may occur at N terminus. ( b ) A summary of core sequence of 
Kiss1 and Kiss2 in vertebrates. Note that tyrosine and tryptophan possess similar side-chain       

brains [ 3 ]. From the prediction of a cleavage site and subsequent binding assay 
studies, it has been shown that the 10 amino acid “core sequence” is essential and 
suffi cient for the full activation of Gpr54 by Kiss1 and Kiss2 throughout vertebrates 
in general [ 3 – 5 ] (Fig.  2.2 ). Consequently, many researchers refer to the peptides that 
possess the highly conserved 10 amino acid core sequence as “kisspeptins” and 
have used kisspeptin-10 as kisspeptin in many studies. However, not many studies 
have purifi ed “native” forms of kisspeptins in various vertebrate species, and we 
should therefore be careful about the interpretation of physiological experiments 
using only the kp-10 as kisspeptin ligands, since there may be some other physio-
logical functions that are slightly different when conveyed by the natural peptides.

        Evolution of Kisspeptins and Their Receptors 

    Phylogeny of  Kiss1  and  Kiss2  Genes 

 For proteins that possess longer amino acid residues, sequence similarity of proteins 
can be used for the construction of phylogenetic trees rather easily. However, shorter 
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peptides, including the kisspeptins, share only a small number of conservative 
sequences in common. Therefore, to unveil the phylogenetic relationship of certain 
genes among or within species, especially for shorter peptides, the synteny analysis 
will often give us powerful evidence for such relationship. It can be used to predict 
if certain genes in the other species are the homologous gene or just analogous ones 
by chance. 

 In genetics, synteny describes the physical co-localization of genes in a certain 
genetic locus. Recent synteny analysis of kisspeptin genes proposes that  kiss1  and 
 kiss2  are paralogous to each other and that they have arisen as a result of gene 
 duplication at the locus level. The synteny analysis of  kiss1  and  kiss2  genes in sev-
eral vertebrate species strongly suggested that  kiss1  and  kiss2  are duplicated together 
with some surrounding genes such as  golt1a / b ,  plekha5 / 6 ,  pik3c2b / cg , and  etnk1 / 2  

  Fig. 2.2    Both Kiss1 and Kiss2 activate both Gpr54-1 and Gpr54-2 in  Xenopus  and zebrafi sh. 
Although the relative potency differs among different receptor subtypes, Kiss1 or Kiss2 longer 
than 10 amino acid residues show activation at physiological concentrations, suggesting that Kiss1 
and Kiss2 are the ligands for Gpr54-1 and Gpr54-2. Luciferase assay. Adapted with permission 
from Lee YR, Tsunekawa K, Moon MJ, Um HN, Hwang JI, et al. (2009) Molecular evolution of 
multiple forms of kisspeptins and GPR54 receptors in vertebrates. Endocrinology 150: 2837–
2846. 2009 © Endocrine Society       

 

S. Kanda and Y. Oka



13

[ 6 ,  7 ], because these genes are located in the same locus as their paralogues, sug-
gesting that they have been duplicated at the locus level. Because the phylogeneti-
cally old vertebrate, lamprey, has both  kiss1  and  kiss2  (see Fig.  2.3 ), the duplication 
of the locus probably occurred in the basal vertebrate. Presumably, the 1R or 2R 
whole genome duplication 2  produced the paralogous system of  kiss1  and  kiss2 . It is 
speculated that these peptides shared their receptor Gpr54 in each species in the 
long evolutionary history, as discussed below.

  Fig. 2.3    Summary of ligand and receptor genes for kisspeptin systems ( kiss1 / kiss2 ) along the 
vertebrate lineage.  kiss1  and  kiss2  are suggested to be duplicated before the emergence of lamprey, 
probably due to the whole genome duplication of the ancestral vertebrate. It is suggested that  kiss2  
and  gpr54 - 2  were lost in marsupial and placental mammals after the divergence from the mono-
treme during mammalian evolution. Some teleost species have lost  gpr54 - 1 , but no teleosts have 
lost  gpr54 - 2 , suggesting the signifi cance of gpr54-2 in the regulation of teleost reproduction, 
which is opposite to the case in mammals. It is also consistent with the higher level and wider 
distribution of expression of  gpr54 - 2  compared to that of  gpr54 - 1  in teleost brains. The loss of 
 kiss1  ( blue ) or  kiss2  ( red ) is indicated by  asterisks  (fi gure as originally published in Kanda S and 
Oka Y (2012) Evolutionary insights into the steroid sensitive  kiss1  and  kiss2  neurons in the verte-
brate brain. Front. Endocrin. 3: doi:   10.3389/fendo.2012.00028    )       

2    In the vertebrate lineage, whole genome duplication (WGD) events [ 8 ] are considered to have 
taken place three times in teleosts (1R-3R) and twice (1R and 2R) in tetrapods [ 9 ].  
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       Phylogeny of gpr54-1 and gpr54-2 

 It has also been generally accepted that the gene for the kisspeptin receptors,  gpr54 , 
has also been duplicated before the divergence of teleosts and tetrapods, as shown in 
Fig.  2.3  (see ref. [ 37 ]). Recent studies have shown by in vitro luciferase reporter 
assays that both Kiss1 and Kiss2 ligands activate both Gpr54-1 and Gpr54-2, and that 
these genes have been duplicated early in the vertebrate lineage [ 7 ,  8 ]. Thus, in the 
mammalian lineage,  Kiss1  and  Gpr54  are the only kisspeptin and kisspeptin receptor, 
because  Kiss2  and  Gpr54 - 2  were lost after divergence from the monotremes. 

 Some studies refer to  gpr54 - 1  and  gpr54 - 2  as  kiss1r  and  kiss2r  in accordance 
with [ 9 ]    and because Gpr54-2 has relatively higher affi nity for Kiss2 in zebrafi sh. 
However, because it has been clearly shown that both Kiss1 and Kiss2 bind to and 
activate both Gpr54-1 and Gpr54-2 [ 3 – 5 ], and, in contrast, the one-to-one relation-
ship between kisspeptin (Kiss1 or Kiss2) and the receptor (Gpr54-1 or Gpr54-2) has 
not been unequivocally demonstrated by either anatomical or physiological meth-
ods, we simply call them  gpr54 - 1  and  gpr54 - 2  in this chapter. We are of the opinion 
that we should wait for the anatomical and/or physiological demonstration of the 
projection of Kiss1/Kiss2 neurons and the distribution of kisspeptin receptors before 
we can refer to them as  kiss1r  or  kiss2r . 

 Figure  2.3  summarizes, as a phylogenetic tree, the expression of  kiss1 / 2  and 
 gpr54 - 1 /- 2  in some representative species. Interestingly,  gpr54 - 2  is suggested to 
play more critical roles in teleosts, because some species lack  gpr54 - 1 , and broader 
distribution of  gpr54 - 2  expressions in the brain has been reported in some teleosts. 
In contrast, it is interesting that  gpr54 - 2  has been lost in mammals during evolution, 
and  gpr54 - 1  appears to have taken its place. Although there has been no study to 
systematically examine the distribution or cellular localization of  gpr54 - 1  or  gpr54 -
 2     in the nonmammalian tetrapod brain, the inverse situation in teleosts and mam-
mals is intriguing. Likewise, it is interesting that wider variety of species in teleosts 
appear to possess  kiss2  compared to  kiss1 . Moreover,  kiss1  is lost in reptiles, while 
 kiss2  remains intact. Thus, except for mammals,  kiss2  appears to be more widely 
conserved throughout vertebrate species. However, the contribution of  kiss1  or  kiss2  
to the central regulation of the hypothalamic–pituitary–gonadal (HPG) axis should 
not be evaluated only by the existence or absence of the gene(s) in the phylogenetic 
tree, because the loss of the gene can be functionally compensated for by the other 
genes, especially by close relative genes. 

 By taking the phylogenetic tree into account, it is clear that both the genes for 
ligands and receptors have been duplicated at least before the divergence of teleosts 
and tetrapods. In other words, the common ancestor of teleosts and tetrapods are 
considered to have possessed two ligands and two receptors. Except for the com-
plete loss of the kisspeptin system in avian species, reported in chicken and zebra-
fi nch [ 7 ], the genes for at least one ligand and one receptor remained in each 
vertebrate species. The losses of genes seem to have taken place randomly, but, as 
described above, there appears to be some basic rules for the gene loss by natural 
selection in each branch. In the long history of vertebrate evolution, it appears that 
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either one of the genes,  kiss1  or  kiss2 , and  gpr54 - 1  or  gpr54 - 2 , acquired predominant 
functions in the HPG axis regulation, which were different among branches. That is 
because Kiss1 and Kiss2 show similar binding activity to Gpr54-1 and Gpr54-2 
immediately after their divergence. Interestingly, there is an observed tendency for 
the species that lost Gpr54-1 to also have lost Kiss1. Obviously, much more exten-
sive analyses using different species in different phylogenetic branches are needed 
to verify the general signifi cance of this phenomenon.   

    Functional Evolution of Kiss1 and Kiss2 

 As described above, the kisspeptin system is well conserved among vertebrate spe-
cies, except for the avian species. However, the general physiological functions of 
kisspeptin in vertebrates still remain to be elucidated. To date, numerous studies 
have reported on the involvement of kisspeptin(s) in the regulation of the HPG axis. 
In mice, kisspeptins have been reported to act on GnRH neurons directly, by acting 
on some intrinsic ion channels to produce strong persistent depolarization [ 10 – 15 ] 
(see Chap.   6    ). From the initial reports that loss of  Kiss1  or  GPR54  genes in human 
and rodents disrupts puberty and leads to hypogonadotropic hypogonadism 
[ 16 – 18 ], and Kiss1 peptide administration induces LH release by activating Gpr54 
localized in GnRH1 neurons [ 11 ,  19 ,  20 ], it is clear that the kisspeptin-Gpr54 sys-
tem plays a critical role in the regulation of HPG axis at least in placental mammals 
(reviewed in ref. [ 21 ]). On the other hand, there are fewer studies supporting similar 
regulatory mechanisms of the kisspeptin system in nonmammalian vertebrates. 
Moreover, it should be noted that the avian lineage can reproduce in spite of the fact 
that they lack both the  kiss1  and  kiss2  systems (see Fig.  2.3 ). Therefore, there are 
presumably other mechanisms in addition to the kisspeptin system for the central 
regulation of reproduction, at least in birds. 

 Studies in teleost kisspeptin systems seem to have yielded more complex situa-
tions. There are confl icting results that either support the presence of co-expression 
of  gpr54  in GnRH1 neurons in European seabass [ 22 ] and a tilapia  Oreochromis 
niloticus  [ 23 ] or their absence in another species of tilapia  Astatotilapia burtoni  [ 24 ]. 
Our unpublished results in medaka also showed the absence of  gpr54  mRNA in 
GnRH1 neurons. Thus, the results of previous reports suggest that the situation is 
different among different species. Studies of exogenous administration of kisspeptins 
have been performed both in mammals and teleosts. In mammals, to our knowledge, 
all the studies to date showed an increase in plasma LH [ 20 ,  25 – 34 ]. In contrast to the 
wealth of knowledge in mammals, a much smaller number of studies have been per-
formed in nonmammalian vertebrates. Kiss1 and/or Kiss2 increased LH mRNA or 
serum LH concentration in zebrafi sh [ 35 ], sea bass [ 6 ], and goldfi sh [ 5 ]. The experi-
mental conditions for the occurrence of a rise in LH induced by kisspeptin, and the 
time of LH/FSH rise after administration of kisspeptin, vary among the different 
studies. Thus, in teleosts, the situation is somewhat different from those obtained 
from the placental mammals, where kisspeptin is essential for reproduction. 
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 To our knowledge, there has been no report on the kisspeptin neuronal systems 
of nonmammalian species other than teleosts and placental mammals, and there is a 
big gap between these two branches of animals. In fact, during the long history of 
vertebrate phylogeny, birds are the only species that have lost both  kiss1  and  kiss2 , 
suggesting that the kisspeptin system may have increased genetic fi tness in each 
species. Thus, the identifi cation of the general functions in vertebrates, including 
the regulation on HPG axis, is yet to be concluded.  

    Steroid Sensitivity of Kisspeptin Neurons 
Is Conserved Among Vertebrates 

 As discussed above, the kisspeptin system has been suggested to play important 
roles in the regulation of reproduction in mammals, but not in birds, while it may 
also be involved in the regulation of some reproductive functions in teleosts. From 
the survey of literature on the functional aspects of kisspeptin in vertebrates, the 
apparent conservative nature of the kisspeptin-Gpr54 system undoubtedly suggests 
considerable contribution of kisspeptin on “evolutionary fi tness.” Interestingly, the 
sex steroid sensitivity of kisspeptin-expressing neurons appears to be well con-
served among teleosts [ 36 – 39 ] and mammals [ 40 – 44 ], suggesting that this sex ste-
roid sensitive nature of kisspeptin neurons was already present before the divergence 
of teleosts and tetrapods; the steroid sensitivity is likely to be a general feature of all 
the kisspeptin systems throughout vertebrates. As described in the previous section, 
in placental mammals, the  Kiss1  neurons are strongly suggested to mediate sex 
steroid feedback effects; these neurons receive sex steroid signals from the gonads 
and directly and/or indirectly modulate the activity of GnRH1 neurons [ 10 – 15 ]. The 
mediators of sex steroid feedback, i.e., the neurons that directly receive sex steroids 
and control the release of GnRH, have long been searched for, because GnRH neu-
rons themselves lack estrogen receptor alpha (reviewed in ref. [ 45 ]), which is essen-
tial for the sex steroid control of reproduction in mammals [ 46 – 48 ]. Because  Kiss1  
neurons in mammals express ER alpha, and  Kiss1  mRNA expression in many pla-
cental mammalian species is negatively regulated in the arcuate nucleus and posi-
tively regulated in the anteroventral periventricular nucleus (AVPV)/preoptic area 
(POA) [ 20 ,  40 – 44 ,  49 ,  50 ], the  Kiss1  neurons are the most plausible candidate as the 
“missing link” in the steroid feedback mechanism. From several lines of recent 
experimental evidence, it is now hypothesized that the arcuate kisspeptin neurons 
and the AVPV kisspeptin neurons are involved in negative and positive feedback, 
respectively [ 40 ,  51 ] (see Chap.   13    ). 

 In nonmammalian species, the sex steroid sensitivity of kisspeptin neurons has 
been demonstrated experimentally only in teleosts, medaka, and goldfi sh [ 36 ,  39 ]. 
In medaka, among several populations of  kiss1  and  kiss2  neurons in the brain, only 
the  kiss1  neurons in a hypothalamic nucleus, nucleus ventralis tuberis (NVT), show 
sex steroid sensitivity; NVT  kiss1  expression is positively regulated by gonadal 
steroids, probably directly via sex steroid hormone receptors [ 36 ,  39 ]. On the other 
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  Fig. 2.4    Schematic illustrations for the distribution of  kiss1  and  kiss2  neurons in vertebrate brains, 
including some hypotheses. Because  kiss1  and  kiss2  are duplicated paralogues, they are considered 
to have been co-expressed in the same neurons in the common ancestor of teleosts and tetrapods. 
Given that both amphibians and teleosts express  kiss2  in POA, the ancestral teleosts and ancestral 
tetrapods should have expressed  kiss2 . Because  Kiss2  was lost in the mammalian lineage, we 
hypothesize that  Kiss1  began to be expressed where  Kiss2  used to be expressed, to compensate for 
the loss of  Kiss2  during mammalian evolution.  Open circles  indicate  kiss1 , and  fi lled triangles  
indicate  kiss2  neurons.  Circles / triangles  in  red  are  kiss1 / kiss2  neurons that are steroid sensitive 
(fi gure as originally published in Kanda S and Oka Y (2012) Evolutionary insights into the steroid 
sensitive  kiss1  and  kiss2  neurons in the vertebrate brain. Front. Endocrin. 3: doi:   10.3389/
fendo.2012.00028    )       

hand, in goldfi sh, which lack  kiss1  neurons in NVT, POA  kiss2  neurons are the only 
population of kisspeptin neurons that shows steroid sensitive kisspeptin mRNA 
expression in the brain [ 37 ]. These POA  kiss2  neurons are also positively regulated 
by gonadal steroids, as in the NVT  kiss1  neurons in medaka, and thus there has been 
no report of negative regulation of kisspeptin expression in teleost brain so far. 
Considering the report that positive or negative steroid feedback regulation can be 
rather easily changed by the composition of co-expressing transcription factors 
[ 52 ], the important common feature of the vertebrate kisspeptin neurons may be that 
steroid sensitive kisspeptin neurons are localized in NVT and POA, which are 
 anatomically similar to arcuate and POA/AVPV in mammals, respectively. Although 
the precise homology of brain nuclei between mammalian and nonmammalian 
(especially teleost) kisspeptin neurons should be carefully discussed, the presence 
or absence of sex steroid sensitivity in each nucleus may be one of the strongest 
pieces of evidence to argue such homology. 

 An evolutionary working hypothesis of kisspeptin neuronal systems in vertebrates 
is shown in Fig.  2.4 . In this hypothesis,  kiss1 - and  kiss2 -expressing neurons are dif-
ferentially distributed in the brains of mammal and other vertebrates. It is suggested 
that the loss of  Kiss2  gene during mammalian evolution has been  probably been 
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compensated functionally by the closely related  Kiss1  gene (for detailed discussion, 
see ref. [ 38 ]). From the arguments about the sex steroid sensitivity of kisspeptin neu-
rons thus far, it is suggested that this property of kisspeptin neurons is one of the most 
general and important properties among the vertebrate kisspeptin systems; it may 
have been already acquired before the divergence of teleosts and tetrapods.

       Axonal Projections of the Kisspeptin Neurons 
and the Distribution of Kisspeptin Receptors 

    Projections of Kiss1 Neurons in Mammals 

 In mammalian species, several studies have analyzed anatomical relationships 
between the Kiss1 neurons and the other components in the HPG axis, most impor-
tantly, the GnRH1 neurons. Recently, Clarkson et al. detailed the projections of Kiss1 
neurons in the mouse brain [ 53 ]. It was shown that Kiss1-immunoreactive (ir) fi bers 
were abundant in the ventral aspect of the lateral septum and the hypothalamus, run-
ning in periventricular and ventral retrochiasmatic pathways, except for the suprachi-
asmatic and ventromedial nuclei. Moreover, Kiss1-ir fi bers were observed in the 
internal zone of the median eminence, but not in its external layer where GnRH and 
other hypophysiotropic hormone-containing axons are proposed to terminate. In addi-
tion, a small number of kisspeptin fi bers were also observed outside the hypothala-
mus, in the bed nucleus of the stria terminalis, subfornical organ, medial amygdala, 
paraventricular thalamus, periaqueductal grey and locus coeruleus. These fi ndings are 
consistent with a study in the rat brain using different antiserum, although there were 
some discrepancies in the distribution outside the hypothalamus [ 54 ]. In mammalian 
species, heavy projections to some hypothalamic and preoptic nuclei now seem to be 
the general consensus on the distribution of Kiss1 neurons. Moreover, Kiss1 fi bers 
have been shown to project to the median eminence, and make close contacts with 
GnRH1 fi bers in mammals [ 55 – 57 ]. Because GnRH1 neurons express  gpr54  in mam-
mals, Kiss1 neurons are hypothesized to stimulate GnRH release from GnRH axons 
at the nerve terminals in or near the median eminence.  

    Projections of Kiss1/Kiss2 Neurons in Teleosts 

 There are a limited number of neuroanatomical studies detailing the axonal projec-
tions of Kiss1 and Kiss2 neurons and the distribution of Gpr54 in nonmammalian 
species, and most of the studies have been carried out in teleosts. As described 
below, the projections of Kiss1 and Kiss2 neurons in nonmammalian species are 
complicated; the steroid sensitive Kiss1 neurons in medaka project to POA, but only 
Kiss2 neurons project to POA in zebrafi sh. On the other hand, the distribution of 
receptor subtypes show rather consistent results in most teleost studies so far; 
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 gpr54 - 2  seems to have signifi cant expression in POA in zebrafi sh and medaka, 
while  gpr54 - 1  has been lost in some species. 

 In zebrafi sh, Kiss1 neurons, located in the habenula, were demonstrated to proj-
ect to the interpeduncular and raphe nuclei. On the other hand, Kiss2 neurons, 
whose cell bodies were shown to be localized in the dorsal and ventral hypothala-
mus, widely projected to the ventral telencephalon, POA, thalamus, and ventral/
caudal hypothalamus, suggesting that Kiss2 neurons mainly function as a 
 homeostatic regulator in this species [ 58 ].  Gpr54 - 2  was shown to be predominantly 
expressed in POA, ventral telencephalon, hypothalamus, and several nuclei of the 
brain. However,  gpr54 - 1  was only expressed in habenula. Close apposition of 
Kiss2-ir fi bers to GnRH1 neurons was also observed in zebrafi sh, although the 
authors did not examine the co-expression of  gpr54  in GnRH neurons. 

 On the other hand, in medaka, in addition to the habenulo-interpeduncular path-
way, the Kiss1 neurons were shown to project many fi bers to the POA, ventral telen-
cephalon, and hypothalamus, but not to the rest of the brain [ 59 ], which is consistent 
with our recent results of immunohistochemical demonstration of the projections of 
Kiss1 neurons in the Kiss1-EGFP medaka established by us (Shimada et al., unpub-
lished observations). This predominant distribution of Kiss1 fi bers in the hypothala-
mus and POA correspond to the dense distribution of  kiss1  mRNA expressing 
neurons in the hypothalamus of medaka, whereas zebrafi sh lacks such Kiss1 neurons 
in the hypothalamus. Because the Kiss1 neurons in the medaka hypothalamic nucleus 
NVT show high sex steroid sensitivity [ 36 ] it is suggested that the release of Kiss1 in 
the POA, hypothalamus, and ventral telencephalon will also vary according to the 
breeding state. Furthermore, the receptor distribution was also examined for  gpr54 -
 1 and - 2  by in situ hybridization, and  gpr54 - 2  was shown to be widely expressed in 
the medaka brain, especially in regions that are involved in homeostatic regulation, 
consistent with the Kiss1 neuron projections. On the other hand, as in the case of 
zebrafi sh, the expression of  gpr54 - 1  was practically confi ned to the habenula and 
POA (Kanda et al., unpublished data). Recently, indirect effects of kisspeptin on non-
hypophysiotropic GnRH3 neurons was reported [ 60 ]. Further studies of hypophysio-
tropic and non-hypophysiotropic function of kisspeptin neurons are important for the 
understandings of physiological functions of kisspeptin systems. 

 In a Cichlid fi sh,  A. burtoni , the distribution of kisspeptin receptor was examined 
by in situ hybridization [ 24 ]. The authors reported that the fi sh lacked  gpr54 - 1 . The 
cells expressing  gpr54 - 2  were localized in hypothalamus, POA, and ventral telen-
cephalon, which is similar to the results of zebrafi sh and medaka. In addition, 
 gpr54 - 2  was shown to be expressed in the dorsal telencephalon and some other 
brain regions, with the most prominent expression in the olfactory bulb. Since 
 gpr54 - 2  was not expressed in the GnRH1 neurons, the authors suggested the exis-
tence of non-GnRH1 neurons that express  gpr54 - 2  and may exhibit sensitivity to 
kisspeptin, according to the social state or sexual maturation of the fi sh [ 24 ]. 

 From these studies, it may be suggested that  gpr54 - 2  is likely to play a wide 
variety of roles in teleosts, because  gpr54 - 1  positive cells are localized mainly in 
habenula and other restricted regions in the brain in medaka and zebrafi sh, or even 
absent in some species [ 24 ,  61 – 63 ], whereas there is no report of teleost species that 
lack  gpr54 - 2 . Therefore, it may be suggested that  gpr54 - 1  became predominant in 
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  Fig. 2.5    A phylogenetic tree of RFamide peptide family, including  kiss1  and  kiss2 .  npff  group and 
 gnih  ( rfrp ) group share the same receptor, Gpr147 and 74. In addition, Kiss1 and Kiss2 have been 
shown to activate Gpr147 and Gpr74 in some species as well. Comprehensive understanding of the 
promiscuous relationship of ligands and receptors in the RFamide family of peptides is necessary 
for the future studies. Adapted from Tsutsui et al., Discovery and Evolutionary History of 
Gonadotrophin-Inhibitory Hormone and Kisspeptin: New Key Neuropeptides Controlling 
Reproduction. J Neuroendron 716–727. 2010 © The British Society for Neuroendocrinology. With 
permission from John Wiley and Sons       

the mammalian lineage (probably tetrapod lineage), whereas  gpr54 - 2  became pre-
dominant in the teleost lineage. To date, there is no in situ hybridization study of 
 gpr54  in amphibians. Such studies may give us clues to understanding the history of 
selection of  gpr54 - 1  or - 2  during vertebrate evolution.   

    Kisspeptin as a Peptide Belonging to the RFamide 
Family of Peptide 

 A phylogenic tree for the RFamide family of peptides is shown in Fig.  2.5 . As 
shown in the fi gure, the kisspeptin genes have already diverged from the other 
RFamide families and form an independent branch. The fi rst identifi cation of 
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RFamide peptide in animals goes back to the fi nding of FMRFamide in sunray 
Venus clam  Macrocallista nimbosa  [ 64 ]. Many RFamides have been identifi ed in 
invertebrates since then [ 65 ], although their evolutionary relationship to the verte-
brate RFamide family is yet to be elucidated. Among the vertebrate RFamide fam-
ily, it is suggested that  kiss1 ,  kiss2 ,  rfrp / gnih , and  npff / pqrf  had already diverged in 
the basal vertebrate, because these four genes have been identifi ed in lamprey 
[ 3 ,  66 – 68 ]. Like the paralogous relationship of  kiss1  and  kiss2 ,  rfrp  and  npff  are also 
considered to be duplicated during the whole genome duplication, because they are 
closely located to the HoxA and HoxC cluster respectively, which are supposed to 
be duplicated in the whole genome duplication [ 69 ]. On the other hand,  prrp  and 
 qrfp  ( 26rf ) have been identifi ed only in teleosts and tetrapods so far, and the pres-
ence of these genes in the ancestral vertebrate is still argued. Thus, including  kiss1  
and  kiss2 , the RFamide family has already been listed in the early evolution of ver-
tebrate lineage.

   It is important to note that their receptors are also close to one another both in 
sequence and binding capacity for the relative ligands. In fact, human Kiss1 is 
shown to activate Gpr74 and Gpr147 [ 70 ,  71 ], suggesting the promiscuous relation-
ship between the ligand and receptor among the RFamide group. Interestingly, in 
spite of this promiscuous relationship, the properties of the receptors are completely 
different; Gpr54 couples to Gq [ 2 ], whereas Gpr147 and Gpr74 both couple to Gi 
and Gs [ 72 ]. In fact, in contrast to kisspeptin, RFRP has been shown to inhibit repro-
duction [ 73 – 79 ]. Thus, the effect of in vivo or in vitro administration of peptides 
should be considered with caution, because of the pharmacological side effects via 
different types of receptors. In the central nervous system, the precise information 
on the projection of each neuron makes it possible to discriminate the promiscuous 
ligand–receptor relationship of RFamide and their receptor family.  

    Conclusions 

 In this chapter, the structure, function, and phylogeny of kisspeptin and Gpr54, and 
projection and steroid sensitivity of kisspeptin neurons were discussed. It is a com-
plex but interesting situation that the RFamide family of peptides show promiscu-
ous ligand–receptor relationships, thereby making the results of in vivo 
pharmacological experiments not always possible to tell the natural or physiological 
effects of RFamides in the central nervous system. Comprehensive understanding of 
the morphological/anatomical and physiological characteristics of the neurons, 
receptor distributions, and ontogenic expression may explain the kisspeptin func-
tions at the organismal level and the mechanisms of kisspeptin actions in the brain. 
Moreover, the  kiss1  and  kiss2  genes, and the neurons expressing these genes, may 
be considered as the model for the study of paralogous gene functions, because the 
genes have avoided strong selection pressure in vertebrates other than mammals, 
unlike the GnRH system. Consequently, studies of kisspeptin may open a new era 
of understanding the physiological functions of paralogous genes in addition to a 
better understanding of neuroendocrine systems.      
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    Abstract     Our understanding of kisspeptin and its actions depends, in part, on a 
detailed knowledge of the neuroanatomy of the kisspeptin signaling system in the 
brain. In this chapter, we will review our current knowledge of the distribution of 
kisspeptin cells, fi bers, and receptors in the mammalian brain, including the devel-
opment, phenotype, and projections of different kisspeptin subpopulations. A fairly 
consistent picture emerges from this analysis. There are two major groups of kiss-
peptin cell bodies: a large number in the arcuate nucleus (ARC) and a smaller col-
lection in the rostral periventricular area of the third ventricle (RP3V) of rodents and 
preoptic area (POA) of non-rodents. Both sets of neurons project to GnRH cell 
bodies, which contain  Kiss1r , and the ARC kisspeptin population also projects to 
GnRH axons in the median eminence. ARC kisspeptin neurons contain neurokinin 
B and dynorphin, while a variable percentage of those cells in the RP3V of rodents 
contain galanin and/or dopamine. Neurokinin B and dynorphin have been postu-
lated to contribute to the control of GnRH pulses and sex steroid negative feedback, 
while the role of galanin and dopamine in rostral kisspeptin neurons is not entirely 
clear. Kisspeptin neurons, fi bers, and  Kiss1r  are found in other areas, including 
widespread areas outside the hypothalamus, but their physiological role(s) in these 
regions remains to be determined.  
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        Introduction 

 A clear understanding of the anatomy of the kisspeptin system is a necessary foundation 
for current and future work on the physiology and pathology of kisspeptin. Indeed, 
the early recognition of two distinct subpopulations of kisspeptin cell bodies in 
rodents was critical to the development of current models for the role of kisspeptin in 
mediating the feedback actions of steroids [ 1 ]. As the physiological functions of kiss-
peptin expand, knowledge of the phenotype, and of the afferent and efferent connec-
tions, of different kisspeptin cell populations becomes even more critical. Thus, the 
primary purpose of this chapter is to review our current understanding of this neural 
circuitry. The neuroanatomy of this system has been reviewed in the last few years 
[ 2 – 4 ] so this material should be considered an update of these reviews, with an 
emphasis on comparative aspects of kisspeptin neuroanatomy in mammals. It is 
important to recognize that there is also considerable information on this subject in 
nonmammalian species, particularly in fi sh, but this is beyond the scope of our chap-
ter. Interested readers are referred to recent reviews of this topic [ 5 ,  6 ] and Chap.   2    . 

 This review will focus on distribution of kisspeptin cell bodies, fi bers, and kisspeptin 
receptors, with some discussion of the overlap of the latter two. We will also consider 
co-localization of neuropeptides, steroid receptors, and other neurotransmitters in differ-
ent kisspeptin subpopulations and evidence on where these subpopulations project. 
Finally, we think it is important to consider developmental neuroanatomy and sexual 
dimorphism of the kisspeptin system. Although this will be somewhat redundant with 
other chapters in this book, this information is required for a full understanding of the 
current neuroanatomical literature on kisspeptin expression in mammals.  

     Distribution of Kisspeptin and  Kiss1  in the Adult Brain 

 Since the discovery of its central role in reproduction in 2003, there have been a 
number of studies documenting the localization of kisspeptin in the brain using 
either immunocytochemistry (ICC) for cell bodies and fi bers or in situ hybridization 
(ISH) for cell bodies. The original studies using ICC to identify kisspeptin-positive 
cells and fi bers were confounded by cross-reactivity of the antibodies with related 
peptide members of the RFamide family [ 7 ], but more recently, a number of antibod-
ies have been generated which have been shown by the use of careful positive and 
negative controls to be specifi c to kisspeptin [ 8 – 10 ]. Using these specifi c antibodies, 
and cDNA and RNA probes against kisspeptin sequences, the distribution of kiss-
peptin cells and fi bers has now been mapped out in a variety of mammalian species. 
Not surprisingly, much of this work has been done in mice [ 8 ,  11 – 17 ] and rats [ 14 , 
 18 – 25 ], but some data is also available in other rodents (hamster [ 26 – 29 ] and guinea 
pig [ 30 ]). Ruminants, particularly sheep [ 9 ,  10 ,  31 – 35 ] and goats [ 36 – 38 ], have also 
been studied extensively, while there is less information on expression in monkeys 
[ 39 – 43 ] and humans [ 41 ,  44 ] (Tables  3.1  and  3.2 ).
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       Kisspeptin Cell Bodies 

 Across the species examined, there are two major populations of kisspeptin cells 
that have been identifi ed in the diencephalon: a group in the arcuate nucleus (infun-
dibular nucleus in humans) and the other in the preoptic region. The arcuate (ARC) 
population is the largest group of kisspeptin cells seen in the mammalian hypothala-
mus [ 2 ]. In rodents, kisspeptin cells in this group are present at all rostral-caudal 
levels [ 12 ,  15 ], while in monkeys and sheep, they are located mostly at middle and 
caudal levels [ 10 ,  39 ]. In addition to the ARC, a second prominent diencephalic 
group of kisspeptin cells is seen in the preoptic area (POA). In rodents, the latter 
group is located in the rostral periventricular of the third ventricle (RP3V), and 
consists of kisspeptin cells clustered in the anteroventral periventricular nucleus 
(AVPV) that extend caudally into the adjacent periventricular preoptic zone (PeN). 
This distribution in rodents is based largely on studies in females, since males have 
few, if any, kisspeptin cells in this region (see section  Sex Differences: Developmental 
Changes in Males ). In contrast to female rodents, other female mammals (primates 
and ruminants) appear to lack a well-defi ned RP3V population, and instead kiss-
peptin cells are scattered slightly more laterally within the medial preoptic region. 
It seems likely that kisspeptin cells in the RP3V of rodents, and those in the preoptic 
region in sheep, goats and primates, are homologous, but the precise functional 
roles of each of the populations may differ between species [ 45 ]. The only species 
in which a distinct preoptic population has yet to be demonstrated is the horse, 
despite the use of specifi c antibodies [ 46 ,  47 ]. Since these rostral kisspeptin popula-
tions have been implicated in the estrogen-induced preovulatory LH surge in many 
species [ 45 ], the absence of them in the horse correlates with evidence that the 
preovulatory LH increase in mares is due to withdrawal of steroid negative feed-
back, rather than the stimulatory actions of estradiol [ 48 ]. 

 Identifi cation of precise cell numbers in these populations is somewhat complicated 
by the fact that kisspeptin mRNA and peptide expression in the preoptic region and 
ARC are under opposite regulatory control by gonadal steroid hormones. Thus, in 
general, estradiol in females stimulates kisspeptin expression in the RP3V and 
POA, while inhibiting it in the ARC [ 45 ]. Nonetheless, comparison of cell numbers 
in the female brain under optimal hormonal conditions (estradiol treatment in the 
case of the preoptic population, and ovariectomy in the case of the ARC) suggests 
that the absolute number of kisspeptin cells in the ARC is generally two- to fourfold 
greater than that in the RP3V or POA [ 2 ]. Thus, the ARC kisspeptin cell population 
is most consistent among mammals in its presence and contains the greatest number 
of cells. 

 Another complication that raises both technical and interesting biological issues 
is the effect of endocrine status on location of kisspeptin-ir within cells. Specifi cally, 
estradiol (E 

2
 ) may alter the location of kisspeptin protein within parts of the ARC 

neurons. Thus, in rats [ 18 ] and mice [ 49 ,  50 ], intact and E 
2
 -treated OVX animals 

show a dense network of fi bers with few, if any, visible cell bodies in the ARC; in 
contrast, tissues from OVX females contain kisspeptin-ir cell bodies, but few fi bers. 

3 Neuroanatomy of the Kisspeptin Signaling System in Mammals…



32

A similar effect of E 
2
  has recently been reported in guinea pigs [ 30 ]. It has been 

argued that the kisspeptin-ir fi bers in the ARC arise from the AVPV because E 
2
  

stimulates kisspeptin expression in that area, but not the ARC [ 51 ]. However, data 
using dual ICC to identify efferents from ARC kisspeptin cells in rats, sheep, and 
monkeys indicate that many of the kisspeptin fi bers in the ARC arise from cell bod-
ies in this area (see below). Moreover, the dissociation of effects of E 

2
  on kisspeptin 

expression in AVPV cell bodies and ARC fi bers of adult hpg mice is not consistent 
with these fi bers arising from the AVPV in this species [ 50 ]. If these kisspeptin 
fi bers do originate from ARC cell bodies, then the increase in immunoreactivity 
could be due to either (1) increased, or no change, in transport out of the cells, 
coupled with a decrease in kisspeptin synthesis, or (2) simply a build-up of kiss-
peptin protein because secretion has been inhibited more than synthesis and trans-
port. Interestingly, this phenomenon is not seen in male rats [ 18 ] and is seen 2 days 
after colchicine administration in females [ 18 ], so it may refl ect a chronic shift in 
intracellular location of kisspeptin proteins. Regardless of the mechanisms, the 
potential for changes in distribution of kisspeptin within a neuron argues for caution 
in interpreting changes based on ICC analysis. 

 In addition to the ARC and preoptic region, there are a number of other hypotha-
lamic areas that have been shown to contain populations of kisspeptin cells in the 
mammalian brain (Table  3.1 ). In the monkey and human, a small number of kiss-
peptin cells, likely an extension of the ARC group, are seen in the median eminence 
(monkey [ 39 ]) and infundibular stalk (human [ 44 ]). The dorsomedial nucleus of the 
hypothalamus (DMH) contains a small group of kisspeptin cells, demonstrated by 
ICC using specifi c antibodies, in mice, guinea pigs, sheep, and horses, but these 
cells are not present in the rat or hamster (Table  3.1 ). Likewise, there is species 
variation in the presence of cells in the ventromedial hypothalamic (VMH) nucleus, 
with cells being detected in the sheep (in some reports [ 32 ] but not others [ 33 ]) and 
rats [ 24 ], but not in other species; as in the case of kisspeptin cells in the median 
eminence [ 39 ], these cells may be an extension of the ARC population, in this case 
laterally. Regardless, evidence of kisspeptin cells in the DMH and VMH in a num-
ber of species rests primarily on ICC data, and additional ISH data would be worth-
while to verify their presence in these species. 

 There are also a number of kisspeptin populations that reside outside of the classi-
cal boundaries of the hypothalamus. These include a cluster of  Kiss1  mRNA- 
expressing cells in the medial nucleus of the amygdala, seen in both rats and mice 
[ 14 ], and a small number of  Kiss1  cells in the bed nucleus of the stria terminalis 
(BNST) of mice, rats, and rhesus monkeys (Table  3.1 ). Like the RP3V population, 
 Kiss1  expression in the medial amygdala is under the stimulatory infl uence of gonadal 
steroid hormones [ 14 ]. The localization of these populations in circuitry that mediates 
pheromonal control of sexual behavior [ 52 ,  53 ] and neuroendocrine function [ 54 ] 
suggests that they may play a role in these functions, but this remains to be explored. 

 Finally, recent fi ndings suggest that kisspeptin cells may be present in wide-
spread areas of the brain outside the hypothalamus and limbic system. This evi-
dence is based on observations of transgenic mice in which  Kiss1  drives the 
expression of Cre recombinase and other reporter genes [ 55 ]. Using such mice, Cre 
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expression has been detected in widespread cortical areas, including layers 5 and 6 
of neocortex, insular cortex, and piriform cortex, as well as in the lateral septum, 
and in the nucleus of the solitary tract in the brainstem. A potential caveat to these 
observations is the possibility that Cre reporter expression in some of these regions 
represents kisspeptin that is transiently expressed during development but not dur-
ing adulthood [ 56 ]. However, at least in the neocortex,  Kiss1 -driven Cre activity is 
confi rmed by the presence of light  Kiss1  mRNA-labeling by ISH, although peptide 
is not detectable in these cells perhaps because of the low level of mRNA expres-
sion. The function(s) of kisspeptin in cortex and these other regions is at present a 
mystery, but seems likely to portend functions of this peptide that extend far beyond 
its recognized roles in reproduction and neuroendocrine function.  

    Kisspeptin Fibers 

 The overall pattern and distribution of kisspeptin fi bers has been analyzed in a num-
ber of ICC studies (Table  3.2 ), representing the same range of species in which cell 
bodies have been studied. In addition, in the case of the RP3V and ARC popula-
tions, the specifi c projections of each have been analyzed using either tract tracing 
combined with ICC or multiple-label ICC, and these fi ndings are summarized in 
section  Anatomical Connections of Kisspeptin Cells . In all species examined to 
date, the densest accumulation of kisspeptin fi bers and terminals appears to be 
within the regions that contain the two major hypothalamic populations, the ARC 
and RP3V, as well as within the internal zone of the median eminence (Table  3.2 ). 
Kisspeptin fi bers, albeit fewer in number, have also been reported in the external 
zone of the median eminence in most species, the site of neurosecretory release of 
GnRH. As noted previously [ 2 ], the paucity and/or lack (e.g., mice) of kisspeptin 
fi bers in the external zone suggests that if kisspeptin is to effect release of GnRH at 
the level of the median eminence [ 57 ], it likely does so via diffusion and/or volume 
transmission from the internal to external layers. 

 Thus far, the species where kisspeptin fi bers have been thoroughly mapped out-
side of the ARC, RP3V, and median eminence include human, mouse, rat, guinea 
pig, and sheep, and in general, the studies have revealed a fairly consistent pattern 
with a majority of kisspeptin fi bers being located predominantly within medially 
located hypothalamic nuclei and preoptic regions (Table  3.2 ). For example, in each 
of these species, kisspeptin-immunoreactive fi bers are found in the DMH; in addi-
tion, in all species except humans, kisspeptin fi bers are seen in the BNST. There are 
also some species differences: for example, the PVN contains moderate to low num-
bers of kisspeptin fi bers in humans, mice, and rats, but not in guinea pigs or sheep; 
by contrast, the VMH contains fi bers in humans, guinea pigs, and sheep but is 
devoid of such fi bers in rats and mice. Since immunoreactive fi bers can represent 
either terminal boutons or axons of passage, these differences may refl ect variation 
in postsynaptic targets of kisspeptin cells or simply in the route which fi bers take to 
reach those targets. 
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 In addition to medially located nuclei, in the mouse, rat, and human hypothala-
mus, a few kisspeptin fi bers are also seen consistently in the lateral preoptic and 
lateral hypothalamic areas (Table  3.2 ). Rostrally, kisspeptin-immunoreactive fi bers 
in these species are present in a variety of forebrain structures, including the medial 
and lateral septum, the diagonal band of Broca, and organum vasculosum of the 
lamina terminalis (OVLT). Finally, in mice and rats, kisspeptin fi bers have been 
reported in the caudal hypothalamus, and in mice also in more distant locations: the 
periaqueductal gray of the midbrain, the locus coeruleus, the paraventricular nucleus 
of the thalamus, as well as the medial amygdala (Table  3.2 ). Whether kisspeptin 
fi bers in these more widespread areas are seen in other species is not known. 
Likewise, the precise origin of these fi bers remains to be determined; while some 
are likely to arise from the ARC or RP3V kisspeptin cells (see section  Anatomical 
Connections of Kisspeptin Cells ), it is possible that others originate from popula-
tions located outside of the hypothalamus (see above).  

     Co-localization of Other Peptide/Transmitters 

 There is increasing evidence of anatomical heterogeneity among kisspeptin cell 
populations, specifi cally with respect to their co-expression of other neuropeptides 
and neurotransmitters. The most consistent example of this to date is in the ARC 
population, where a majority of kisspeptin neurons express two other neuropep-
tides, neurokinin B and dynorphin, each of which has been strongly implicated in 
the physiological control of GnRH secretion [ 58 ,  59 ]. The high degree of co- 
localization of kisspeptin, NKB, and dynorphin in the ARC population (Table  3.3 ) 
and its conservation across species (Fig.  3.1 ) has led to the acronym “KNDy” 
neurons [ 60 ]. KNDy cells form reciprocal connections with each other, as well as 
project to GnRH neurons, and the combination of excitatory (kisspeptin, NKB) and 
inhibitory (dynorphin) actions within this circuitry has provided the foundation for 
models of how this kisspeptin population may be involved in the generation and 
control of GnRH pulses [ 38 ,  60 – 62 ]. Although the percentage of KNDy peptide 

        Table 3.3    Percentage of ARC kisspeptin cells co-localizing other neuropeptides/transmitters   

 Species  NKB  Dyn  Galanin  Met-Enk  Glutamate  GABA 

 Human  77 [ 44 ] 
 Rhesus monkey  40–60 a  
 Mouse  90 b , 94 c   92 b , 86 c   12 d , 65 e   0 e   90 [ 55 ]  50 [ 55 ] 
 Rat  97 [ 107 ] 
 Sheep  80 f   94 f  
 Goat  99 [ 38 ]  78 [ 38 ] 

    a Castrated males [ 40 ] 
  b OVX [ 63 ] 
  c Castrated and castrated + T males [ 61 ] 
  d OVX [ 106 ] 
  e Intact mice treated with colchicines [ 67 ] 
  f OVX + E [ 10 ]  

M.N. Lehman et al.



35

  Fig. 3.1    Co-localization of kisspeptin with other neuropeptides/transmitters. Examples of the 
dual-labeling of ARC kisspeptin cells ( top row ) with dynorphin (DYN) and neurokinin B (NKB) 
in sheep, rats, and monkeys, and of RP3V kisspeptin cells ( bottom row ) with tyrosine hydroxylase 
(TH, a marker for dopamine) and met-enkephalin (mENK) in mice. Dual-labeled cells appear  yel-
low  in ( a – d ), and  white  in ( e ) (indicated by  arrows ).  Arrow  in ( b ) shows an example of a close 
contact between a DYN/NKB terminal and a DYN/NKB (KNDy) cell in the ARC. Images are 
modifi ed with permission from [ 10 ] ( a ); [ 105 ] ( b ); [ 40 ] ( c ); [ 64 ] ( d ); and [ 67 ] ( e ). Scale bars in 
( a ) 20 μm, ( b ) 10 μm, ( c ) 20 μm, ( d ) 40 μm, and ( e ) 20 μm. ( a ) Modifi ed from Goodman RL, 
Lehman MN, Smith JT, Coolen LM, De Oliveira CVR, Jafarzadehshirazi MR et al. Kisspeptin 
neurons in the arcuate nucleus of the ewe express both dynorphin A and neurokinin B. 
Endocrinology 2007; 148(12):5752–5760 (with permission from The Endocrine Society). 
( b ) Modifi ed from Burke MC, Letts PA, Krajewski SJ, Rance NE. Coexpression of dynorphin and 
neurokinin B immunoreactivity in the rat hypothalamus: morphologic evidence of interrelated 
function within the arcuate nucleus. Journal of Comparative Neurology 2006; 498(5):712–726 
(with permission from John Wiley & Sons). ( c ) Modifi ed from Ramaswamy S, Seminara SB, 
Ali B, Ciofi  P, Amin NA, Plant TM. Neurokinin B stimulates GnRH release in the male monkey 
(Macaca mulatta) and is co- localized with kisspeptin in the arcuate nucleus. Endocrinology 2010; 
151(9):4494–4503 (with permission from The Endocrine Society). ( d ) Modifi ed from Clarkson J, 
Herbison AE. Dual phenotype kisspeptin-dopamine neurones of the rostral periventricular area 
of the third ventricle project to gonadotropin-releasing hormone neurones. Journal of 
Neuroendocrinology 2011; 23(4):293–301 (with permission from John Wiley & Sons). 
( e ) Modifi ed from Porteous R, Petersen SL, Yeo SH, Bhattarai JP, Ciofi  P, de Tassigny XD et al. 
Kisspeptin neurons co-express met- enkephalin and galanin in the rostral periventricular region of 
the female mouse hypothalamus. Journal of Comparative Neurology 2011; 519(17):3456–3469 
(with permission from John Wiley & Sons)       

co- localization is uniformly high among female mammals and male rodents and 
ruminants (Table  3.3 ), it is slightly lower in male monkeys [ 40 ] and humans [ 44 ], 
even in the absence of gonadal steroids that inhibit kisspeptin expression in the 
ARC. In addition, perturbations in the organizational effects of gonadal steroids 
during development can lead to an altered ratio of KNDy peptides within the adult 
ARC population [ 31 ].
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    Preoptic kisspeptin cells in sheep and goats do not appear to co-localize either 
NKB or dynorphin, although a subset of RP3V neurons does appear to contain both 
peptides in the mouse [ 63 ] (Table  3.4 ); other species have not as yet been examined 
for this possible co-localization. However, a sizeable percentage of RP3V cells in 
both the mouse [ 64 ,  65 ] and rat [ 21 ] appear to co-localize tyrosine hydroxylase 
(TH) (Fig.  3.1d ), the rate-limiting enzyme for dopamine biosynthesis [ 64 ], although 
the precise percentage in the rat appears to vary by steroidal status and by whether 
double-label ICC or ISH was used (Table  3.4 ). By contrast, kisspeptin cells in the 
POA or ARC of the sheep do not contain TH [ 66 ] even though they are close to 
adjacent dopaminergic neurons in both regions. In addition, a sizable percentage of 
RP3V kisspeptin cells in the mouse co-localize met-enkephalin (Fig.  3.1e ) and 
some co-localize galanin [ 67 ]; KNDy neurons in the mouse also co-localize galanin 
but not met-enkephalin (Table  3.3 ).

   In addition to co-localization of other peptides, cells of both the ARC and RP3V 
kisspeptin populations contain the classical amino acid transmitters, glutamate and 
GABA (Tables  3.3  and  3.4 ), as revealed by co-localization of the markers, vesicular 
glutamate transporter-2 (vGlut2) and gamma amino acid decarboxylase (GAD)-67, 
respectively. However, the ARC population is predominantly glutamatergic, 
whereas RP3V cells are mostly GABAergic [ 55 ]. Preliminary observations in the 
sheep [ 68 ] suggest that this distinction between ARC and RP3V populations holds 
in other mammals as well. Finally, it should be noted that kisspeptin cells located in 
other regions (e.g., medial amygdala) have not yet been examined for possible 
co- expression of other peptides or transmitters. Given the likely functional hetero-
geneity of these anatomically distributed populations, it seems probable that their 
neurochemical phenotypes will be similarly diverse.  

    Co-localization of Steroid Receptors 

 The key role that kisspeptin cells play in the steroid feedback control of GnRH 
neurons is underlined by the high degree of co-localization of nuclear receptors for 
gonadal sex steroids in these cells. Indeed, in all species examined, a majority of both 
ARC and RP3V/preoptic kisspeptin cells co-localize estrogen receptor (ER)-alpha 

      Table 3.4    Percentage of RP3V or POA kisspeptin cells co-localizing other neuropeptides/
transmitters   

 Species  NKB  Dyn  Galanin  Met- Enk   TH  Glutamate  GABA 

 Mouse  10 [ 63 ]  33 [ 63 ]  87 a , 7 b   28–38 b   51–68 c , (80) [ 65 ]  20 [ 55 ]  75 [ 55 ] 
 Rat  5, 20–50 d  
 Sheep  0 e   0 e   0 e  
 Goat  0 [ 36 ] 

    a OVX + E [ 106 ] 
  b Intact mice treated with colchicine [ 67 ]: for Met-Enk, AVPV, 28%; PVpo, 38% 
  c Diestrus 51–55%; proestrus 58–68% [ 64 ] 
  d ICC: OVX + E <5%; ISH: OVX + E <20%, intact diestrus 30%, OVX 50% [ 14 ] 
  e OVX + E [ 10 ]  
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(the isoform responsible for estradiol’s feedback actions upon GnRH secretion), pro-
gesterone receptor (PR), and androgen receptor (AR) [ 2 ,  15 ,  69 ]. In the ARC popula-
tion of rats, mice, and sheep, the percentages of co-localization of ER-alpha range 
from 70 to 99%, whereas in the RP3V and preoptic region they range from 50 to 99% 
[ 9 ,  15 ,  18 ,  33 ,  70 ]. The percentage of both ARC and RP3V populations that co-
localize the beta isoform of the estrogen receptor is considerably less, ranging from 
11 to 25% in the ARC and 21–31% in the RP3V of rats and mice [ 15 ,  23 ]. Other 
kisspeptin populations have not been directly examined for steroid receptor co-local-
ization, but given that sex steroids regulate  Kiss1  expression in the medial amygdala 
in rats and mice [ 14 ], and the presence of ER and AR in this area [ 71 ], it seems likely 
that kisspeptin cells in the amygdala are also a direct target for gonadal steroids. 
Preliminary evidence suggests that other nuclear steroid receptors are also present in 
kisspeptin cells: approximately 50% of KNDy cells in the ovine ARC co-localize 
type II glucocorticoid receptors [ 72 ]. Furthermore, there is recent evidence that other 
types of receptors for circulating hormones are present in ARC kisspeptin cells: 
receptors for prolactin [ 73 ] and insulin [ 74 ] have each been co-localized to a subset 
of KNDy neurons. Taken together, these fi ndings point to a potential convergence of 
endogenous hormonal cues onto the ARC kisspeptin population, which may place 
them in a unique position to respond to multiple signals related to stress, nutrition, 
and the environment, as well as reproductive endocrine status.   

    Distribution of  Kiss1r  

 In contrast to the wealth of information on the neuroanatomical distribution of 
 kisspeptin cells and fi bers, there is very limited data available on the location of 
 Kiss1r  mRNA and no data on Kiss1r protein. The only data in humans is from early 
studies before the role of  Kiss1r  in reproductive neuroendocrinology was recog-
nized, so they provide almost no information on hypothalamic expression of this 
receptor [ 75 ,  76 ]. Moreover, most of the studies since then in monkeys and rodents 
used RT-PCR of mRNA extracted from large tissue blocks or micro-dissected areas 
(Table  3.5 ). Consequently, these reports do not provide any information on the loca-
tion of  Kiss1r  within these relatively large volumes of tissue. Quantitative compari-
sons between areas using this approach are also problematic because the ratio of 
 Kiss1r  mRNA to a housekeeping gene is partially dependent on the percentage of 
 Kiss1r -containing cells within the block. Thus, variations in the precision of micro-
dissection contribute signifi cantly to the values reported. There have been a number 
of studies using ISH, or related techniques, that can provide cellular resolution, but 
most of these have been focused on whether GnRH neurons contain  Kiss1r  and do 
not provide more general neuroanatomical information. Thus, detailed descriptions 
in this section rely largely on two studies. One of these used ISH in rats, but pro-
vided only a few low-power images [ 77 ]. The other used transgenic mice in which 
IRES-LacZ cassettes had been inserted into the  Kiss1r  gene so that β-galactosidase 
could be identifi ed with Xgal staining as a marker for  Kiss1r- containing cells [ 78 ]. 
Although this provides the only detailed description of  Kiss1r  expression in the 
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murine brain, the results must be interpreted conservatively until confi rmed with 

conventional ISH or ICC.  
    Hypothalamic Expression 
 Even with these caveats in mind, some clear general patterns emerge when  Kiss1r  
expression in the hypothalamus is examined across species. In all species studied, 
there is clear  Kiss1r  expression in the POA (Table  3.5 ). In monkeys [ 42 ,  79 ,  80 ], rats 
[ 22 ,  81 – 84 ], and mice [ 85 ],  Kiss1r  was identifi ed using RT-PCR of tissue block 
extracts, and many of the latter studies used microdissected POA tissue [ 81 ,  82 ,  84 , 
 85 ]. Moreover, this conclusion is supported by ISH data in sheep [ 35 ,  86 ,  87 ], rats 
[ 20 ], and mice [ 13 ,  78 ,  88 ], which also demonstrated co-localization of  Kiss1r  in 
GnRH neurons (Table  3.5 ). 

 The second relatively consistent location of  Kiss1r  within the hypothalamus is 
in the ARC (Table  3.5 ).  Kiss1r  mRNA has been found in the ARC using both 
RT-PCR in rats [ 22 ,  81 – 84 ] and mice [ 85 ], and ISH in sheep [ 86 ] and rats [ 77 ]; it 
is also likely that the  Kiss1r  found in the MBH of monkeys [ 42 ,  79 ,  80 ] also 
refl ects, in part, expression in the ARC. In contrast, no  Kiss1r  expression was 
found in mice using Xgal ICC [ 78 ], but this observation needs to be confi rmed 
using other approaches since  Kiss1r  was readily detectable in micropunches of the 
murine ARC [ 85 ]. There are two consistent reports of  Kiss1r  in the posterior hypo-
thalamus of rats [ 77 ] and mice [ 78 ] and in the RP3V of rats [ 83 ,  84 ], although it 
was not observed in the latter area in mice using Xgal ICC [ 78 ]. Similarly, this 
receptor has been observed in the AHA, DMH, LHA, ventral premammillary 
nuclei, and zona incerta of rats [ 77 ], but not mice [ 78 ]; whether this refl ects species 
or technical differences awaits further work.  

    Extra-hypothalamic Expression 

 There is even less data on expression of  Kiss1r  in areas outside the hypothalamus, 
and the only species in which there is information on other neural areas are rats [ 77 ], 
mice [ 78 ], and humans [ 75 ,  76 ]. As noted above, the latter comes from two early 
reports using RT-PCR before the role of  Kiss1r  in reproduction had been discov-
ered. The highest levels of  Kiss1r  are consistently found in the hippocampus, with 
relatively high expression also observed in the amygdala (humans and rats), periaq-
ueductal gray (rats, mice), and locus coeruleus (humans, rats). Relatively high 
expression of  Kiss1r  was also reported in the supramammillary nuclei of mice, but 
data on this region is not available for other species. Similarly, there is evidence for 
 Kiss1r  expression in the primary olfactory cortex of rats, and the caudate nucleus of 
humans that is not available in other species. Finally, there are a number of reports 
that  Kiss1r  is found in the anterior pituitary of humans [ 75 ], baboons [ 89 ], sheep [ 90 , 
 91 ], pigs [ 92 ], and rats [ 93 ,  94 ]. One of these studies observed that co-localization 
in the rat pituitary was limited to gonadotropes using dual ICC [ 94 ], but there was 
no differential expression of  Kiss1r  in cellular fractions of ovine pituitary enriched 
for gonadotropes, compared to fractions enriched for somatotropes or lactotropes 
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[ 91 ]. The physiological role of  Kiss1r  in the pituitary remains unclear because 
effects of kisspeptin on LH secretion from pituitary cells in vitro are not consis-
tently observed [ 95 ,  96 ], and when kisspeptin stimulates LH secretion, its effects are 
generally modest compared to those of GnRH [ 91 ,  93 ,  97 ,  98 ]. Moreover, although 
kisspeptin was detected in hypophysial portal blood, the low concentrations and 
lack of correlation with LH concentrations in jugular samples led the authors to 
conclude that hypothalamic release of kisspeptin played no physiological role in 
regulation of LH in the ewe [ 91 ]. It should be noted that kisspeptin mRNA and pro-
tein have been observed in the anterior pituitary in species ranging from rats [ 94 ] to 
primates [ 99 ], so  Kiss1r  could play a paracrine role in this tissue.  

    Cellular Expression 

 Not surprisingly, most studies that have examined cellular  Kiss1r  localization have 
focused on GnRH neurons. Studies using dual ISH (Table  3.5 ) consistently report 
that a high percentage of GnRH cells from the POA contain  Kiss1r ; in female sheep 
this percentage ranged from 78 to 90% [ 35 ,  86 ,  87 ], in male rats it averaged 77% 
[ 20 ], and in adult male [ 13 ] and female [ 100 ] mice greater than 85% co-localization 
was observed. A slightly lower percentage ranging from 55% [ 88 ] to 68% [ 78 ] was 
observed in male mice using Xgal as a marker for  Kiss1r , and the lowest percentage 
of co-localization (3/8 cells) was obtained using single cell RT-PCR [ 101 ]. The rela-
tive low level of expression in the latter study may have been due to the use of fetal 
cells [ 78 ]. A high degree of expression of  Kiss1r  in GnRH neurons is also supported 
by the 90% of murine GnRH neurons that respond to kisspeptin in slice  preparations 
[ 13 ], since this effect is independent of other neural input [ 13 ,  102 ]. 

 Only two other cell types have been examined for possible expression of  Kiss1r . 
Based on dual ISH techniques, kisspeptin neurons in the POA and ARC of the sheep 
do not contain  Kiss1r  [ 86 ]. On the other hand, ARC POMC neurons in mice most 
likely do contain  Kiss1r  because these cells consistently respond to direct applica-
tion of kisspeptin in slice preparation, even when pharmacologically isolated from 
other neural inputs [ 85 ]. It will be important, however, to confi rm this conclusion 
using anatomical approaches.  

    Matches/Mismatches of Kiss1r and Kisspeptin Fibers 

 Under most circumstances,  Kiss1r  receptors are presumably only physiologically 
important if they are located in neurons innervated by kisspeptin-containing 
 synapses. Thus, the occurrence of receptor-ligand matches and mismatches in the 
kisspeptin system can provide potentially useful information about physiological 
signifi cance. On the other hand, the presence of kisspeptin terminals in areas devoid 
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of  Kiss1r  raises the possibility that kisspeptin exerts its effect in these areas via other, 
as yet unidentifi ed, receptors. Alternatively, since kisspeptin is often co- localized 
with a number of other important neuropeptides (i.e., NKB and dynorphin) and 
transmitters (i.e., glutamate) (see section  Co-localization of Other Peptide/
Transmitters ), such synapses may be providing input from other components within 
these terminals, as appears to be the case for kisspeptin input to KNDy cells [ 60 ]. 
It should also be noted that because of the paucity of data on  Kiss1r , only limited 
conclusions can be drawn on receptor-ligand matches/mismatches for the kisspeptin 
system at this time, and these are based largely on  Kiss1r  data in rats [ 77 ] and mice [ 78 ]. 
For example, we cannot determine whether Kiss1r is matched with the kisspeptin-ir 
fi bers that are observed in the median eminence of all species (Table  3.1 ), because 
there is no information on distribution of Kiss1r protein. In light of the expression 
of  Kiss1r  mRNA in GnRH cell bodies (see above), it is likely that the receptor pro-
tein is present in GnRH terminals in the median eminence, but this needs to be 
directly confi rmed. 

 Within the hypothalamic-POA areas, the most obvious match between  Kiss1r  and 
kisspeptin-ir fi bers is in the POA, where both have been observed in mice, rats, 
sheep, and monkeys (Tables  3.1  and  3.2 ), which refl ects, in part, kisspeptin innerva-
tion of GnRH neurons (Fig.  3.2 ). The second most consistent area of overlap is the 
ARC, where kisspeptin fi bers have been observed in all species and evidence for 
 Kiss1r  reported in mice, rats, and sheep, although data in mice are confl icting because 
 Kiss1r  was not observed in this area using Xgal ICC. The fi nal hypothalamic areas 
with a consistent match are the medial/lateral septum and the posterior hypothalamus 
of rats and mice. For both the DMH and RP3V, matches have been observed in rats, 
while mice apparently have kisspeptin fi bers, but not  Kiss1r  (based on Xgal ICC). 
Other areas of mismatch include the PVN and SON of rats and the LHA of mice, 
which contains kisspeptin-ir but no detectable  Kiss1r ; conversely, the LHA of rats 
contains  Kiss1r , but no corresponding fi bers. At a cellular level, there is clear match 
of  Kiss1r  in GnRH cells and kisspeptin-positive synapses onto GnRH neurons in all 
species examined to date. However, since not all GnRH cells appear to be innervated 
by kisspeptin fi bers [ 2 ], it is unclear whether this correspondence is seen at an indi-
vidual cell by cell level. In contrast, a majority of ARC KNDy neurons are innervated 
by other KNDy neurons, but none of these contain  Kiss1r , at least in the sheep.

   Outside the hypothalamus, there is a major mismatch in the dentate gyrus and 
other areas of the hippocampus in which there is strong evidence for  Kiss1r , in the 
absence of kisspeptin-positive fi bers in both rats and mice. It should be noted, how-
ever, that there is evidence for  Kiss1  mRNA (by PCR) in the dendate gyrus [ 103 ,  104 ] 
so this possible mismatch should be further investigated. A similar mismatch is 
evident in the supramammillary nuclei of mice, but there are no data on this area in 
rats. Conversely, kisspeptin-ir fi bers are present in the medial amygdala of mice [ 8 ], 
with no evidence for  Kiss1r  at this time. The clearest areas of matching localization 
are the periaqueductal gray and locus coeruleus of mice [ 8 ]; these areas also contain 
 Kiss1r  in rats [ 77 ], but whether kisspeptin neurons project to these regions in this 
species remains to be determined.   
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  Fig. 3.2    Kisspeptin and KNDy connections with GnRH neurons. ( a ) KNDy inputs ( arrows , 
labeled with dynorphin and NKB) to a GnRH cell body in the mediobasal hypothalamus of the 
sheep; a KNDy cell body ( magenta ) is seen nearby. Bar = 10 μm. Taken from Lehman MN, Coolen 
LM, Goodman RL. Minireview: kisspeptin/neurokinin B/dynorphin (KNDy) cells of the arcuate 
nucleus: a central node in the control of gonadotropin-releasing hormone secretion. Endocrinology 
2010; 151(8):3479–3489 (with permission from The Endocrine Society). ( b ) RP3V kisspeptin 
input ( arrowhead , labeled with kisspeptin and TH) to a preoptic GnRH neuron in the mouse; ( a ) is 
a higher power view of the contact, ( b ,  c ) show the same image with the TH ( b ) or kisspeptin 
( c ) channel removed. Bar = 5 μm. Modifi ed from Clarkson J, Herbison AE. Dual phenotype 
kisspeptin- dopamine neurones of the rostral periventricular area of the third ventricle project to 
gonadotropin- releasing hormone neurones. Journal of Neuroendocrinology 2011; 23(4):293–301 
(with permission from John Wiley & Sons). ( c ) Electron micrograph showing a dynorphin terminal 
containing dense-core vesicles ( arrowheads ) in direct contact with a GnRH terminal in the sheep 
median eminence. Bar = 2 μm. Taken from Lehman MN, Coolen LM, Goodman RL. Minireview: 
kisspeptin/neurokinin B/dynorphin (KNDy) cells of the arcuate nucleus: a central node in the 
control of gonadotropin-releasing hormone secretion. Endocrinology 2010; 151(8):3479–3489 
(with permission from The Endocrine Society). ( d ) GnRH fi ber contacting a kisspeptin (KNDy) 
cell in the ARC of the sheep; confocal orthogonal views through the close contact are shown above 
and to the right. Section was also labeled for vGlut-2 showing co-localization in kisspeptin fi bers 
and terminals. Bar = 10 μm. Unpublished data from Lehman, Cernea and Goodman, 2012       
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      Anatomical Connections of Kisspeptin Cells 

    Efferent Projections 

 To date, the projections of specifi c subsets of kisspeptin cells have been investigated 
using two approaches. The fi rst takes advantage of the co-expression of other neu-
ropeptides and transmitters that are co-expressed uniquely in one population: the 
most common example of this is the co-localization of KNDy peptides which can be 
used to defi ne the projections arising from ARC kisspeptin cells [ 44 ,  86 ,  105 – 107 ]. 
The second approach has been to combine stereotaxic injections of anterograde 
tract tracers (Fluoro-Gold, biotinylated dextran amine) with ICC for kisspeptin, so 
that fi bers dual-labeled for both the tracer and kisspeptin can be inferred to have 
arisen in the injected region (e.g., ARC) [ 108 ,  109 ]. 

 Dual-label immunostaining of kisspeptin fi bers with either NKB and/or dynorphin 
has been the most common approach to selectively analyze the projections of the 
ARC kisspeptin population, and has been employed in sheep [ 60 ], rats [ 105 ], mice 
[ 106 ], and human tissue [ 44 ]. In addition, dual-label ICC for NKB and dynorphin, 
which is unique to the KNDy population, has been used in rats [ 105 ], goats [ 36 ], and 
monkeys [ 40 ]. The results suggest some common, shared projections of ARC 
kisspeptin cells across species, but some signifi cant differences as well (Table  3.2 ). In 
all species examined, fi bers arising from KNDy cells form the densest projections 
locally, within the ARC and to the internal zone of the median eminence. There are 
also consistent projections of KNDy fi bers to the preoptic region, including the RP3V 
in rodents, although the density of these fi bers is generally less than in the ARC. In the 
rat, sheep, and goat, a few KNDy fi bers also extend into the external zone of the 
median eminence. In sheep, rats, and mice, KNDy cell efferents appear to be more 
widespread than in the monkey or human, and include projections in the DMH, BNST, 
and in rodents, the PVN, LHA, and septal region (Table  3.2 ). Tracer injections into the 
ARC of mice combined with kisspeptin ICC revealed a similar distribution of KNDy 
efferents as did co-localization of the peptides, with projections to the PVN, DMH, 
and LHA, as well as revealing more distant targets including the posterior hypotha-
lamic region and the periaqueductal gray of the midbrain [ 6 ]. In both rats and mice, 
KNDy cells also project across the midline to the contralateral ARC, perhaps serving 
to coordinate activity between the KNDy population on both sides of the brain, and 
their ipsilateral projections to the POA (and presumably GnRH neurons). 

 In contrast to the ARC population, much less is known about the projections of 
preoptic and RP3V kisspeptin cells. Dual-labeling of kisspeptin and TH in mice has 
revealed projections from RP3V kisspeptin cells to the POA, where they contact GnRH 
neurons [ 64 ]. Similarly, anterograde tracer injections into the mouse RP3V, combined 
with kisspeptin ICC, revealed a set of projections from this population that includes 
several nuclei of the POA, as well as other areas in the hypothalamus and septal region 
[ 108 ]. The latter projection sites closely overlap those of the ARC population, and 
include the BNST, PVN, DMH, and periaqueductal gray, as well as projections to the 
ipsilateral ARC itself. However, there are a few areas that receive inputs from either the 
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RP3V or ARC populations but not both: the lateral septum receives input from RP3V 
but not ARC kisspeptin cells, while the lateral preoptic region and lateral hypothalamic 
area contain projections from KNDy cells but not the RP3V [ 108 ]. 

 There are two signifi cant caveats to these observations on the origin of kisspeptin 
fi bers. First, co-localization of kisspeptin and other neuropeptides in individual 
fi bers and boutons does not exclude the possibility that these are fi bers of passage 
en route to another target. Second, as noted above, caution must be used when 
evaluating projections based on co-localization of KNDy peptides, since the ability 
to detect these markers is clearly dependent on gonadal hormonal status as well as 
the dynamics of peptide storage/release at the axon terminal. The recent generation 
of several strains of  Kiss1 -Cre mice [ 110 ] may soon provide another approach that 
has the potential to circumvent these limitations. Specifi cally,  Kiss1 -Cre mice can 
be crossed with transgenic strains bearing Cre-inducible markers such as TdTomato 
or mCherry to provide complete anterograde fi lling of axons arising specifi cally 
from kisspeptin cells. To achieve selective anterograde labeling of individual  Kiss1  
cell populations (e.g., ARC, RP3V, amygdala), Cre-inducible virus lines expressing 
these markers could be injected into these regions in  Kiss1 -Cre mice. Alternatively, 
markers for other neuropeptides co-expressed in kisspeptin cells (see sec-
tion  Distribution of Kisspeptin and  Kiss1  in the Adult Brain ) could be incorporated 
into this strategy (e.g., crossing NKB-FLP mice with FLP-inducible Kiss-Cre). In 
addition, markers could be linked to synaptophysin or other synaptic terminal pro-
teins to allow for identifi cation of boutons at a light microscopic level that represent 
bona fi de synaptic terminals rather than fi bers of passage. The use of transgenic/
viral vector approaches for neuroanatomical studies of the kisspeptin system holds 
much promise, and should provide critical information on the anatomy and function 
of  Kiss1  cells and their connections.  

    Afferent Inputs 

 The array of synaptic inputs received by kisspeptin cells has only recently begun to 
be systematically studied, so there is little data to compare among species or differ-
ent kisspeptin cell populations. The best-studied kisspeptin cell population with 
respect to afferents is the ARC subset. One of the major conserved anatomical fea-
tures of KNDy cells are the reciprocal connections that exist between them, and that 
have been demonstrated at a light microscopic level using confocal microscopy 
[ 105 ,  111 ] as well as at an electron microscopic level [ 112 ]. These so-called 
“KNDy–KNDy” connections have been hypothesized to serve as a structural basis 
for synchronization of activity among KNDy cells, underlying their proposed role 
as a component of the GnRH pulse generator [ 38 ,  60 ,  62 ,  63 ]. It should be noted that 
it is not known whether these reciprocal connections represent axon collaterals 
within a single neuron (e.g., autosynapses), connections from neighboring KNDy 
cells, or inputs from a segregated subset of KNDy cells. Finally, in addition to 
KNDy–KNDy connections, evidence from tracing studies indicates that there are 
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bilateral connections between KNDy cells on either side of the hypothalamus [ 109 ], 
as well as reciprocal connection between the POA/RP3V and KNDy populations 
[ 108 ]. Thus the anatomical substrate exists for communication, not just among the 
ARC KNDy cells, but also between the two major hypothalamic kisspeptin popula-
tions, as well as between kisspeptin cells on both sides of the brain. 

 As noted earlier, a majority of KNDy cells are glutamatergic (Table  3.3 ), and not 
surprisingly, KNDy terminals in contact with other KNDy cells also contain gluta-
matergic markers [ 68 ]; in addition, KNDy cells receive input from non-KNDy glu-
tamatergic fi bers presumably arising from other regions. Preliminary observations 
in the sheep suggest that KNDy cells also receive GABAergic inputs, although 
whether these derive in part from neighboring KNDy cells is not known. 

 Transgenic mice in which the leptin receptor (LepR) drives expression of the 
anterograde transneuronal tracer, wheat germ agglutinin (WGA), have been used to 
demonstrate that KNDy cells receive synaptic input from LepR-containing cells 
[ 113 ], consistent with evidence that KNDy cells play a functional role in conveying 
the infl uence of leptin on the reproductive axis [ 114 ]. Dual-label ICC studies have 
also shown close contacts between NPY and POMC fi bers and KNDy cells in the 
sheep ARC [ 115 ], suggesting that afferents from these metabolic control neurons 
may be part of the pathways by which leptin modulates the activity of kisspeptin 
neurons and their control of GnRH [ 114 ]. Such input may be particularly important 
in sheep since KNDy neurons in this species appear to lack LepR [ 113 ]. 

 Less is known about the specifi c afferents that contact RP3V or preoptic 
 kisspeptin cells. In the mouse, there is clear evidence that RP3V cells of the AVPV 
receive direct input from vasopressin (VP) and vasoactive-intestinal polypeptide 
(VIP) cells of the suprachiasmatic nucleus (SCN), the site of a central circadian 
clock that synchronizes the phase of clock cells in other regions of the brain [ 116 ]. 
This input is likely to function as part of the circadian gate regulating the timing of 
the GnRH/LH surge in rodents [ 117 ], and may differ in species in which the surge 
is not under circadian control [ 45 ]. Finally, while there is little anatomical data on 
other inputs to RP3V neurons, recent electrophysiological studies of mouse AVPV 
kisspeptin neurons in slice preparations [ 118 ] have provided evidence that these 
cells like KNDy neurons are under the presynaptic infl uence of glutamate and 
GABA, as well as the inhibitory RFamide peptide, RFRP-3, the mammalian ortho-
log of avian gonadotropin-inhibiting hormone [ 119 ].  

    Reciprocal Connections with GnRH Neurons 

 There is now clear evidence that kisspeptin cells provide direct synaptic input to 
GnRH neurons (Fig.  3.2 ), from both light and electron microscopic (EM) studies in 
rodents, goats, and sheep. Using confocal ICC, kisspeptin-positive close contacts 
have been observed upon GnRH cell bodies and dendrites in mice [ 11 ], sheep [ 34 ], 
horses [ 46 ], monkeys [ 39 ], and humans [ 44 ]. In sheep, these contacts have been co- 
localized with synaptophysin, providing further evidence as to their identity as bona 
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fi de synaptic terminals [ 120 ]. More importantly, there is now direct EM evidence in 
mice of axo-dendritic and axo-somatic contacts between kisspeptin fi bers and pre-
optic GnRH cells [ 106 ]. This compelling observation needs to be confi rmed in other 
species, such as monkeys and sheep, where GnRH neurons examined at an EM level 
are frequently surrounded and separated from nearby presynaptic terminals by 
astroglial processes [ 121 ,  122 ]. 

 In addition to inputs at the level of GnRH cell bodies, there is also EM evi-
dence that direct membrane appositions exist between kisspeptin and GnRH ter-
minals within the median eminence. In rats, kisspeptin-positive terminals formed 
direct membrane contacts with GnRH terminals, although these contacts were 
seen in the internal zone of the median eminence [ 123 ]. Similarly, in the goat 
[ 36 ], kisspeptin and GnRH terminals were seen to form direct axo-axonic con-
tacts; however these contacts were seen in the external zone, unlike those 
observed in rats. In both species, axo-axonic contacts between kisspeptin and 
GnRH terminals lacked typical synaptic morphological specializations (e.g., syn-
aptic densities, clefts) so that the mechanism of communication remains unclear. 
Consistent with the fact that in most species, kisspeptin fi bers are sparse in the 
external zone (Table  3.2 ), kisspeptin cells in mice are not labeled by peripheral 
injections of tracers, indicating that they do not have access to fenestrated capil-
laries as GnRH cells do [ 108 ]. Thus, even given the presence of direct axo-axonic 
connections, it seems likely that for kisspeptin to regulate GnRH release within 
the median eminence, it must act via diffusion either to the external zone or 
through actions on other local intermediaries (e.g., glial cells). However, there is 
no evidence for the presence of  Kiss1r  in glial cells at this time. 

 While the precise origin of all kisspeptin inputs to GnRH cell bodies and terminals 
has yet to be defi ned, using the techniques described above (“efferent projections”), 
there is evidence that at least some of this input arises from both RP3V and ARC popula-
tions. In mice, dual-labeled kisspeptin/TH terminals arising from the RP3V population 
innervate POA GnRH neurons (Fig.  3.2b ), although they represent less than 20% of all 
kisspeptin contacts on those cells [ 64 ]. Recent work using galanin as a co-marker for 
RP3V kisspeptin cells and NKB as a co-marker for ARC kisspeptin (KNDy) cells con-
fi rmed inputs to GnRH cell bodies from RP3V kisspeptin cells in mice, as well as show-
ing direct inputs from the ARC population in this species [ 106 ]. Once again, the 
identifi ed inputs represented a small percentage of the total number of kisspeptin inputs 
to GnRH neurons. In the sheep, kisspeptin terminals arising from the ARC contact 
GnRH neurons in both the POA and MBH (where they are also located in this species) 
(Fig.  3.2a ), and double-labeled KNDy terminals appear to account for the largest per-
centage of the total number of kisspeptin afferents. Finally, there is evidence in multiple 
species that KNDy cells provide input to the median eminence (Table  3.2 ), and that at 
least some of this input forms the close contacts observed with GnRH terminals, at least 
in the internal zone. In rats and sheep, dynorphin fi bers of ARC origin (because they 
co-localize NKB) innervate the median eminence [ 105 ,  111 ], and dynorphin terminals 
in the sheep make direct contacts with GnRH terminals at an EM level (Fig.  3.2c ). Thus, 
the available evidence to date suggests that while both RP3V and ARC kisspeptin 
populations contribute direct inputs to GnRH cell bodies, inputs at the level of GnRH 
terminals in the median eminence arise from the ARC. We would note that these identi-
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fi ed inputs represent a small percentage of the total kisspeptin input to GnRH neurons, 
but it is not clear whether this refl ects limitations of the use of peptide co-markers (see 
above) or the presence of inputs from other kisspeptin cell populations. Again, the use 
of transgenic approaches where all axonal projections from a given kisspeptin popula-
tion can be completely labeled should help to resolve this question. 

 Finally, in addition to kisspeptin inputs to GnRH neurons and terminals, there is 
also evidence that the reciprocal connection exists, that is, GnRH afferent input to 
 kisspeptin cells. Specifi cally, confocal studies have shown close contacts between 
GnRH fi bers in the MBH, and kisspeptin cells of the ARC in the rhesus monkey [ 30 ] 
and sheep (Fig.  3.2d ). Thus, in these species, kisspeptin (KNDy) neurons, which are 
in themselves reciprocally interconnected, may comprise part of a larger reciprocal 
circuitry that includes GnRH neurons and the POA kisspeptin population (see above). 
One may speculate that if both GnRH and kisspeptin neurons are capable of display-
ing intrinsic pulsatile activity [ 37 ,  124 ], a reciprocal network involving interconnec-
tions at multiple levels may be important in conferring synchronization of phase upon 
this rhythm in order to generate a coherent GnRH pulse.   

    Development and Sex Differences in the Kisspeptin 
Signaling System 

 In comparing kisspeptin and  Kiss1  expression across mammalian species, it is 
important to keep in mind developmental changes and sexual differences in expres-
sion. Sexually dimorphic expression of at least some kisspeptin populations has 
been found in all mammals in which it has been examined. Moreover, it is not sur-
prising that the developmental trajectory of both kisspeptin and  Kiss1  varies with 
the time course of maturation in each species. In this section, we will review the 
data available on these two issues for the limited number of species in which it is 
available. In-depth discussion of the development and sexual differentiation of 
 kisspeptin neurons is also available in Chap.   11    . 

    Development of Kisspeptin and Kiss1 Expression in Females 

 Because kisspeptin was implicated in the onset of puberty at the time that its repro-
ductive function was discovered, it is not surprising that most developmental studies 
have focused on the pubertal transition. Thus, although the role of kisspeptin in 
puberty is discussed in detail elsewhere in this book (Chaps.   11     and   12    ), it will also 
be considered here, as it represents an integral part of most reports on its develop-
mental expression. Early studies in rats reported an increase in  Kiss1  mRNA expres-
sion associated with pubertal development [ 125 ]. However, those studies used 
RT-PCR to measure mRNA levels from whole hypothalami, so individual areas of 
the hypothalamus were not examined. As detailed previously, kisspeptin cells in the 
RP3V area and the ARC are differentially regulated. Thus, expression changes in 
each area must be considered separately. 
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 One technical challenge to interpreting developmental changes in RP3V kisspeptin 
neurons, particularly in the rat, is that detection of kisspeptin-ir cells within this region 
seems to depend upon the use of colchicine pretreatment in order to enhance detection 
of immunoreactive peptide in cell bodies. In studies that have not used colchicine 
pretreatment, detection of kisspeptin-ir cells in the RP3V is diffi cult [ 19 ,  22 ,  126 – 128 ]. 
However, kisspeptin-positive cells are readily apparent in studies that have used col-
chicine [ 18 ,  25 ] or monitored  Kiss1  mRNA [ 127 ,  129 ], perhaps suggesting a very 
rapid secretion or turnover of the peptide in RP3V neurons of the rat. In sheep, much 
like non-colchicine treated rats, kisspeptin neurons in the POA (but not those in the 
ARC) were diffi cult to detect in young ewes and could not be quantifi ed during the 
pubertal transition [ 130 ]. In contrast, RP3V kisspeptin-ir neurons in the mouse are 
easily detectable without colchicine treatment. In mice and colchicine-treated rats, 
RP3V kisspeptin neurons are not usually detected before about PND10 [ 11 ,  49 ,  50 , 
 65 ,  127 ,  129 ]. A pubertal increase in RP3V kisspeptin immunoreactivity and  Kiss1  
mRNA expression has been reported in several studies for females of both species 
[ 25 ,  49 – 51 ,  127 ]. In mice, kisspeptin-positive fi bers become evident around GnRH 
neurons beginning at PND25, a time when changes in RP3V kisspeptin cell numbers 
and  Kiss1  mRNA expression are increasing dramatically [ 11 ]. In ovariectomized, 
estradiol-implanted ewes, POA  Kiss1  mRNA- containing cell numbers increased 
around the time of puberty [ 131 ], but this change was independent of changes in LH 
pulse frequency associated with puberty in this species. 

 In the ARC, kisspeptin-positive cells or  Kiss1  mRNA are detectable within 
the fi rst few days postnatally in the female rat [ 126 ,  127 ,  129 ]. Subsequently, 
kisspeptin immunoreactivity and  Kiss1  mRNA levels increase in a puberty-asso-
ciated manner [ 25 ,  126 ,  127 ]. More recently, the number of kisspeptin-positive 
cells in the ARC was found to be higher in young, postpubertal ewes compared 
to prepubertal animals; these changes mirrored differences in LH pulse fre-
quency [ 130 ]. Changes in ARC kisspeptin-ir cell numbers in ewes from that 
study also paralleled an increase in the percentage of POA GnRH neurons that 
exhibited close appositions of kisspeptin- immunopositive varicosities, suggest-
ing that potential changes in kisspeptin input to GnRH neurons during puberty 
in that species arises from the ARC kisspeptin cells. This is further supported by 
preliminary evidence that 50–70% of GnRH neurons receive close contacts 
from kisspeptin fi bers that also contain dynorphin, indicating that they arise 
from KNDy neurons (Lehman and Goodman, unpublished data). A role for 
ovine ARC kisspeptin neurons in puberty is consistent with the positive correla-
tion between the number of  Kiss1  mRNA-containing cells in the middle ARC 
and an increase in LH pulse frequency during puberty in estradiol- treated ovari-
ectomized ewes [ 131 ]. These data fi t well with those in primates, where  Kiss1  
mRNA expression increased in female monkeys during the midpubertal phase 
of development [ 42 ]. Interestingly, this increase in  Kiss1  mRNA expression is 
paralleled by an increase in kisspeptin release in the primate median eminence 
[ 132 ] and in the amount of kisspeptin secretion induced by a GABA receptor 
antagonist [ 133 ]. Thus, in these species, kisspeptin input from the ARC may 
play an important role in puberty onset. 
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 In contrast to the rat, sheep, and primate, the relative importance of ARC 
kisspeptin neurons in puberty onset of female mice is unclear. One limitation in 
studying this area in the mouse is that kisspeptin fi ber density in the arcuate nucleus 
is usually so high that assessing numerical changes in kisspeptin-ir cell bodies has 
not been attempted. However, in one study that used RT-PCR, no changes in 
kisspeptin mRNA levels were observed in the ARC of female mice from PND10 to 
PND60 [ 50 ]. In contrast, kisspeptin fi ber density in the ARC was reported in that 
study to increase successively from PND10 to PND30 and from PND30 to PND45. 
This raises the possibility of a mismatch between mRNA levels and protein produc-
tion if kisspeptin was being produced locally (see above). Alternatively, these 
kisspeptin-ir fi bers could come from the RP3V because changes in RP3V kisspeptin 
cell numbers often parallel changes in ARC kisspeptin fi ber density [ 18 ,  25 ,  49 ,  84 ]. 
It was also reported that at least 40% of AVPV kisspeptin neurons project to the 
ARC in female mice [ 108 ]. Based on these fi ndings, it has been suggested that 
kisspeptin from the RP3V in the female mouse is more important than that from the 
ARC for puberty onset in this species [ 134 ]. However, changes in kisspeptin expres-
sion in the ARC have been noted in the female  hpg  mouse, with a signifi cant increase 
noted by PND30 [ 50 ]. In addition, Kauffman et al. [ 135 ] reported increased ARC 
kisspeptin and NKB cell numbers following gonadectomy in juvenile female mice, 
and suggested that disinhibition of ARC kisspeptin/NKB neurons in the ARC con-
stitutes a critical element of the puberty triggering mechanism. This hypothesis is 
supported by the advancement of vaginal opening and increase in ARC  Kiss1  
mRNA levels in mice in which ERα was deleted from kisspeptin neurons [ 51 ]. 
Clearly, more work is needed to determine the relative roles of the RP3V and ARC 
kisspeptin neurons in puberty onset for this species. 

 In addition to increased expression and release of kisspeptin during pubertal 
development, there may also be an increase in the ability of GnRH neurons to respond 
to kisspeptin as well. Very few studies have examined changes in  Kiss1r  over devel-
opment and none have looked at protein expression of this receptor. Shahab et al. 
[ 42 ] reported a threefold increase in MBH  Kiss1r  mRNA levels during pubertal 
development in intact female monkeys. Takase et al. [ 25 ] observed an increase in 
 Kiss1r  mRNA around the time of puberty in the OVLT/POA of rats, while  Kiss1r  
mRNA expression in the ARC did not change during this period. In mice, the per-
centage of GnRH neurons expressing  Kiss1r  was about 40% by PND5 and rose to 
approximately 70% (or adult levels) by PND20 [ 78 ]. Given that both kisspeptin 
expression in the RP3V and input to GnRH neurons increase around PND25 in the 
female mouse (see above) and that  Kiss1r  expression is maximal by PND20, the 
level of  Kiss1r  in GnRH neurons would appear not to be a limiting factor in the tim-
ing of puberty. This conclusion is consistent with evidence that administration of 
kisspeptin to pre- or midpubertal animals robustly stimulates GnRH/LH secretion in 
several species [ 42 ,  125 ,  131 ,  132 ,  136 ] and chronic administration has been shown 
to advance the timing of puberty in female rats [ 95 ,  125 ]. Interestingly, even though 
GnRH neurons in mice appear to express  Kiss1r  well before the normal timing of 
puberty onset, Han et al. [ 13 ] reported that the percentage of GnRH neurons in male 
mice that were activated by kisspeptin, as determined by gramicidin perforated patch 
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clamping, increased during pubertal development. However, more recently, Dumalska 
et al. [ 137 ] reported that the response to kisspeptin in vGlut2- GFP-tagged cells in the 
medial septum that co-expressed GnRH did not change during pubertal develop-
ment. More work will be necessary to confi rm if increased coupling of  Kiss1r  to the 
electrical response of GnRH neurons plays a role in timing pubertal onset.  

     Sex Differences: Developmental Changes in Males 

 Although a great deal of work has been done in females, there is evidence that 
changes in kisspeptin occur during development in males as well. While cell num-
bers in the RP3V of male rodents are much lower than that for females (discussed 
below), Han et al. [ 13 ] showed that the number of RP3V cells expressing kisspeptin 
mRNA was greater in adults than juveniles and that expression level per cell 
increased as well. Clarkson and Herbison [ 11 ] reported that kisspeptin-positive cell 
numbers began to increase at PND25 and peaked at PND45, but these changes may 
refl ect increased circulating levels of gonadal steroids since they were abolished by 
gonadectomy at PND20 and restored to normal with either testosterone or estradiol 
treatment [ 138 ]. In contrast, others have reported very low cell numbers with no 
change [ 50 ,  126 ] or only small changes [ 128 ] in the RP3V. 

 In the ARC, most changes reported in the male mouse have been fairly unre-
markable. Kisspeptin fi ber density increased from PND10 to PND45 in male mice 
[ 11 ], but no change in cell number or mRNA expression level has been shown to 
occur with development [ 13 ,  50 ]. It is important to note that kisspeptin-ir cell numbers 
increased in male  hpg  mice during development, and that while kisspeptin cell 
numbers are not increased 4 days after castration at PND14 in juvenile male mice, 
they are greater in adult male mice castrated at PND14 [ 135 ]. Thus steroid- 
independent changes occur in kisspeptin expression with development in male 
mice, although the relative importance of those changes remains to be determined. 
In male rats, ARC kisspeptin cell numbers increase with pubertal development 
[ 126 – 128 ]. In sheep, ARC kisspeptin-positive cell numbers decline with age in ram 
lambs between 6 and 12 months of age [ 130 ]. Although these ages correspond to 
puberty onset in female lambs, male sheep develop reproductively at a much earlier 
age [ 139 ]; the signifi cance of decline with age is unclear, but a similar pattern has 
been reported previously for cells in the ARC expressing  Kiss1  mRNA in male rats 
after the pubertal increase in cell number [ 127 ,  128 ].  

    Hormonal Control of Sexual Dimorphism in Development 

 Because there are many more RP3V kisspeptin neurons in female than male rodents 
[ 11 ,  21 ], and this area is the site where E 

2
  acts to induce the preovulatory GnRH 

surge in these species (reviewed by Herbison [ 140 ]), work on the hormonal control 
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of this sexual dimorphism focused on the well-established organizational effects of 
testosterone during the perinatal period. As described in detail elsewhere in this 
book (Chap.   11    ), studies in rats using neonatal gonadectomy and/or steroid treat-
ments [ 21 ,  44 ] support the hypothesis that testicular secretion of testosterone during 
this period is converted to E 

2
 , which then produces a permanent decrease in 

kisspeptin- expressing cells in the RP3V. This conclusion is also supported by the 
effects of genetic manipulations in mice that knocked out the aromatase enzyme 
[ 141 ] or alpha-fetoprotein [ 142 ]. A similar sexual dimorphism in POA kisspeptin 
cell number has been observed in sheep [ 31 ] and humans [ 44 ], but the factors 
responsible remain unknown. 

 The effects of estradiol on kisspeptin cell numbers in the RP3V may not be lim-
ited to the perinatal period, since OVX of mice at PND15 reduced  Kiss1  mRNA 
expression in the adult RP3V to male levels [ 49 ]. On the other hand, in hypogonadal 
( hpg ) mice [ 50 ], the absence of gonadal steroids did not alter the age-related increase 
in RP3V kisspeptin-ir cell numbers (although the maximal number was suppressed), 
but male  hpg  mice showed a similar increase in RP3V kisspeptin cells that was not 
evident in their WT littermates. It should be noted, however, that no age-related 
increases in  Kiss1  mRNA (qRT-PCR) were observed in either male or female  hpg  
mice [ 50 ], so there appears to be a mismatch between  Kiss1  mRNA and protein 
expression in these mice. 

 In sheep [ 31 ] and humans [ 44 ], there are also signifi cantly more kisspeptin neu-
rons in the ARC of females than males, while in rodents ARC kisspeptin expression 
is similar in both sexes [ 21 ,  135 ,  143 ]. There is no information on factors responsi-
ble for this sexual dimorphism in humans, but in sheep, organizational effects of 
steroids likely play a role because this sex difference is seen in gonadectomized 
animals [ 130 ]. However, prenatal masculinization of females with testosterone 
treatment during gestation did not infl uence kisspeptin cell numbers, but it did 
decrease the number of NKB-ir and dynorphin-ir cells to levels seen in males [ 31 ]. 
Interestingly, the sex differences in ovine ARC kisspeptin expression develop 
between 6 and 12 months of ages, as cell numbers in males decline, and are inde-
pendent of gonadal steroids because it is evident in gonadectomized animals [ 130 ]. 
In contrast, mice show a sexual dimorphism in ARC kisspeptin neurons that is lost 
during development. Specifi cally, OVX of prepubertal females results in a doubling 
of kisspeptin cell number, while castration of males prior to puberty has no effect 
[ 135 ], a sex difference not seen in adult mice [ 135 ].   

    Conclusions 

 The mammalian kisspeptin system is remarkably consistent across all species studied 
to date, at least that portion of it that has a well-defi ned role in control of GnRH 
secretion. Major groups of cell bodies are found in two areas: a large number in the 
ARC and smaller set in the POA, which is concentrated in the RP3V of rodents 
(Fig.  3.3 ). Most neurons in the ARC subpopulation also contain NKB and dynorphin, 
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while a variable percentage of those in the RP3V of rodents contain dopamine (as 
indicated by TH) and/or galanin (Tables  3.3  and  3.4 ); whether these neurotransmit-
ters are found in POA kisspeptin neurons in most other species remains to be deter-
mined. Moreover, the POA population is sexually    dimorphic in a number of species, 
with more kisspeptin neurons in females than in males; a similar sexual dimorphism 
for the ARC population has been reported in sheep and human, but data on this in 
rodents is confl icting. Additional kisspeptin neurons are found in other hypothalamic 
and extra-hypothalamic areas in some species, but it is unclear whether or not this is 
a common distribution and the functional role of these neurons is unknown.

   Based on the distribution of kisspeptin fi bers,  Kiss1r , and studies of afferent 
projections, both populations have functional projections to GnRH cell bodies, 
which represent an important site at which kisspeptin acts to stimulate GnRH secre-
tion. Kisspeptin-ir fi bers are also found in the external zone of the median eminence 
and there are direct membrane contacts between kisspeptin and GnRH axons in this 
region. These kisspeptin fi bers appear to arise primarily from ARC KNDy neurons, 
although contacts from more rostral kisspeptin cells cannot be ruled out at this time. 

  Fig. 3.3    Overall distribution of kisspeptin/Kiss1 cells and kisspeptin fi bers/Kiss1r mRNA, in the 
mammalian brain. The locations of kisspeptin/ Kiss1  cells ( left side ) and kisspeptin fi bers/ Kiss1r  
mRNA ( right ), based on studies performed to date, are mapped out on a schematic horizontal 
drawing of the mammalian forebrain, midbrain, and hindbrain. Background is modifi ed from sche-
matic in Swanson, Brain Maps III, Elsevier ©2004, courtesy of Dr. Larry Swanson with permis-
sion from Elsevier       
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Although Kiss1r has yet to be identifi ed in GnRH terminals, this is likely another 
site of kisspeptin action because this peptide stimulates GnRH release in vitro from 
the median eminence of rats [ 144 ] and sheep [ 86 ]. It should be noted, however, that 
neither ARC nor RP3V kisspeptin cells in mice [ 108 ] or rats [ 123 ] have direct 
access to the portal vessels and, as such, are unlikely to act directly on GnRH termi-
nals at the primary capillary bed of the median eminence. 

 There is also evidence for reciprocal connections within and between these two 
kisspeptin populations. The strongest data is for extensive reciprocal connections 
among KNDy neurons in a number of species, but there is also data that less abundant 
connections occur within the POA kisspeptin population in sheep. There is also 
clear evidence that KNDy neurons project to the RP3V of rodents and to some POA 
kisspeptin neurons in sheep. Conversely, almost half of the RP3V kisspeptin neu-
rons project to the ARC in mice. It is important to note that the functional signifi -
cance of kisspeptin release at these reciprocal connections is unclear because there 
is no evidence that kisspeptin neurons in the ARC or RP3V/POA contain  Kiss1r . 
The other neurotransmitters within ARC KNDy neurons have been postulated to 
play a key role in synchronizing this population and driving episodic GnRH secre-
tion. It is thus likely that reciprocal connections within the ARC play an important 
functional role, but whether that is true for the more rostral kisspeptin populations 
awaits further study. 

 Finally, although detailed discussion of the functional roles of these kisspeptin 
populations is beyond the scope of this chapter, as described elsewhere in this book 
there also appear to be common functional roles for these two kisspeptin popula-
tions. The rostral population is clearly involved in the preovulatory GnRH surge in 
many species, and the ARC population has been implicated in the negative feedback 
action of gonadal steroids and in possibly synchronizing GnRH neural activity during 
episodic secretion. The latter appears to play a key role in the onset of puberty in 
rodents, sheep, and primates, although the RP3V population likely contributes to 
this process in mice. 

 This review also identifi ed several important gaps in our understanding of the 
neuroanatomy of kisspeptin signaling. The most obvious of these is the paucity of 
detailed information on the distribution of  Kiss1r  mRNA and the complete lack of 
any data on location of Kiss1r protein. Until more complete anatomical information 
is available on the location of these receptors, any conclusions as to physiological 
signifi cance of most kisspeptin projections must be considered tentative at best. 
Information is also beginning to be developed on extra-hypothalamic kisspeptin 
cells and fi bers, but this remains limited to just a few species. Thus, these data need 
to be extended to a broader range of species and studies on their    functional signifi -
cance developed. Another anatomical issue of importance revolves around identify-
ing inputs to kisspeptin cell bodies. While some data is available on afferents to 
ARC and POA/RP3V kisspeptin cell bodies, this information is fragmentary. 
A fuller understanding of the complete complement of presynaptic inputs to these, 
and other, kisspeptin cells will obviously be important for understanding their neu-
ral control. Finally, kisspeptin cells in the ARC, POA/RP3V, and elsewhere are 
likely to play a signifi cant role in the regulation of other physiological systems 
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beyond reproduction. Identifying the full extent of kisspeptin efferents, and the dis-
tribution of their postsynaptic targets, is essential as a foundation for future func-
tional dissection of these roles in the mammalian nervous system.      
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    Abstract     The  Kiss1  gene encodes a 145-amino acid pre-peptide, kisspeptin, which 
is cleaved into smaller peptides of 54, 14, 13, and 10 amino acids. This chapter 
reviews in detail the effects of kisspeptin on gonadotropin secretion in non-human 
mammals. Studies of kisspeptin’s effects have included both acute and chronic 
administration regimens via a number of administration routes. Acute kisspeptin 
stimulates gonadotropin secretion in a wide range of species of non-human mam-
mals, including rats, mice, hamsters, sheep, pigs, goats, cows, horses, and monkeys. 
In general, the stimulatory effect of kisspeptin treatment is more pronounced for LH 
than FSH secretion. Kisspeptin is thought to exert its stimulatory effects on LH and 
FSH release via stimulation of GnRH release from the hypothalamus, since pre- 
administration of a GnRH antagonist prevents kisspeptin’s stimulation of gonado-
tropin secretion. Although the kisspeptin receptor is also expressed on anterior 
pituitary cells of some species, and incubation of anterior pituitary cells with high 
concentrations of kisspeptin can stimulate in vitro LH release, the contribution of 
direct effects of kisspeptin on the pituitary is thought to be negligible in vivo. 
Continuous kisspeptin administration results in reduced sensitivity to the effects of 
kisspeptin, in some species. This desensitization is thought to occur at the level of 
the kisspeptin receptor, since the response of the pituitary gland to exogenous GnRH 
is maintained. Overall, the fi ndings discussed in this chapter are invaluable to the 
understanding of the reproductive role of kisspeptin and the potential therapeutic 
uses of kisspeptin for the treatment of fertility disorders.  

    Chapter 4   
 The Effects of Kisspeptin on Gonadotropin 
Release in Non-human Mammals 
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        Introduction 

 Administration of kisspeptin has been shown to stimulate gonadotropin release in 
all non-human mammalian species studied to date. The conserved stimulating effect 
of kisspeptin on gonadotropin release in all species studied suggests that kisspeptin 
plays a critical and fundamental role in the control of reproduction. However, there 
are important differences in the reproductive systems of various mammalian spe-
cies. In addition, although the amino acid structure of kisspeptin-10 is relatively 
conserved across species, there may be up to two amino acid differences between 
species-specifi c isoforms, which might conceivably result in subtle alterations in 
kisspeptin activity. 

 In this chapter, we summarize the effects of different isoforms of kisspeptin 
(kisspeptin- 54/kisspeptin-52, kisspeptin-14, kisspeptin-10 of murine or human ori-
gin) on gonadotropin release in various non-human mammals after acute and 
chronic administration via various routes (intracerebroventricular [ICV], intrave-
nous bolus [IV bolus], intravenous infusion [IVI], intraperitoneal [IP], subcutane-
ous [SC]). Importantly, the hormone-releasing actions of kisspeptin may be 
infl uenced by metabolic status, sex, maturation, and underlying hormonal milieu; 
these will also be considered in this chapter. Detailed discussion of the effects of 
kisspeptin in humans is present in Chap.   5    .  

    The Effects of Acute Administration of Kisspeptin 
on Gonadotropin Secretion 

 Kisspeptin has been shown to reliably and rapidly stimulate gonadotropin secretion 
when given acutely by a number of different routes. Whilst kisspeptin is considered 
to be a neuropeptide, with very low circulating levels in the blood, peripheral admin-
istration has been shown to reliably stimulate gonadotropin release in a number of 
species. 

    Acute Peripheral Administration of Human Kisspeptin-54 
or Rat Kisspeptin-52 

 In 2004, Matsui et al. performed one of the fi rst studies of kisspeptin administra-
tion to any mammalian species. A subcutaneous (SC) bolus of 6.7 nmol of human 
kisspeptin- 54 (called metastin at the time) in pre-pubertal (25 day old) female 
Wistar rats signifi cantly elevated plasma LH levels tenfold from a baseline of 
~3 ng/mL and FSH levels sixfold from a baseline of ~10 ng/mL at 2 h post-
injection [ 1 ]. Kisspeptin-54 was also able to elicit ovulation in a large proportion 
of follicles, similar to that seen with    human chorionic gonadotropin (hCG) [ 1 ]. 
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SC  administration of human kisspeptin-54, at a higher dose of 100 nmol/kg, to 
10-week-old adult male Wistar rats also led to a rise in LH from a barely detect-
able baseline to ~32 ng/mL at 2 h, before falling to 10 ng/mL at the end of the 4 h 
sampling period. In these males, FSH rose threefold from a baseline of 10 ng/mL 
and was yet to plateaux at the end of the 4 h sampling period [ 1 ]. The effect of a 
single 50 nmol bolus of SC kisspeptin-54 was compared with an equimolar dose 
of GnRH in rats. Kisspeptin-54 increased plasma LH ~5-fold at 60 min, FSH 
~2-fold, and testosterone ~2.5-fold at 60 min. Kisspeptin-54 and GnRH were 
essentially equally effective in stimulating gonadotropin release at this dose [ 2 ].  

    Acute Central Administration of Kisspeptin 

 Gottsch et al. were the fi rst authors to study the in vivo effects of exogenous kiss-
peptin [ 3 ]. Central administration of a 1 fmol dose of kisspeptin-54 to adult male 
C57BL/6 mice stimulated LH secretion threefold at 30 min when compared with 
vehicle [ 3 ]. Although doses of up to 1.2 nmol were examined, maximal LH secretion 
at 30 min post-administration (~7-fold) was found following a 10 fmol dose [ 3 ]. 

 ICV administration of kisspeptin-10 in adult male Wistar rats dose-dependently 
increased plasma LH levels at 1 h (saline: 0.3 ng/mL; 1 nmol kisspeptin-10: 5 ng/mL; 
3 nmol kisspeptin-10: 9.4 ng/mL) [ 4 ]. Plasma FSH was only signifi cantly increased 
at this time following the 1 nmol dose [ 4 ]. After a 3 nmol dose of ICV kisspeptin-10 
treatment, LH was signifi cantly increased at just 10 min post- injection (saline: 
1.0 ng/mL; kisspeptin: 1.7 ng/mL), and continued to rise, peaking at 60 min post-
injection (saline: 0.3 ng/mL; kisspeptin: 5.2 ng/mL). Enhancement of FSH secretion 
was slower, being only signifi cantly increased at 60 min post-injection (saline: 
16.9 ng/mL; kisspeptin: 34.4 ng/mL) [ 4 ]. In another study, ICV administration of 
murine kisspeptin-10 (at doses of 10–1,000 pmol) in pubertal (45 day old) male 
Wistar rats elicited LH rises of 7–8-fold at 15 min post-injection, and dose- dependent 
rises at 60 min post-injection, when compared with controls (Table  4.1 ) [ 5 ].

   ICV murine kisspeptin-10 in pre-pubertal gilts (130 day old female pigs) at doses 
of 10 µg (7.5 nmol) or 100 µg (75 nmol) increased LH levels from 0.25 ng/mL to 
peak levels of 2 ng/mL and 3.5 ng/mL, respectively. FSH was also increased ~2-fold 
at both doses [ 6 ]. Hence, ICV kisspeptin was effective from a dose of 10 pmol in the 
rat and 7.5 nmol in the gilt, raising LH levels from as early as 10 min post- 
administration and achieving highest levels by 60 min post-injection.  

    Acute Intravenous Administration 

 Kisspeptin-10 has a short in vivo plasma half-life of only 4 min in humans [ 7 ]; there-
fore, an intravenous bolus (IV bolus) of kisspeptin-10 would be expected to have a 
short duration of effects. An IV bolus of murine kisspeptin-10, via  intracardiac 
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 cannulae, in adult male Sprague Dawley rats stimulated LH release fourfold 
 following a 0.3 nmol/kg dose and eightfold following 3.0 or 30 nmol/kg doses, when 
compared with pre-injection values and controls. LH secretion was stimulated 
within 15 min of injection and the duration of effect of the 0.3 nmol/kg dose of 
 kisspeptin- 10 lasted half as long (45 min) as the two higher doses. Based on this 
data, the ED50 for kisspeptin-10 (the dose which caused a rise in LH in 50% of rats 
given kisspeptin-10) after IV administration was calculated to be ~0.5 nmol/kg body 
weight [ 8 ]. 

 In 2005, Shahab et al. studied the effects of central and peripheral administration 
of human kisspeptin-10 in GnRH-primed agonadal male Rhesus monkeys. The 
researchers observed that 100 µg kisspeptin-10 induced a signifi cant release of 
gonadotropins, regardless of route of administration. For both ICV and IV treat-
ment, plasma LH levels were increased >25-fold by 30 min after the start of kiss-
peptin- 10 infusion and remained elevated for ~2–3 h (Fig.  4.1 ) [ 9 ]. A smaller ICV 
dose of 30 µg kisspeptin-10 also stimulated LH secretion in a similar fashion. 
Moreover, both the ICV and IV bolus effects of kisspeptin in this study were blocked 
with GnRH antagonist treatment [ 9 ].

   The effects of IV administration of kisspeptin were also studied in ungulates. An 
IV bolus of kisspeptin-10 at doses of 1, 2.5, and 5 mg (0.77, 1.54 and 3.84 µmol) to 
pre-pubertal gilts (female pigs) stimulated LH to a similar degree following all three 
doses, whereas FSH was only signifi cantly elevated following the highest dose [ 6 ]. 
In another study, human kisspeptin-10 was administered IV to female native 
Japanese goats (aged 4–5 years old) in the luteal phase, at doses of 1, 5, or 10 µg/kg 
(0.77, 3.85 or 7.69 nmol/kg). Baseline LH levels, which were between 0.26 and 
0.45 ng/mL, rose to maximal levels (1.50–1.93 ng/mL) by 20–30 min post-injection 
[ 10 ]. In adult castrated male Shiba goats, an IV bolus of human kisspeptin-10 at a 
dose of 0.38 µmol increased pulsatile secretion of LH [ 11 ]. Similarly in cows, an IV 

    Table 4.1    Summary    of the effect of acute administration of kisspeptin-10 in different non-human 
mammals   

 Species  Route  Dose range  Effect on LH  References 

 Rats  ICV  0.1 pmol to 100 nmol  2–62.5× inc  [ 4 ,  5 ,  35 ,  47 ,  60 ,  62 ] 
 IP  7.5–300 nmol  >10× inc  [ 4 ,  5 ,  19 ] 
 IC  0.3–30 nmol/kg  2–8× inc  [ 8 ] 
 IV  0.3 nmol to 75 nmol/kg  9–11× inc  [ 47 ] 

 Mice  ICV  1 fmol to 1 nmol  3-7× inc  [ 3 ] 
 Hamster  IP  1–7.67 nmol  3–7× inc  [ 61 ] 
 Pigs  ICV  7.5–75 nmol  8–14× inc  [ 6 ] 

 IV  171–854 nmol  6× inc  [ 6 ] 
 Sheep  IV  1.6–100 nmol  2–10× inc  [ 25 ] 
 Goat  IV  0.77–7.67 nmol/kg  4–5× inc  [ 10 ] 
 Cows  IV  3.85 nmol/kg  9.7× inc  [ 51 ] 

 IM  3.85 nmol/kg  3× inc  [ 51 ] 
 Monkeys  ICV and IV  7.67 nmol  25× inc  [ 9 ] 

    ICV  intracerebroventricular;  IP  intra-peritoneal;  IV  intravenous;  IM  intramuscular;  IC  intracardiac; 
 Inc  increase in plasma levels  
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bolus of kisspeptin-10 at 100 or 200 pmol/kg, with or without additional sex ste-
roids, signifi cantly increases plasma LH levels [ 12 ]. The effect of an IV bolus of 
murine kisspeptin-10 (1 mg; 768 nmol) was also examined in light horse mares 
(3–15 years of age) during diestrus (when endogenous LH and FSH are low). LH 
levels increased by ~2-fold within 20–30 min of IV injection, returning to baseline 
within 4 h [ 13 ].  

    Acute Intraperitoneal Administration 

 In 2004, Thompson and colleagues observed that intraperitoneal (IP) injections of 
10, 30, and 100 nmol of kisspeptin-10 in male Wistar rats dose-dependently increased 
plasma LH at 20 min, although only signifi cantly following the highest dose (LH 
0.6 ng/mL after saline vs. 5.9 ng/mL after 100 nmol kisspeptin) (Table  4.1 ) [ 4 ]. 

  Fig. 4.1    Effect of central ( a ) or intravenous ( b ) administration of 77 nmol of kisspeptin-10 ( fi lled 
circle ), vehicle ( fi lled triangle ), or 77 nmol of kisspeptin-10 with acyline pre-treatment ( open circle ) 
on plasma LH levels (mean ± SEM) in GnRH primed agonadal juvenile male monkeys. Kisspeptin 
was injected at time 0 ( arrow ) and elicited robust LH secretion following both central and periph-
eral administration. The LH-releasing action of ICV or IV kisspeptin was abolished by pre-treat-
ment with acyline. From Shahab et al. [ 9 ]. Reprinted with permission from National Academy of 
Sciences, U.S.A. Copyright (2005)       
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FSH was not signifi cantly increased following IP kisspeptin-10 administration at 
these doses [ 4 ]. Although gonadotropin levels were not increased at 60 min 
 post- injection, testosterone levels were signifi cantly elevated at this time, and a 
larger 300 nmol dose of IP kisspeptin-10 signifi cantly increased both LH and FSH 
levels at 60 min post-injection [ 4 ]. Navarro et al. found that an IP injection of 
7.5 nmol of kisspeptin-10 signifi cantly increased plasma LH levels to a similar 
extent as central administration of 1 nmol kisspeptin-10 at 15 min post-injection in 
male Wistar rats [ 5 ]. However, the decay in plasma LH levels following IP kiss-
peptin-10 was more rapid when compared with ICV kisspeptin-10. Therefore, the 
rapid onset of action of and subsequent rapid decay in LH levels following IP kiss-
peptin-10 may explain why Thompson et al. [ 4 ] were unable to detect an effect on 
gonadotropin secretion at 60 min post-injection with the lower doses employed. 
Hence, kisspeptin is capable of robustly stimulating gonadotropin secretion in a 
number of species, including when given peripherally.   

    The Effect of Repeated Administration of Kisspeptin 
on Gonadotropin Secretion 

 The effects of acute kisspeptin treatment on gonadotropin secretion are relatively 
short-lived (several hours at most). It is therefore important, from a therapeutic per-
spective, to ascertain whether kisspeptin is able to stimulate gonadotropin release in 
chronic dosing regimens. 

 Four IP injections of 1 nmol of mouse kisspeptin-(105–119) at 30-min intervals 
in 2–4-month-old male mice resulted in a ~5-fold increase in plasma gonadotropin 
levels measured 30 min after the last injection [ 14 ]. Likewise, four IP injections of 
1 nmol kisspeptin-10 every 30 min to adult ovary-intact female Siberian hamsters 
housed in a summer (breeding) photoperiod signifi cantly increased LH levels at 
30 min after the last injection [ 15 ]. Hence, repeated IP administration of kisspeptin 
is effective in stimulating gonadotropin secretion when given at 30 min intervals in 
mice and hamsters. In addition, four IV boluses of 30 nmol/kg kisspeptin-10, via 
intracardiac cannulae, to mobile male rats at 75 min intervals elicited LH secretory 
bursts comparable to a single administration experiment (Table  4.2 ) [ 8 ].

   The effects of repetitive hourly kisspeptin administration were studied in pri-
mates and in ewes. Hourly IV pulses of 2 µg (1.54 nmol) of kisspeptin-10 for 48 h 
to GnRH-primed juvenile agonadal male Rhesus monkeys (a model considered to 
be analogous to a peri-pubertal state in humans) stimulated a pulsatile pattern of 
LH secretory pulses, similar in magnitude to those elicited by GnRH priming [ 16 ]. 
This kisspeptin-induced LH response was maintained for 48 h, and FSH secretion 
was qualitatively similar to that of LH, although FSH pulses were less well-defi ned 
[ 16 ]. In pre-pubertal ewe lambs (28 weeks of age) treated with hourly IV boluses 
of kisspeptin at 20 µg (15.4 nmol) for 24 h, plasma LH levels were elevated within 
15 min of the fi rst injection, as were the frequency and amplitude of LH pulses. 
Four of six kisspeptin-treated lambs had LH surges 17 h after the start of the hourly 

A. Abbara et al.



69

    Ta
bl

e 
4.

2  
  Su

m
m

ar
y 

of
 th

e 
ef

fe
ct

 o
f 

re
pe

at
ed

 v
s.

 c
on

tin
uo

us
 a

dm
in

is
tr

at
io

n 
of

 k
is

sp
ep

tin
-1

0 
in

 d
if

fe
re

nt
 n

on
-h

um
an

 m
am

m
al

s   

 Sp
ec

ie
s 

 R
ep

ea
te

d 
ad

m
in

is
tr

at
io

n 
 C

on
tin

uo
us

 a
dm

in
is

tr
at

io
n 

 R
ef

er
en

ce
s 

 R
ou

te
 

 D
os

e 
 E

ff
ec

t o
n 

L
H

 
 R

ou
te

 
 D

os
e 

 E
ff

ec
t o

n 
L

H
 

 R
at

 
 IC

V
 

 1 
nm

ol
 

 10
×

 in
c 

 IC
V

 
 7.

5 
nm

ol
 

 2×
 in

c 
to

 d
ay

 2
, b

as
el

in
e 

da
y 

4 
 [ 1

9 ,
  2

4 ,
 

 54
 ] 

 IC
V

 
 1 

nm
ol

 
 10

×
 in

c 
 IC

V
 

 7.
5 

nm
ol

 
 2×

 in
c 

to
 d

ay
 5

, b
as

el
in

e 
da

y 
7 

 H
am

st
er

 
 IP

 
 1 

nm
ol

 
 N

o 
re

ve
rs

al
 o

f 
se

as
on

al
 g

on
ad

al
 

re
gr

es
si

on
 

 IC
V

 
 0.

25
 n

m
ol

/h
 

 R
es

to
re

d 
te

st
ic

ul
ar

 a
ct

iv
ity

 
 [ 1

5 ,
  2

6 ]
 

 IP
 

 1 
nm

ol
 

 3×
 in

c 
in

 lo
ng

 d
ay

 
 SC

 
 0.

2 
nm

ol
/h

 
 N

o 
re

ve
rs

al
 o

f 
se

as
on

al
 

go
na

da
l r

eg
re

ss
io

n 
 SC

 
 1 

nm
ol

 
 6×

 in
c 

po
st

 la
st

 in
je

ct
io

n 
 E

w
es

 
 IV

 
 12

.6
 n

m
ol

 
 18

×
 in

c 
(fi

 r
st

 in
je

ct
io

n)
, 1

0×
 

in
c 

(s
ec

on
d)

, 1
0×

 in
c(

th
ir

d)
 

 IV
 

 12
.4

 n
m

ol
/h

 
 Si

g 
in

c 
at

 2
 h

, p
la

ce
bo

 a
t 4

8 
h 

 [ 2
5,

 6
7 ]

 

 IV
 

 15
.3

 n
m

ol
 

 In
c 

fr
eq

ue
nc

y 
an

d 
am

pl
itu

de
 

 IV
 

 15
.2

 n
m

ol
/h

 
 9×

 in
c 

5 
h,

 3
×

 in
c 

10
 h

 
 IV

 
 15

.2
 n

m
ol

/h
 

 6 
h 

12
.5

%
, 1

2 
h 

50
%

, 2
4 

h 
75

%
 h

ad
 L

H
 s

ur
ge

 
 G

oa
ts

 
 IV

 
 4.

23
 n

m
ol

/k
g 

 11
×

 in
c 

(fi
 r

st
 in

je
ct

io
n)

, 2
2×

 
in

c 
(s

ec
on

d)
, 1

5×
 in

c 
(t

hi
rd

) 
 [ 1

1 ]
 

 C
ow

 
 IV

 
 50

0 
pm

ol
/k

g 
 In

c 
fo

r 
14

0 
m

in
, t

he
n 

de
cl

in
e 

 [ 5
0 ]

 
 M

on
ke

y 
 IV

 
 1.

54
 n

m
ol

 
 2×

 in
c 

m
ai

nt
ai

ne
d 

fo
r 

48
 h

 
 IV

 
 7.

7 
nm

ol
/h

 
 2×

 in
c 

to
 1

–2
 h

, t
he

n 
de

cl
in

e 
 [ 1

6 ,
  2

1 ]
 

   
 

IC
V

  in
tr

ac
er

eb
ro

ve
nt

ri
cu

la
r;

  I
P

  in
tr

a-
pe

ri
to

ne
al

;  I
V

  in
tr

av
en

ou
s;

  S
C

  s
ub

cu
ta

ne
ou

s;
  I

nc
  in

cr
ea

se
 in

 p
la

sm
a 

le
ve

ls
  

4 The Effects of Kisspeptin on Gonadotropin Release in Non-human Mammals



70

kisspeptin therapy; however, kisspeptin therapy did not accelerate the onset of 
puberty in the lambs when compared with placebo [ 17 ]. Hence, hourly IV pulses 
of kisspeptin were effective in stimulating LH secretion for as long as 48 h in pri-
mates and at least 24 h in ewes. This hourly administration regime may most accu-
rately refl ect the inter-pulse interval of endogenous kisspeptin secretion [ 18 ]. 
Using microdialysis, kisspeptin immunoreactivity (IR) was measured within the 
stalk median eminence of female Rhesus monkeys. Kisspeptin IR had a pulsatile 
pattern of secretion, with an inter-pulse interval of ~60 min, and 75% of kisspeptin 
pulses corresponded to GnRH pulses [ 18 ]. Furthermore, kisspeptin-10 infusion 
into the stalk median eminence stimulates GnRH release in a dose-dependent 
 manner [ 18 ]. This data suggests that pulsatile kisspeptin secretion stimulates pul-
satile release of GnRH, causing subsequent pulsatile gonadotropin secretion from 
the pituitary gland. 

 Repeated IV administration of kisspeptin was also studied in ungulates. Adult 
female goats in the luteal phase were given three injections of human kisspeptin-10 
or GnRH at 5 µg/kg (4.23 nmol/kg) at 2 h intervals. Plasma LH levels were increased 
from baseline (0.41–0.56 ng/mL) to maximum values of 5.56 ng/mL, 10.72 ng/mL 
and 7.72 ng/mL for each injection, respectively [ 10 ]. Plasma FSH levels increased 
in a similar time-frame from a baseline of 0.62–0.78 ng/mL to peaks of 1.16 ng/mL, 
2.02 ng/mL, and 1.60 ng/mL after the fi rst, second, and third kisspeptin-10 injec-
tion, respectively. GnRH elevated gonadotropins more gradually, but to a greater 
maximum (LH: 34.99 ng/mL; FSH: 3.32 ng/mL) 30 min after the second injection 
[ 10 ]. Hence, kisspeptin was able to stimulate gonadotropin secretion when admin-
istered peripherally at 2 h intervals, although to a lesser extent when compared with 
GnRH. 

 Repeated ICV administration of 1 nmol of mouse kisspeptin-10 every 12 h to 
pre-pubertal (day 26) female Wistar rats for 5 days increased LH levels tenfold. 
While absent in all of the controls, 74% of repeatedly kisspeptin-treated immature 
rats showed physical evidence of puberty [ 18 ]. Hence, repetitive ICV kisspeptin 
administration was effective in inducing sexual maturation in juvenile female rats. 
Furthermore, repeated central administration of kisspeptin-10 (1 nmol every 12 h 
for 1 week) to under-nourished (30% restriction in food intake) pre-pubertal 
(day 30) female rats induced physical markers of puberty in 60% of kisspeptin-
treated animals vs. none in the control group, along with elevated serum LH and 
FSH levels [ 19 ]. 

 Collectively, repeated kisspeptin administration in mice, rats, hamsters, and 
goats was effective in stimulating gonadotropin levels (Table  4.2 ). Furthermore, 
repeated administration of kisspeptin in immature rats was able to induce  pubertal 
maturation (although not in ewe lambs) with the dosing regimen employed. 
These data suggest that kisspeptin could be used therapeutically to increase 
gonadotropin and sex hormone levels, although it is not known whether kiss-
peptin would offer any therapeutic advantage over existing therapies for repro-
ductive disorders.  
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    Desensitization to the Effects of Kisspeptin with Persistent 
(Chronic) Administration 

 A number of hormones are subject to tachyphylaxis, where the stimulatory effects 
are diminished with continued administration. A prime example is GnRH, where 
initial stimulation is replaced by inhibition after continuous non-pulsatile admin-
istration [ 20 ]. Similarly, there is evidence that the stimulatory effects of exogenous 
kisspeptin diminish with persistent administration. An important study by 
Seminara et al. demonstrated the phenomenon of tachyphylaxis in primates. In the 
primed male agonadal Rhesus monkey model, human kisspeptin-10 was adminis-
tered as a 10 µg (7.7 nmol) IV bolus, followed by a continuous 98 h infusion of 
100 µg/h (77 nmol/h). The initial IV bolus increased LH levels twofold compared 
with the preceding GnRH priming dose (0.15 µg/min for 2 min every hour). 
Plasma LH levels peaked 1–2 h after the start of the constant infusion, reaching a 
level ~2.5-fold higher than initial LH levels. However, LH levels then declined, 
despite continued exposure to kisspeptin-10, suggesting that desensitization to the 
stimulatory effects of kisspeptin-10 had occurred [ 21 ]. During the fi nal 3 h of 
human kisspeptin-10 infusion, an IV bolus of GnRH,  N -methyl- d -aspartate 
(NMDA, a glutamate agonist which stimulates GnRH secretion), or human kiss-
peptin-10 was administered. Although NMDA and GnRH each elicited LH secre-
tion, kisspeptin-10 failed to do so, suggesting that the lack of effectiveness of 
kisspeptin-10 administration was not due to a failure of GnRH secretion or reduced 
pituitary sensitivity to GnRH. This indicates that the inability of human kiss-
peptin-10 to elicit an LH response after continuous infusion may be due to down-
regulation at the level of the kisspeptin receptor. The authors reported that 
responsiveness to kisspeptin-10 was recovered at approximately 21 h after the 
infusion had concluded [ 21 ]. 

 Desensitization to chronic kisspeptin has also been demonstrated in rodents. 
Kisspeptin-10 administered IP twice daily to 35-day-old male pre-pubertal rats for 
12 days, at doses of 15 pmol, 1.5 nmol, and 1.5 µmol, reduced plasma LH and tes-
tosterone at the two higher kisspeptin doses, when compared with controls (FSH 
remained unaltered). These data suggest that twice daily IP kisspeptin-10 at doses 
of at least 1.5 nmol in pre-pubertal rats resulted in tachyphylaxis. Similarly, a con-
tinuous SC infusion of kisspeptin-54, at 50 nmol/day via a subcutaneous mini- 
pump, for 13 days in adult rats also resulted in inhibition of LH secretion [ 22 ,  23 ]. 
To ensure that the observed reduction in LH and FSH stimulation with chronic 
 kisspeptin administration was not due to peptide degradation in the mini-pump, 
bioactivity studies were performed to demonstrate equivalent potency of freshly 
prepared kisspeptin-54, and of kisspeptin-54 that had been incubated in a mini-
pump for 14 days at 37°C [ 7 ]. In another study examining the time-course of desen-
sitization, plasma LH levels were increased ~15-fold after 6 h of constant SC 
kisspeptin-54 administration, ~10-fold after 12 h, but only ~2-fold after 24 h. 
Plasma FSH showed a similar desensitization pattern, being elevated ~3.5-fold at 
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6 h, ~2-fold at 12 h, and back to baseline by 24 h. Hence, desensitization to the 
effects of continuous  kisspeptin- 54 occurs rapidly, commencing within just 12 h [ 2 ]. 

 On the contrary, Roa et al. examined whether nutritional status infl uences the 
effect of chronic kisspeptin-10 treatment in rodents. Kisspeptin-10, when admin-
istered by continuous ICV infusion at a dose of 7.5 nmol/day to female pubertal 
(30 day old) rats, signifi cantly elevated LH levels at day 7 of the infusion and 
modestly elevated FSH levels [ 24 ]. The experiment was repeated in pubertal rats 
exposed to a 30% defi cit in calorie intake, and gonadotropin levels were signifi -
cantly elevated at day 7 to a greater degree than their fed counterparts. It is inter-
esting as to why no desensitization occurred in this experiment. One possibility is 
that the route of administration (central vs. peripheral) may play a role. 
Alternatively, a state of energy defi ciency seems to enhance the stimulatory effect 
of  kisspeptin-10 and reduces the tachyphylaxis seen with a continuous infusion of 
 kisspeptin-10 [ 24 ]. 

 Tachyphylaxis to kisspeptin has also been demonstrated in sheep. A group of 
acyclic non-breeding Ile de France ewes received a constant IVI of 600 nmol of 
murine kisspeptin-10 over 48 h (12.6 nmol/h). Plasma LH was signifi cantly elevated 
at 2 h, yet, by 48 h, plasma LH levels were similar to placebo. Importantly, 80% of 
the ewes receiving murine kisspeptin-10 by constant infusion ovulated as compared 
with only 17% of the ewes which had received placebo alone. This data suggests 
that kisspeptin-10 can induce ovulatory LH surges (which occurred ~30 h after the 
start of kisspeptin administration), despite desensitization to the effects of kiss-
peptin on LH secretion by 48 h, perhaps as a result of an initial stimulatory effect on 
gonadotropin secretion [ 25 ]. 

 In the Syrian hamster, reproductive activity and hypothalamic  Kiss1  expression 
are reduced during short day (SD) winter-like conditions. Furthermore, this effect is 
reversed by chronic central administration of murine kisspeptin-10 at 6 nmol/day 
for 4 weeks [ 26 ]. In contrast, a chronic SC infusion of 10 nmol/day of human kiss-
peptin- 54 to male SD hamsters for 28 days failed to increase testicular weight and 
plasma testosterone. However, twice daily IP injection of 10 nmol kisspeptin for 5 
weeks increased testicular weight twofold and tended to increase plasma testoster-
one [ 27 ]. Therefore, kisspeptin may be a pivotal regulator of seasonal reproduction, 
but the regimen of administration is critical for determining whether tachyphylaxis 
is encountered, at least in SD hamsters. 

 In summary, desensitization to the effects of kisspeptin has been observed from 
as early as 3 h after onset of continuous administration and is likely occurring at the 
level of the kisspeptin receptor. Desensitization does not usually occur with repeated 
administration of kisspeptin at intervals of 30–75 min, which may possibly mimic 
the frequency of endogenous kisspeptin pulsatility [ 18 ]. Repeated administration at 
12 hourly frequencies results in tachyphylaxis in some, but not all, studies, and 
appears to be associated with higher dosages of kisspeptin. Tachyphylaxis in 
response to kisspeptin is also recognized during repeated administration of 
 kisspeptin- 54 to women with hypothalamic amenorrhoea and is an important con-
sideration for development of therapeutic dosing regimens [ 28 ].  
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    Site of Action of Kisspeptin 

    Kisspeptin Actions in the Brain 

 Kisspeptin is thought to act in the hypothalamus and results in GnRH release, which 
in turn acts on the pituitary gland to cause gonadotropin release. This mode of 
action is supported by several lines of evidence. First, the stimulatory effects of 
 kisspeptin on gonadotropin release are attenuated in the presence of a GnRH antag-
onist in a number of species, including ewes, rats, mice, and primates [ 1 ,  5 ,  16 , 
 29 – 31 ]. Second, peripherally administered kisspeptin-54 elicits c-fos activation in 
60% of GnRH neurons in the hypothalamus [ 1 ]. Third, kisspeptin treatment leads to 
a rise in GnRH levels in the CSF of sheep [ 14 ,  25 ]. Fourth, patch clamp studies 
demonstrate that kisspeptin activates GnRH neuronal fi ring in brain slices from 
adult female proestrus mice [ 32 ]. 

 Anatomical data also support the notion that kisspeptin acts on GnRH neurons in 
the brain. In the rat, more than 75% of GnRH neurons co-express kisspeptin recep-
tor mRNA [ 31 ], and this has also been shown for several other species. In the rodent 
brain, there are two high density populations of kisspeptin immunoreactive cells in 
the hypothalamus; fi rstly, in the periventricular continuum of cells within the rostral 
part of the third ventricle (which includes the antero-ventral periventricular nucleus 
[AVPV] and the periventricular nucleus [PeN]), and secondly, in the arcuate nucleus 
(ARC). It has been shown in rodents that kisspeptin immunoreactive nerve elements 
directly adjoin GnRH immunoreactive nerve elements in the median eminence [ 33 ]. 
Hence, kisspeptin may in part stimulate GnRH release from GnRH neurons by non-
synaptic axo-axonal interactions at the median eminence [ 33 ]. In possible support 
for this, incubation of rat hypothalamic explants with  kisspeptin- 10 stimulated the 
release of GnRH [ 4 ]. 

 The brain is protected from circulating substances in the peripheral blood by 
tight endothelial junctions forming the blood–brain barrier. The circulating blood 
comes in contact with the brain only at specifi c areas, including the median emi-
nence and organum vasculosum of the lamina terminalis (OVLT). GnRH neurons 
project axons to the median eminence, from where they secrete GnRH into the 
portal vasculature to control pituitary gonadotropin release. A sub-population of 
GnRH neurons located in the rostral preoptic area possesses complex branching 
dendritic branches, which fi ll the OVLT [ 34 ]. It was shown that these GnRH neu-
rons in the OVLT are susceptible to stimulation by kisspeptin [ 34 ]. Therefore, 
 kisspeptin may also stimulate GnRH release via interaction with GnRH neuronal 
fi bers at the OVLT and/or the median eminence [ 34 ]. 

 In the rat, kisspeptin neurons are present in the hypothalamic ARC and the 
AVPV. To investigate the direct site of action of kisspeptin in the brain, administra-
tion of kisspeptin-10 into the region of the ARC or the medial preoptic area (which 
includes the AVPV) was assessed in estrogen-replaced ovariectomized adult female 
rats. Both intra-ARC and intra-mPOA administration of kisspeptin-10, at 1, 10, and 
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100 pmol, over 5 min resulted in a dose-dependent increase in plasma LH levels that 
lasted ~1 h [ 35 ]. Three bolus injections of peptide 234, a kisspeptin antagonist, 
administered at 30-min intervals into the ARC reduced LH pulse frequency 
(although not amplitude of LH pulses), suggesting that the ARC plays an important 
role in the modulation of GnRH pulse frequency by kisspeptin [ 35 ]. 

 In the male Rhesus monkey, kisspeptin-immunoreactive cells have been identi-
fi ed in the ARC, but not in the AVPV [ 36 ]. Alternatively, female Rhesus monkeys 
have population of  Kiss1  mRNA expressing neurons in the ARC and the POA 
(potentially a homologous region to the rodent AVPV) [ 37 ]. In the ARC, there are 
only infrequent contacts made between GnRH neurons and kisspeptin neurons. 
However, at the median eminence, kisspeptin and GnRH axons are extensively and 
intimately associated, allowing for potential non-synaptic interaction between these 
two groups of neurons [ 36 ]. Kisspeptin-54 release in the stalk median eminence of 
monkeys is pulsatile, and ~75% of kisspeptin-54 pulses are correlated with GnRH 
pulses [ 18 ]. Microdialysis infusion of 10 or 100 nM human kisspeptin-10 into the 
medial basal hypothalamus (MBH; which includes the ARC) and the stalk median 
eminence for 20 min stimulated GnRH release in a dose-dependent manner in both 
pre-pubertal (low estradiol) and pubertal (elevated estradiol) ovarian-intact female 
monkeys. Conversely, infusion of peptide 234, a kisspeptin antagonist, suppressed 
GnRH release. Interestingly, the stimulation of GnRH release by kisspeptin-10 was 
absent in ovariectomized post-pubertal, but not pre-pubertal, monkeys; this kiss-
peptin stimulation of GnRH could be partially restored in post-pubertal monkeys by 
estradiol replacement. This suggests an important permissive role for estradiol in 
the neural action of kisspeptin in monkeys, which is apparent only after puberty has 
occurred; there may be a switch from estradiol-independent to estradiol-dependent 
kisspeptin signaling within the hypothalamus after puberty [ 38 ].  

    Kisspeptin Actions in the Pituitary 

 While the predominant effect of kisspeptin is via the hypothalamus, likely via stim-
ulation of GnRH neurons, it has also been enquired whether kisspeptin may also 
have an additional effect via the pituitary gland. In primary pituitary cell cultures 
prepared from adult cyclic female baboons ( Papio anubis ), kisspeptin-10 (10 −14  to 
10 −6  M) can dose-dependently stimulate LH release. Interestingly, estradiol 
enhanced the relative LH response to kisspeptin-10, both alone and in combination 
with GnRH [ 39 ]. However, while incubation of rat hypothalamic explants with 
kisspeptin- 10 stimulated the release of GnRH at a dose of 10 nM, kisspeptin doses 
of up to 1,000 nM had no effect on the release of LH or FSH from rat pituitary cul-
tures in vitro [ 4 ]. In another study, incubation of pituitary cultures from peri-pubertal 
male rats with kisspeptin-10 induced a rise in free cytosolic Ca 2+  concentration in 
only 10% of rat pituitary cells [ 40 ]. Moreover, another study in rats found that incu-
bation of cultured male or female pituitary cells with kisspeptin-54 did not result in 
in vitro gonadotropin release, even when primed with estradiol [ 1 ]. However, 
Navarro et al. [ 5 ] incubated rat pituitary cultures in kisspeptin-10 and reported that 
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LH was increased in a dose-dependent manner after 60 and 180 min of incubation. 
Even so, the relative contribution of direct pituitary effects to the potent LH releas-
ing effect of kisspeptin-10 in vivo is likely to be small, as in vitro doses of kiss-
peptin required to generate LH release from pituitary cells are much higher when 
compared with in vivo kisspeptin dosages. Taken together, this suggests that the 
primary effect of kisspeptin on gonadotropin release in vivo occurs in the brain via 
GnRH release [ 5 ]. 

 The sheep is an ideal model to study the effects of kisspeptin on the pituitary, 
because the pituitary gland is large and a hypothalamo-pituitary disconnection 
(HPD) model allows for exploration of direct actions of kisspeptin on GnRH- 
stimulated gonadotropin secretion in vivo. The HPD procedure removes all neural 
inputs to the median eminence, but gonadotropin secretion can be restored by pul-
satile IV administration of GnRH. The kisspeptin receptor is expressed in pituitary 
cultures from ewes (although only during the follicular phase of the estrous cycle). 
Incubation of ovine pituitary cells with kisspeptin increased the concentration of 
LH in culture media by 80%, compared with control treatment. Despite this in vitro 
fi nding, kisspeptin was unable to stimulate in vivo LH secretion in GnRH-replaced 
ovariectomized HPD ewes. Furthermore, while low levels of kisspeptin were 
detected in the ovine hypophyseal portal circulation, these kisspeptin levels did not 
change during an estrogen-induced LH surge. Hence, the in vitro stimulatory effect 
of kisspeptin on isolated pituitary cultures may not relate to kisspeptin’s signaling 
in vivo [ 41 ]. 

 In pigs, anterior pituitary cells have been harvested from 6-month-old triple cross 
bred (Landrace × Large White × Duroc) barrows (castrated male pigs) and incubated 
in 10 nM GnRH or 10–1,000 nM kisspeptin-10. The 1,000 nM dose of kisspeptin-10 
signifi cantly increased in vitro porcine LH levels by 31%, compared with the con-
trol. However, the LH-releasing potency of kisspeptin-10 in porcine anterior 
 pituitary cells was far less potent than that of 10 nM of GnRH [ 42 ]. Cultured bovine 
anterior pituitary cells incubated with kisspeptin-10 secreted LH, but only at a high 
kisspeptin concentration of 1,000 nM [ 22 ]. Bovine anterior pituitary cells from 
7-week-old male calves incubated with human kisspeptin-10 released LH, when 
also pre-incubated with estradiol and testosterone, but not progesterone [ 43 ]. 

 Overall, despite the presence of kisspeptin receptor in the pituitary, most of the 
data support the theory that the predominant action of kisspeptin is at the hypothala-
mus, to increase GnRH release, which subsequently stimulates gonadotropin 
release. Any direct effects of kisspeptin on the pituitary gland are likely to be negli-
gible in vivo.   

    Comparison of Different Kisspeptin Isoforms 

 The 145 amino acid gene product of the  Kiss1  gene is post-translationally cleaved 
into peptides of varying amino acid lengths, including kisspeptin-54, kisspeptin-14, 
kisspeptin-13, and kisspeptin-10. Kisspeptin-10 is identical between humans and 
Macaque monkeys; the sequence of kisspeptin-10 in the rat, mouse, pig, cow, and 
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sheep, termed “murine kisspeptin-10,” is one amino acid different from the sequence 
of human kisspeptin-10. Horse kisspeptin-10 is one further amino acid different 
from rodent, pig, cow, and sheep kisspeptin-10 [ 44 ]. Kisspeptin-10 is simpler and 
cheaper to synthesize when compared with kisspeptin-54; therefore more studies 
use kisspeptin-10 than kisspeptin-54 (or kisspeptin-52 in rodents). The plasma half- 
life of kisspeptin-54 is 27.6 min, whereas the in vivo plasma half-life of kisspeptin-
 10 is much shorter, at ~4 min in humans [ 7 ,  45 ]. Kisspeptin-10 is the minimum 
sequence required for activation of the kisspeptin receptor and is common to the 
C-terminus of all kisspeptin isoforms [ 46 ]. However, this difference in half-lives 
may result in a different time-profi le for activation of the kisspeptin receptor and 
hence differences in gonadotropin release (Table  4.3 ).

   Central bolus administration of murine kisspeptin-52 and human kisspeptin-10 
was compared in adult male C57BL/6 mice. Murine kisspeptin-52 stimulated LH 
release from a baseline of 0.2–3.1 ng/mL at 30 min, compared to an LH release of 
2.8 ng/mL after human kisspeptin-10 [ 3 ]. In another study, an IV dose of kiss-
peptin- 10 was compared with an equimolar dose of full-length kisspeptin (rat 
 kisspeptin-52) in adult Sprague Dawley male rats [ 8 ]. Kisspeptin-10 elicited a 
robust plasma LH burst, with levels peaking at 15–30 min after injection and return-
ing to baseline by 75–90 min; in contrast, the effects of kisspeptin-52 lasted longer, 
being still detectable at 120 min post-injection. Consequently, the overall magni-
tude of total LH secretion following kisspeptin-52 was greater when compared with 
kisspeptin-10 [ 8 ]. Another report in male rats compared the effects of an IV bolus 
of 10 nmol/kg of rat kisspeptin-52, rat kisspeptin-10, or human kisspeptin-10; all 
three isoforms resulted in peak plasma LH levels at 30 min. However, whereas rat 
kisspeptin-52 increased plasma LH levels to a peak of ~2.8 ng/mL, returning to 
baseline by 2 h, rat and human kisspeptin-10 both had shorter-lasting effects, with 
plasma LH returning to baseline levels by 1 h (both increased plasma LH levels to 
a similar peak of ~2 ng/mL) [ 47 ]. Hence, human and murine kisspeptin-10 have 
nearly identical effects on LH secretion when given IV, and both elicit a smaller and 
shorter- lasting LH response than IV kisspeptin-52. Likewise, in Corriedale ewes, 
murine kisspeptin-10 stimulates gonadotropin secretion to the same degree as 
human kisspeptin- 10 [ 25 ]. 

   Table 4.3    Summary of effects of acute administration of kisspeptin-10, -52, and -54 on LH 
secretion in the rat   

 Peptide  Route  Dose range  Effect on LH  References 

 Kiss 10  ICV  0.1 pmol to 100 nmol  2–62.5× inc  [ 4 ,  5 ,  35 ,  47 ,  60 ,  62 ] 
 IP  7.5–300 nmol  >10× inc  [ 4 ,  5 ,  19 ] 
 IC  0.3–30 nmol/kg  2–8× inc  [ 8 ] 
 IV  0.3 nmol to 75 nmol/kg  9–11× inc  [ 47 ] 

 Kiss 52  ICV  0.1 nmol  50× inc  [ 47 ] 
 IV  1–10 nmol/kg  4–14× inc  [ 8 ,  47 ] 

 Kiss 54  SC  0.1–50 nmol  5–32× inc  [ 1 ,  2 ] 

    ICV  intracerebroventricular;  IP  intra-peritoneal;  IV  intravenous;  SC  subcutaneous;  IC  intracardiac; 
 Inc  increase in plasma levels  
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 In one study, ICV administration of 0.1 nmol of murine kisspeptin-52 to male 
Wistar-Imamichi rats (8–10 weeks of age) stimulated a gradual increase in plasma 
LH levels from a baseline of 0.2 ng/mL to a peak of ~10 ng/mL at 2 h, which per-
sisted throughout the 3 h sampling period. However, ICV administration of the 
same dose of murine or human kisspeptin-10 failed to increase plasma LH 
 levels [ 47 ]. ICV administration of 1 nmol human kisspeptin-10 increased LH levels 
to ~2 ng/mL, whereas the same dose of murine kisspeptin-10 increased LH levels to 
a peak of ~4.5 ng/mL at 2 h [ 47 ]. Hence, centrally administered rat kisspeptin-52 
stimulates LH to a greater degree and for longer than either human or murine kiss-
peptin- 10. Oddly, murine kisspeptin-10 has a greater effect than human kisspeptin-
 10 when administered centrally at the same dose to rats, unlike when given IV. It 
would be interesting to determine whether human or murine kisspeptin-10 have 
higher potencies in humans or primates. 

 IP administrations of murine kisspeptin-10, human kisspeptin-10, murine kiss-
peptin- 52, and human kisspeptin-54 were compared in adult male NMRI (Naval 
Medical Research Unit) mice. Murine kisspeptin-52 was most effective in stimulat-
ing release of testosterone, followed by murine kisspeptin-10, then human kiss-
peptin- 54, and fi nally human kisspeptin-10 [ 48 ]. It is interesting that murine 
kisspeptin was more effective than human kisspeptin in stimulating testosterone 
release in rodents, although the reasons for this remain unclear. Also of interest, 
both murine and human kisspeptin-10 had a more rapid onset of action when com-
pared with the longer sequences of kisspeptin. Human kisspeptin-54 appeared to 
have the longest duration of action, with a peak effect on free testosterone occurring 
at 60 min [ 48 ]. Hence, it appears that shorter sequences may have a more rapid 
onset of action, whereas longer sequences may have a longer duration of effect. 

 Recently, an analogue of kisspeptin-10, [dY]1KP-10, was developed. Although 
[dY]1KP-10 has similar in vitro binding to the kisspeptin receptor, it is more potent 
in vivo when given to adult male C57Bl/6 mice. IP [dY]1KP-10 increased plasma 
LH and testosterone levels at 20 min post-injection to a greater degree than kiss-
peptin- 10. Furthermore, at 60 min, a 0.15 nmol dose of [dY]1KP-10 signifi cantly 
increased total testosterone levels, whereas the same dose of kisspeptin-10 had no 
signifi cant effect [ 49 ]. The reason for the higher potency of the kisspeptin analogue 
is not immediately clear.  

    Comparison of Different Routes of Administration 

 Remarkably, kisspeptin has been shown to be effective in stimulating gonadotropin 
release when given by a number of routes of administration, including ICV, IP, SC, 
and intramuscular (IM) injection. However, different routes of administration may 
result in varying peak concentrations and duration of circulating kisspeptin levels; 
these may, in turn, result in differential stimulation of the kisspeptin receptor. The 
volume of distribution of ICV administration is smaller when compared with 
peripheral administration, and kisspeptin is thought to have a central location of 
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action; it is therefore expected that a centrally administered dose of kisspeptin 
would be more effective in stimulating gonadotropin secretion when compared with 
peripheral administration. 

 In one study in rats, an IV bolus dose of 7.5 nmol of kisspeptin-10 increased 
plasma LH levels to a similar extent, although for a shorter duration, when com-
pared with ICV administration of the same dose [ 5 ]. Furthermore, an IV bolus of 
1,000 pmol/kg of human kisspeptin-10 increased LH secretion to a similar degree 
when compared with ICV administration of a much smaller dose (200 pmol/kg) in 
ovariectomized adult ewes [ 50 ]. A comparison was also made between 150 nmol of 
murine kisspeptin-10 administered as a SC bolus or as a 6 h constant IV infusion in 
ewes. After SC bolus administration, plasma LH secretion was increased 3.6-fold 
for 90 min post-injection (a smaller rise in plasma FSH levels was also noted). On 
contrast, after an IV infusion, plasma LH levels rose more gradually, with a peak 
response 2–4 h later. Interestingly, there was a progressive decline in plasma LH 
levels after this peak, despite continuing IV infusion, which may suggest gradual 
desensitization to the ongoing presence of kisspeptin [ 25 ]. Hence, an IV infusion 
was able to stimulate LH levels to a greater peak level when compared with SC 
administration; however, peak levels following IV infusion occur later when com-
pared with SC bolus administration. The effects of IM and IV injection of human 
kisspeptin-10 were also compared in Japanese pre-pubertal calves (5–6 months of 
age). A 3.85 nmol/kg dose of human kisspeptin-10 stimulated a ~10-fold increase 
in plasma LH following IV injection. By comparison, only a threefold increase in 
plasma LH was observed following IM administration [ 51 ]. 

 Collectively, the above results indicate that, although kisspeptin is likely to 
exert its action centrally, IV bolus administration is associated with a rapid and 
powerful short-term stimulation of gonadotropin secretion. Moreover, IM or SC 
kisspeptin administration may be associated with more sustained absorption of 
kisspeptin; this may cause a lower peak but longer duration of gonadotropin stimu-
lation when compared with IV bolus administration. IV infusion of kisspeptin 
results in less rapid yet more sustained stimulation when compared with bolus SC 
administration, but with greater risk of eventual desensitization to the effects of 
kisspeptin.  

    Effect of Nutritional State on Gonadotrophic 
Response to Kisspeptin 

 Fertility is reduced during undernutrition. Hypothalamic kisspeptin neurons have 
been proposed as an intermediary in the communication between leptin and GnRH 
neurons (see Chap.   17    ). In adult male Rhesus monkeys, 50 µg (38.4 nmol) of human 
kisspeptin-10 was administered IV in a fed state or following a 48 h fast. Following 
kisspeptin administration, peak testosterone secretion was signifi cantly reduced and 
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slower to rise in fasted monkeys compared with fed monkeys. However, both 
fed and fasted monkeys responded similarly to human chorionic gonadotropin 
(hCG, which has LH-like activity), suggesting that there was no difference in 
gonadal sensitivity [ 52 ]. Furthermore, expression of both kisspeptin and its receptor 
in the hypothalamus was reduced in fasted monkeys compared with fed animals, 
suggesting that the reduced response to exogenous kisspeptin-10 in the fasted state 
may have been due to reduced expression of the kisspeptin receptor [ 53 ]. By con-
trast, following a 48 h fast, immature female rats maintain responsiveness to a 
1 nmol dose of ICV kisspeptin-10 when compared with ad libitum-fed females [ 54 ]. 
Similarly, in adult rats fasted for 48 h, a 30 nmol/kg dose of IV kisspeptin-10 stimu-
lates LH secretion to similar level as fed rats, albeit from a lower baseline LH [ 8 ]. 
These data therefore suggest that monkeys and rodents may respond differently to 
exogenous kisspeptin during undernutrition; this may partially be explained by con-
sidering that kisspeptin receptor expression is increased in rodents (rather than 
decreased in monkeys) under caloric restriction [ 19 ]. 

 Central administration of 1 nmol of murine kisspeptin-10 to pre-pubertal (30 day 
old) male and female Wistar rats stimulated serum LH levels at 15 min post- 
injection similarly in both sexes (9.0–10-fold increase). Another group of rats was 
food- deprived for 72 h; interestingly, the ability of kisspeptin to induce LH secre-
tion was notably enhanced in these fasted animals, with 50–60-fold increases in LH 
in this condition [ 19 ]. In this study, food deprivation reduced endogenous kiss-
peptin expression, but increased kisspeptin receptor expression, perhaps explaining 
the heightened response to kisspeptin treatment [ 19 ]. Furthermore, kisspeptin-10 
induces greater GnRH release from in vitro hypothalamic fragments taken from 
fasted female rats when compared with ad libitum fed rats [ 19 ]. Roa et al. [ 24 ] cen-
trally administered 7.5 nmol/day of kisspeptin-10 by continuous ICV infusion for 7 
days to adult female rats. In ad libitum fed animals, LH levels were elevated for the 
fi rst 2 days of kisspeptin-10 infusion, but then dropped precipitously, whereas FSH 
secretion was increased throughout the 7-day infusion [ 24 ]. Conversely, in rats 
exposed to calorie restriction (50% decrease in daily calorie intake), the stimulatory 
LH response to kisspeptin was maintained until day 5, but FSH secretion was only 
maintained until day 1 [ 24 ]. Hence in female rats, the stimulatory effect of kiss-
peptin on LH secretion is subject to tachyphylaxis, which becomes less pronounced 
during undernutrition. Paradoxically, the stimulatory effect of kisspeptin on FSH 
was not subject to tachyphylaxis, except during a state of undernutrition [ 24 ]. 

 To summarize, in monkeys, fasting antagonizes the effects of exogenous kiss-
peptin on gonadotropin secretion; however, in the rat, kisspeptin effects are 
enhanced by undernutrition. Interestingly, women with hypothalamic amenorrhoea 
are more sensitive to acute administration of exogenous kisspeptin when compared 
with healthy women, but tachyphylaxis is associated with twice daily administra-
tion [ 28 ]. Further work is needed in order to determine to what extent species, 
 dosing, and treatment duration infl uence undernutrition’s effects on kisspeptin 
signaling.  

4 The Effects of Kisspeptin on Gonadotropin Release in Non-human Mammals



80

    Effects of Development and Reproductive Maturation 
on Response to Kisspeptin 

 Kisspeptin is thought to play an important role in pubertal development. Indeed, 
inactivating mutations in the genes encoding kisspeptin or its receptor lead to hypo-
gonadotrophic hypogonadism in humans and mice [ 55 ,  56 ], whereas activating 
mutations lead to precocious puberty [ 57 ]. Recently, circulating plasma kisspeptin 
levels were shown to be higher in central precocious puberty when compared with 
normal pre-pubertal girls [ 58 ]. The onset of puberty is also known to be linked to 
metabolic cues, with leptin and adipose tissue thought to be important factors in the 
onset of puberty [ 59 ]. Furthermore, the effects of kisspeptin may be altered by pre-
vailing levels of sex hormones, which change with puberty. Hence, a number of 
factors may result in differences in the response to exogenous kisspeptin during 
pubertal maturation. 

 The effects of IP kisspeptin-10 on LH secretion were assessed in male and female 
rats at different stages of postnatal maturation, namely the neonatal (5 day old), late 
infantile (15 day old), and juvenile (25 day old) periods. IP injection of kiss-
peptin-10 at 0.75 nmol/10 g elicited greater absolute LH responses in rats in the late 
infantile group (15 day old), when compared with juvenile (25 day old) and neona-
tal (5 day old) rats [ 60 ]. However, LH was stimulated to similar degrees (relative to 
baseline levels) in all three stages of development. This data suggests that rats are 
responsive to exogenous kisspeptin throughout development, but the pre-existing 
level of activity of the reproductive axis infl uences how much gonadotropin secre-
tion is triggered following kisspeptin administration. 

 In hamsters, greatest sensitivity to a single IP injection of 1 nmol human kiss-
peptin- 10 was observed in pubertal animals (day 45 old) when compared with 
 pre- pubescent (15 day) or adult (75 day) hamsters [ 25 ]. In contrast, in mice, 
greater response to kisspeptin was seen in adult mice than juvenile mice. Central 
administration of mouse kisspeptin-52 was carried out at doses of 10 and 100 fmol 
in juvenile (day 18) and adult male C57BL/6J mice. In adults, both 10 and 
100 fmol kisspeptin-54 increased plasma LH levels at 30 min post-injection [ 32 ]. 
However, in juvenile mice, only the 100 fmol dose elicited a rise in LH. 
Furthermore, the percentage of GnRH neurons responding to kisspeptin increased 
from ~25% in juveniles to ~50% in pre-pubertal mice and to >90% in adult mice. 
Therefore, this study suggests that sensitivity to kisspeptin-52 increases with age 
in male mice [ 32 ]. 

 Overall, the sensitivity of the hypothalamo-pituitary–gonadotrophic axis to 
exogenous kisspeptin appears to increase after the onset of puberty, with great-
est responses in peri-pubertal periods and during adulthood; these ages may relate 
to more mature stages of reproductive development with higher levels of sex hor-
mones, which might infl uence sensitivity to exogenous kisspeptin administration.  

A. Abbara et al.



81

    Effect of Sex and Stage of Female Estrus Cycle 
on Response to Kisspeptin 

 Interestingly, there may be sex differences in the effects of kisspeptin. Ezzat et al. 
[ 51 ] administered kisspeptin-10 to male and female Japanese pre-pubertal calves at 
5–6 months of age. Maximum LH (7.2 ng/mL vs. 17.4 ng/mL) and FSH (0.6 ng/mL 
vs. 1.5 ng/mL) secretion was lower in females when compared with males [ 51 ]. 
However, it should be noted that the observed sex difference in this study might be 
due to differing developmental stages, given that males and females go through 
puberty at different times. Healthy adult men are more responsive to the effects of 
kisspeptin-10 than adult females in the follicular phase [ 7 ]. In keeping with this 
human data, male hamsters had greater LH responses to IP kisspeptin-10 than 
females [ 61 ]. However, female rats were more sensitive to kisspeptin-10, as assessed 
by LH stimulation, when compared with male rats [ 60 ]. Thus, while some studies 
have reported sex differences in response to kisspeptin, the direction of the sex dif-
ference (female > male or male > female) differs between studies and species, and 
the exact reasons for the observed sex differences have yet to be teased out. 

 The stage of adult female reproductive cycle also plays an important role in infl u-
encing sensitivity to exogenous kisspeptin. Roa et al. [ 62 ] centrally administered 
1 nmol kisspeptin-10 to adult Wistar female rats at different stages of the estrus 
cycle. Plasma LH stimulation was greatest during estrus (sixfold increase); LH 
increased fourfold during diestrus, and only twofold during proestrus [ 62 ]. 
Gonadotropin responses following GnRH administration are also increased during 
ovulation, due to increased pituitary sensitivity associated with high circulating 
estrogen levels [ 63 ]. It is therefore possible that kisspeptin induces different levels 
of LH secretion during the female rodent reproductive cycle, as a consequence of 
differential sex steroid priming of the pituitary gland. Maximal FSH stimulation 
following kisspeptin administration was observed during diestrus [ 62 ]. It is there-
fore important to consider that FSH secretion does not always mirror LH secretion. 
Moreover, it appears clear that levels of circulating sex steroids play an important 
role in modulating the effects of kisspeptin on gonadotropin secretion. In ovariecto-
mized rats, replacement of estradiol suppressed baseline LH levels, but did not 
affect LH stimulation by kisspeptin-10 administration. Progesterone replacement 
did not infl uence the effects of kisspeptin-10 on LH secretion. However, combined 
replacement of progesterone and estrogen permitted kisspeptin to elicit a 22-fold 
increase in LH secretion when compared with animals without progesterone and 
estrogen replacement. Hence, progesterone replacement seems to sensitize estrogen- 
replaced ovariectomized rats to the effects of kisspeptin-10 [ 62 ]. 

 The reproductive axis clearly plays an important role in determining the effects 
of kisspeptin in an animal. The question remains, however, if the sensitivity to 
 kisspeptin refl ects direct changes in GnRH sensitivity to kisspeptin, or rather, a 
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change in the pituitary sensitivity to GnRH. It is well known that pituitary sensitiv-
ity to GnRH is infl uenced by levels of circulating sex steroids [ 63 ] and activity of 
GnRH neurons also changes during different stages of the female menstrual cycle. 
Likewise, levels of kisspeptin expression also change during the menstrual cycle 
and after experimental sex steroid manipulations, such as gonadectomy [ 64 ]. 
Further work is needed to determine the precise extent to which differences in 
 kisspeptin sensitivity are consequences of differential hypothalamic (GnRH) vs. 
 pituitary sensitivity.  

    Conclusions 

 Kisspeptin has been shown to induce gonadotropin secretion in all non-human 
mammalian species studied, and the effects are mediated via GnRH release. 
However, it is important to note that endogenous secretion of kisspeptin is likely to 
be pulsatile (~60 min inter-pulse interval) [ 18 ] and in much smaller quantities than 
the pharmacological dosing strategies employed during the studies described in this 
chapter. 

 Although most GnRH neurons have kisspeptin receptors, the ability of periph-
eral kisspeptin to stimulate gonadotropin release is striking, given that kisspeptin is 
unlikely to be able to cross the blood–brain barrier. Peripherally circulating kiss-
peptin may interact with GnRH neurons at the OVLT and at the median eminence 
to cause GnRH release [ 34 ,  65 ]. Another possibility is that kisspeptin may act 
through intermediary neurons, such as inhibitory GABA neurons located in circum-
ventricular regions of the brain, to modulate GnRH neuronal activity [ 66 ]. The abil-
ity of kisspeptin to stimulate GnRH release, even when administered peripherally, 
is important for ease of administration in the development of therapeutic kisspeptin 
regimens in the future. Further lessons from animal studies include the fi nding that 
continuous exposure may result in tachyphylaxis to the effects of kisspeptin. This is 
an important consideration for any translational usage of kisspeptin during chronic 
dosing regimens. 

 There are only a small number of studies which directly compare the effects of 
different kisspeptin isoforms on gonadotropin release. There are many more studies 
utilizing kisspeptin-10 than longer isoforms, partly due to the greater availability 
and easier synthesis of the former. In the in vivo situation, the effects of kisspeptin 
are not only infl uenced by dosing regimens, kisspeptin isoforms, and species, but 
also by nutritional status, age, stage of estrus cycle, and underlying hormonal milieu. 
It can therefore be diffi cult to compare fi ndings between various kisspeptin studies, 
with occasional non-congruent results being observed. However, intriguing differ-
ences in the effects of kisspeptin administration between individual mammalian 
species may reveal important differences in reproductive physiology, which require 
further investigation.      
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    Abstract     Studies of the actions of kisspeptin in human subjects have examined the 
effects of different kisspeptin isoforms, doses, and routes of administration on LH 
secretion, a surrogate measure of GnRH release. These studies, in addition to detail-
ing how these different variables affect LH secretion in response to kisspeptin, have 
produced new insights into kisspeptin physiology: (1) Brief exposure to kisspeptin 
results in sustained GnRH release lasting ~17 min in men. (2) Women in different 
phases of the menstrual cycle have differences in their response to kisspeptin, sug-
gesting that endogenous kisspeptin secretion and GnRH neuronal responsiveness 
vary in response to the changing sex-steroid environment across the menstrual cycle. 
(3) Kisspeptin resets the GnRH pulse generator in men, but does not appear to do so 
in women. (4) Continuous exposure to kisspeptin results in desensitization to 
kisspeptin, and thus kisspeptin has the potential to either stimulate or suppress repro-
ductive endocrine activity depending on the mode of administration. These fi ndings 
pave the way for future studies using kisspeptin as a physiologic, diagnostic, and 
therapeutic tool in both healthy adults and in patients with reproductive disorders.  

        Introduction 

 The role of kisspeptin in reproduction was discovered through genetic studies in both 
humans and mice [ 1 – 3 ]. Since that initial discovery, studies predominantly in animal 
models have revealed that the hypothalamic neurons that secrete kisspeptin are 
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essential for stimulating normal GnRH secretion, and that these kisspeptin neurons 
integrate multiple inputs (developmental changes, sex steroids, metabolic status, 
stress, photoperiod, etc.) and relay these inputs to GnRH neurons. Though there have 
been only a relatively small number of studies of the effects of kisspeptin in humans, 
these studies have added to work in animal models to enhance our knowledge of 
kisspeptin physiology. 

 Studies in the human can be challenging to execute and are constrained by safety, 
ethical, and regulatory issues, but these diffi culties are offset by distinct advantages of 
the human model. One obvious advantage is that only human studies can provide 
defi nitive information about the human physiology of kisspeptin, as well as the safety 
of kisspeptin in humans. Another advantage is that human subjects can cooperate with 
complex dosing regimens, such as repetitive injections and prolonged infusions, and 
can also self-administer medications. A third advantage is the ability to perform fre-
quent blood sampling for extended periods of time, allowing detailed characterization 
of endogenous reproductive endocrine activity at baseline, which serves as an impor-
tant reference point to which responses to exogenous kisspeptin can be compared.  

    Pharmacokinetics of Kisspeptin in Humans 

 Human studies involving kisspeptin administration have used different isoforms of 
kisspeptin (kisspeptin-54 and kisspeptin-10), different routes of administration (intra-
venous and subcutaneous), and different modes of administration (single boluses, 
multiple boluses, and infusions of varying duration). These multiple variables compli-
cate comparisons between studies. Fortunately, it appears that differences in the 
effects of these various kisspeptin isoforms and routes and modes of administration 
can largely be explained by differences in pharmacokinetics—that is, how quickly 
kisspeptin accumulates after administration and how quickly it subsequently degrades. 
Kisspeptin-10 and kisspeptin-54, when applied directly to cultured cells in vitro, have 
similar activity and potency [ 4 – 6 ]. In contrast, in vivo experiments in rodents have 
demonstrated that kisspeptin-54 has a slightly longer onset and duration of action than 
kisspeptin-10 when given at the same molar concentration and by the same route 
[ 7 ,  8 ]. Because the two isoforms have essentially identical activity in vitro, these 
in vivo differences are likely to be due to differences in kisspeptin pharmacokinetics. 

 Thus, understanding the pharmacokinetics of the various kisspeptin isoforms 
and routes of administration in humans is vital for proper interpretation of the results 
of studies of kisspeptin administration in humans. However, the seemingly straight-
forward task of determining the pharmacokinetics of kisspeptin has proved to be 
challenging, due both to limitations of existing assays for measurement of kisspeptin 
and to gaps in our knowledge of the metabolism and degradation of kisspeptin. 
Thus, while several studies have examined the pharmacokinetics of kisspeptin 
(summarized in Table  5.1 ), our understanding remains incomplete. Nevertheless, 
these studies provide an essential backdrop for the interpretation of studies of 
kisspeptin administration to humans.
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      Challenges in Determining the Pharmacokinetics of Kisspeptin 

 A key component of a pharmacokinetic study is an accurate assay for measuring the 
concentration of a drug. Ideally, the assay can distinguish the drug and its active 
metabolites from inactive breakdown products. Two methods have been used to 
measure kisspeptin: immunoassays and mass spectrometry. 

 Immunoassays use antibodies that recognize specifi c epitopes on the target mole-
cule. Assays based on monoclonal antibodies recognize a single epitope; if this epit-
ope is destroyed through proteolysis or altered through some other form of 
modifi cation, the resulting metabolite cannot be detected by the assay, regardless of 
whether the metabolite is biologically active or inactive. Assays based on polyclonal 
antibodies recognize multiple epitopes and are therefore less susceptible to having 
molecules rendered “invisible” by the loss of a single epitope. However, assays based 

   Table 5.1    Pharmacokinetic studies of kisspeptin in humans   

 Isoform 
 Route of 
administration  Assay  Results  References 

 Kisspeptin-10  Intravenous bolus 
(men, women) 

 RIA, sheep 
polyclonal 

 IR peaked at fi rst time point 
(15 min), undetectable 
by 30 min 

 [ 14 ] 

 Intravenous 
infusion (men, 
women) 

 RIA, sheep 
polyclonal 

 IR peaked 30 min after 
infusion started; IR 
half-life 4 min after 
infusion stopped 

 [ 14 ] 

 Subcutaneous 
bolus (women) 

 RIA, sheep 
polyclonal 

 IR peaked at fi rst time point 
(15 min), then gradually 
declined to baseline over 
45–120 min, half-life 
~20 min 

 [ 14 ] 

 In vitro (plasma)  Mass spectrometry  Half-life 55 s  [ 11 ] 
 Kisspeptin-54  Intravenous 

infusion (men) 
 RIA, sheep 

polyclonal 
 IR peaked 30 min after 

infusion started; IR 
half-life 28 min after 
infusion stopped 

 [ 13 ] 

 Intravenous bolus 
(women) 

 RIA, sheep 
polyclonal 

 Gradual increase in IR, 
peaking 40 min after 
bolus and still measur-
able by the end of the 3-h 
study 

 [ 14 ] 

 Subcutaneous 
bolus (women) 

 RIA, sheep 
polyclonal 

 IR peaked at fi rst time point 
(15 min after bolus); at 
low doses IR disap-
peared by 3.5 h, at high 
doses IR essentially 
undiminished by the end 
of the 4-h study 

 [ 15 ] 

    IR  immunoreactivity;  RIA  radioimmunoassay  
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on polyclonal antibodies also do not distinguish active from inactive metabolites and 
may actually be more likely to detect biologically inactive metabolites simply by 
virtue of being able to detect more breakdown products. Furthermore, if a molecule 
is cleaved into two fragments, each of these fragments may be detected by the assay, 
resulting in an apparent and paradoxical increase in the concentration of the molecule 
with ongoing degradation. 

 Assays based on mass spectrometry can theoretically overcome some of these 
problems by identifying and quantifying the intact molecule and all of its metabolites. 
However, interpretation of mass spectrometic results requires knowledge of the 
degradation pathways for the molecule and the bioactivity of the various breakdown 
products. For kisspeptin, these pathways have yet to be fully characterized. 

 Further complicating the measurement of kisspeptin in human blood samples is 
the fact that kisspeptin undergoes ongoing degradation even after samples are col-
lected. Ramachandran et al. observed that kisspeptin concentrations, measured with 
a radioimmunoassay based on a polyclonal antibody raised against kisspeptin-54, 
declined gradually over time in human plasma and very rapidly in serum stored at 
room temperature after sample collection [ 9 ]. Similarly, kisspeptin-10 added to 
human plasma degrades with a half-life of 55 s in vitro [ 10 ,  11 ]. The principal 
breakdown product of kisspeptin-10 is a 9-amino acid peptide that results from 
N-terminal truncation of the kisspeptin decapeptide [ 10 ]. While the biological activ-
ity of this 9-amino acid metabolite has not been tested formally, it is likely to retain 
some biological activity because peptides consisting of just eight or even fi ve of the 
C-terminal amino acids of kisspeptin are capable of stimulating the kisspeptin 
receptor [ 5 ,  12 ].  

      Pharmacokinetics of Kisspeptin-10 

 The pharmacokinetics of kisspeptin-10 have been examined using a radioimmuno-
assay based on a polyclonal sheep antibody that recognizes both kisspeptin-54 and 
kisspeptin-10 and has minimal cross-reactivity with other peptides of the RF-amide 
family [ 13 ,  14 ]. After a single intravenous bolus of kisspeptin-10 in men and 
women, kisspeptin immunoreactivity peaked at the next measured time point 
(10 min after injection). By 20 min, kisspeptin immunoreactivity was detectable 
only with high doses of kisspeptin (3 nmol/kg or higher) [ 14 ]. 

 The half-life of kisspeptin-10 was determined more precisely after the end of an 
infusion of kisspeptin-10. Kisspeptin-10 immunoreactivity decayed with a half-life 
of 4 min in men, women in the early to mid-follicular phase, and women in the late 
follicular phase in the days before ovulation [ 14 ]. As noted above, a liquid chroma-
tography/mass spectrometry assay that specifi cally detects kisspeptin-10 has been 
used to demonstrate that kisspeptin-10 has an in vitro half-life of 55 s in human 
plasma at 37°C [ 10 ,  11 ]. The most plausible explanation to reconcile these two 
results is that the radioimmunoassay used in the in vivo studies also detects 
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breakdown products (such as the 9-amino acid metabolite that has been observed), 
resulting in a longer apparent half-life. Without complete knowledge of the identity 
and biological activity of these kisspeptin breakdown products, it is diffi cult to 
know which one of these results more accurately refl ects the half-life of the bioac-
tivity of kisspeptin. Alternatively, there may be factors that prolong the half-life 
of kisspeptin in vivo, such as binding of kisspeptin to binding proteins or distribu-
tion to compartments other than blood. In any case, these studies demonstrate that 
the half-life of kisspeptin-10 is very short, on the order of 1–4 min. 

 The kinetics of the subcutaneous route of administration of kisspeptin-10 
have also been examined using the same polyclonal sheep immunoassay [ 14 ]. 
After a single subcutaneous bolus of kisspeptin-10, kisspeptin immunoreactiv-
ity peaked at 15 min (the first time point after administration) then decayed 
with a half-life of ~20 min.  

    Pharmacokinetics of Kisspeptin-54 

 The half-life of kisspeptin-54 in men has also been examined using the sheep poly-
clonal radioimmunoassay [ 13 ]. Men received an intravenous infusion of kisspeptin- 54. 
At the start of the infusion, kisspeptin immunoreactivity rose quickly and peaked at 
30 min after the start of the infusion. After the infusion was stopped, kisspeptin 
immunoreactivity decayed in a monophasic pattern with a half-life of 28 min. 

 The same radioimmunoassay was used to examine the pharmacokinetics of a 
single intravenous bolus of kisspeptin-54 in women [ 14 ]. As expected, kisspeptin 
immunoreactivity was elevated over baseline at the next time point, 10 min after IV 
bolus injection. Oddly, kisspeptin immunoreactivity continued to rise gradually and 
did not peak until 40 min after injection. Kisspeptin immunoreactivity then declined 
gradually, but still remained detectable 3 h after injection. Because most substances 
are distributed throughout the circulation within 1–2 min after IV bolus administra-
tion, at face value this observation suggests complex kinetics of kisspeptin-54. One 
possibility is that kisspeptin-54 molecules formed aggregates that slowly dissoci-
ated after intravenous administration. However, a more likely explanation is that 
kisspeptin breakdown products interfered with the kisspeptin immunoassay that 
was used in this study. 

 This immunoassay has also been used to study the kinetics of the subcutaneous 
route of administration of kisspeptin-54 in women, with doses ranging from 0.2 to 
6.4 nmol/kg [ 15 ]. At all doses studied, kisspeptin immunoreactivity peaked at the 
next time point (15 min) then declined at rates that varied by dose. At the smallest 
dose (0.2 nmol/kg), kisspeptin immunoreactivity returned to baseline by 3.5 h after 
injection. In contrast, after subcutaneous injection of kisspeptin-54 6.4 nmol/kg, 
kisspeptin immunoreactivity was minimally decreased at the end of the 4-h study 
period. Thus, kisspeptin-54 behaves as a sustained-release formulation when admin-
istered subcutaneously at high doses. 

5 Effects of Kisspeptin on Hormone Secretion in Humans



94

 In summary, though some details remain to be worked out regarding the pharma-
cokinetics of the various isoforms of kisspeptin, it is clear that kisspeptin-10 decays 
very rapidly, kisspeptin-54 less so. Furthermore, as with most drugs, subcutaneous 
dosing results in more sustained elevation of kisspeptin immunoreactivity than 
intravenous administration. These pharmacokinetic studies are an important back-
drop to the interpretation of studies of human kisspeptin administration. In particu-
lar, the fi nding that subcutaneous administration of kisspeptin-54 at high doses 
results in sustained elevation of kisspeptin immunoreactivity is important for the 
interpretation of the studies involving multiple subcutaneous doses of this isoform 
(described below in section “ Effects of Chronic Kisspeptin Administration in 
Women with Hypothalamic Amenorrhea ”).   

    Stimulation of Reproductive Endocrine Activity by Acute 
Administration of Kisspeptin 

 Shortly after the fi nding that mutations in  KISS1R / Kiss1r  cause hypogonadotropic 
hypogonadism in humans and mice, several studies demonstrated that kisspeptin 
potently and directly stimulates GnRH secretion and, in turn, gonadotropin secretion 
[ 16 – 19 ]. A number of studies have now shown that kisspeptin similarly stimulates 
gonadotropin secretion in humans and have further extended these fi ndings to reveal 
previously unrecognized aspects of kisspeptin physiology. The results of studies of 
human kisspeptin administration are summarized in Table  5.2 .

   These human studies all share certain limitations. One is that it is nearly impossi-
ble to measure hypothalamic GnRH secretion directly in humans. All studies have 
therefore used LH as an indicator of GnRH secretion, as LH pulses are a well- validated 
surrogate measure of GnRH secretion under physiologic conditions [ 20 ,  21 ]. However, 
LH becomes less reliable under non-physiologic conditions. For example, when 
exogenous pulsatile GnRH is given at a high pulse frequency (every 30 min or faster), 
the one-to-one concordance between GnRH pulses and LH pulses begins to break 
down [ 22 ]. In these situations, other markers such as the free alpha subunit more 
accurately refl ect GnRH secretion [ 23 ], but to date measurements of the free alpha 
subunit have not been included in human studies of kisspeptin. Human kisspeptin 
studies have also measured FSH and testosterone in men or estradiol in women, and 
these have generally changed in parallel with LH; this chapter will focus on the LH 
response to kisspeptin, as this most closely correlates with GnRH secretion. 

 To date, most human studies have been performed in reproductively normal 
adults. These healthy subjects have normal endogenous secretion of kisspeptin, 
GnRH, and LH, and this endogenous reproductive endocrine activity complicates 
the interpretation of studies involving exogenous kisspeptin administration. In par-
ticular, the unpredictable timing of endogenous pulses of GnRH and LH secretion 
results in a constantly moving baseline that can confound the interpretation of LH 
measurements after kisspeptin administration. This is illustrated by the observation 
in several studies (e.g., [ 14 ,  15 ,  24 ]) that mean LH often decreases after subjects 
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receive a control injection of vehicle without kisspeptin. These decreases in LH 
could lead to the nonsensical conclusion that the pituitary gland is extracting LH 
from the circulation, but in reality they refl ect the ongoing degradation of circulat-
ing LH between LH pulses. Alternatively, if an endogenous LH pulse occurs around 
the same time as kisspeptin administration, it may be incorrectly attributed to kiss-
peptin. These issues may have resulted in some of the discrepancies seen within and 
between studies. At the same time, however, studies in reproductively normal 
 subjects provide an important advantage—the ability to study interactions between 
kisspeptin and the endogenous reproductive endocrine machinery. 

    Dose-Responsive Stimulation of Gonadotropin Secretion 
in Healthy Men 

 The fi rst use of kisspeptin in human studies was reported by Dhillo et al. [ 13 ]. In 
their study, healthy male volunteers received 90-min infusions of kisspeptin-54. 
Infusion rates in the fi rst 30 min ranged from 0.125 to 40 pmol/kg/min; the rate was 
then halved for the remaining 60 min of the infusion (for cumulative doses ranging 
from 0.0075 to 2.4 nmol/kg). These short infusions of kisspeptin-54 resulted in 
dose-dependent increases in plasma LH, with the dose–response curve reaching a 
plateau at ~8 pmol/kg/min (cumulative dose 0.48 nmol/kg). 

 The decapeptide isoform of kisspeptin similarly stimulates gonadotropin secretion 
in healthy men in a dose-dependent fashion. George et al. [ 24 ] administered single 
intravenous boluses of kisspeptin-10 with doses ranging from 0.0077 to 2.3 nmol/kg. 
The plateau of the dose–response curve was reached at a dose of 0.23 nmol/kg. 
Intriguingly, the highest dose tested in this study (2.3 nmol/kg) resulted in a smaller 
increase in LH than the 0.23 or 0.77 nmol/kg doses. This result raises the possibility 
that high doses of kisspeptin may induce desensitization of its receptor, a phenome-
non that has been observed in vitro [ 25 ], ex vivo [ 26 ], and in vivo [ 27 – 29 ]. However, 
these studies and other studies in humans (see section “ Effects of Chronic Kisspeptin 
Administration in Women with Hypothalamic Amenorrhea ”) suggest that desensiti-
zation occurs more slowly, requiring hours to days of exposure. Furthermore, 
Jayasena et al. [ 14 ] found in very similar protocols that single intravenous boluses of 
kisspeptin-10 at doses of 0.3, 1, 3, and 10 nmol/kg IV ×1 all produced a similar rise 
in LH, without a decrease in the LH response at higher doses of the decapeptide. 
These discrepant results may have been due to variations in baseline LH discussed 
above; thus, further study will be needed to determine whether short-term desensiti-
zation of the kisspeptin receptor occurs in humans. 

 A rough estimate of endogenous kisspeptin secretion can be made by comparing 
the size of LH pulses induced by exogenous kisspeptin to the size of endogenous 
LH pulses. This was done in a study that incorporated an extended period of blood 
sampling to measure endogenous reproductive endocrine activity prior to kisspeptin 
administration (Fig.  5.1 ) [ 11 ]. The amplitude and area-under-the-curve (AUC) of 
LH pulses induced by kisspeptin-10 at 0.24 nmol/kg IV ×1 were on average larger 
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than those of endogenous pulses, but there was overlap between the ranges. Thus, 
the kisspeptin-10 dose of 0.24 nmol/kg produced physiologic to slightly supraphysi-
ologic LH responses. Given the data from dose–response studies described above, 
which showed that a dose of 0.24 nmol/kg is near the plateau of the dose–response 
curve, this result suggests that, in men, endogenous kisspeptin “drive” lies only 
slightly below the threshold required for maximal stimulation of GnRH secretion.

       Changes in Kisspeptin Responsiveness Across the Menstrual 
Cycle in Healthy Women 

 Studying the effects of kisspeptin in women adds a layer of complexity: the changes 
in neuroendocrine activity and sex-steroid production across the menstrual cycle [ 30 ]. 
Even more so than in men, various isoforms of kisspeptin and modes of administra-
tion have been used in women, resulting in different durations of exposure to kiss-
peptin. These studies have revealed marked variation in the responses to kisspeptin 
across the menstrual cycle. 

 The effects of very brief exposure to kisspeptin have been studied in women in two 
studies that delivered kisspeptin-10 as single intravenous boluses (Fig.  5.1 ) [ 14 ,  31 ], 
which (as noted above) produce a rapid and brief rise in kisspeptin immunoreactivity 

  Fig. 5.1    Effects of acute exposure to kisspeptin-10 in healthy men and women. A single intrave-
nous bolus of kisspeptin-10 0.24 nmol/kg was given to ( a ) healthy men ( n  = 13) and healthy women 
in the ( b ) early follicular ( n  = 10), ( c ) late follicular/preovulatory ( n  = 3; note different  Y -axis scale), 
and ( d ) mid-luteal ( n  = 14) phases of the menstrual cycle, with LH measured every 10 min 6 h 
before and 6 h after kisspeptin administration. Each point indicates the mean LH (±SEM) across 
all subjects at each time point.  Arrows  indicate the time of kisspeptin administration. Adapted with 
permission from refs. [ 11 ,  31 ]       
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in the circulation. In both of these studies, kisspeptin-10 induced robust LH secretion 
in women in the late follicular phase of the menstrual cycle (Fig.  5.1 ), in the days 
before ovulation when pituitary sensitivity to GnRH is greatly enhanced due to 
positive estradiol feedback [ 30 ]. One study also showed that women in the mid-
luteal phase exhibit robust LH responses to kisspeptin (Fig.  5.1 ), though not as large 
as in preovulatory women [ 31 ]. 

 In contrast, markedly attenuated responses to kisspeptin were seen in the early to 
mid-follicular phase (Fig.  5.1 ), the time in the menstrual cycle when circulating 
estradiol concentrations are lowest [ 30 ]. In one study, no signifi cant increases in LH 
were seen in women in the early to mid-follicular phase after administration of 
kisspeptin- 10 as single intravenous boluses (1–10 nmol/kg), or even as single sub-
cutaneous boluses (2–32 nmol/kg) or 90-min intravenous infusions (cumulative 
doses 1.2–43.2 nmol/kg) [ 14 ]. In the other study, LH increases could be detected in 
the early follicular phase, but the responses were both small and inconsistent, with 
immediate LH pulses seen in only half of subjects [ 31 ]. 

 The effects of slightly more sustained exposure to kisspeptin were examined by 
delivering single intravenous boluses of the 54-amino acid isoform of kisspeptin to 
women in the early to mid-follicular phase [ 14 ]. As described in section 
“ Pharmacokinetics of Kisspeptin-10 ,” this results in sustained elevation of kiss-
peptin immunoreactivity, and the gonadotropin response to kisspeptin-54 was simi-
larly sustained: LH rose gradually across the study and did not reach a plateau by 
the end of the 3-h study period. 

 The effects in women of even more prolonged exposure to kisspeptin have been 
examined using the subcutaneous route of administration for kisspeptin-54 [ 15 ]. 
Because subcutaneous administration of kisspeptin-54 behaves as a sustained release 
formulation of kisspeptin, these studies explored the gonadotropin response to pro-
longed kisspeptin exposure. In women in the early to mid-follicular phase, single 
subcutaneous doses of kisspeptin-54, ranging from 0.2 to 6.4 nmol/kg, resulted in 
dose-dependent increases in LH and FSH [ 15 ]. The 0.4 nmol/kg dose was further 
studied in women in different phases of the menstrual cycle: early to mid-follicular, 
late follicular/preovulatory, and mid-luteal. Mirroring the results with kisspeptin-10, 
the largest gonadotropin responses were seen in the preovulatory period (LH increase 
~20 IU/L peaking 60 min after injection). In the early follicular phase, the gonado-
tropin responses to kisspeptin-54 were much smaller and were also relatively delayed 
(LH increase ~1 IU/L peaking at 150 min after injection). 

 Women in the mid-luteal phase exhibited a biphasic response to subcutaneous 
kisspeptin-54 0.4 nmol/kg, with an initial peak 30–45 min after injection (~2 IU/L 
above baseline) and a second, larger peak 180–210 min after injection (~4 IU/L 
above baseline). An identical biphasic response had been observed with extended 
infusions of GnRH [ 32 ] and administration of long-acting GnRH analogs [ 33 ]. 
Thus, the biphasic LH response to sustained exposure to kisspeptin can be attributed 
to the behavior of the pituitary gonadotropes in response to sustained activation of 
the GnRH receptor. 

 Comparing kisspeptin-induced pulses to endogenous pulses, the size (AUC) of 
pulses induced by kisspeptin-10 0.24 nmol/kg IV was greater than that of endogenous 
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pulses in preovulatory and mid-luteal women, similar to what had been observed in men 
[ 31 ]. However, in the early follicular phase, kisspeptin-induced pulses were comparable 
in size to endogenous pulses [ 31 ]. These results suggest that the dose of kisspeptin 
0.24 nmol/kg was slightly supraphysiologic in  preovulatory and mid-luteal women, as it 
was in men, but may have been more physiologic in women in the early follicular phase. 

 The differences in the size of the LH response to exogenous kisspeptin in differ-
ent phases of the menstrual cycle mirrors those seen in response to exogenous 
GnRH, with modest responses in the early follicular phase, larger responses in the 
luteal phase, and very large responses in the late follicular/preovulatory phase [ 34 ]. 
Whether changes in pituitary sensitivity to GnRH can fully account for the differ-
ences in the size of the LH response to kisspeptin across the cycle, or whether 
GnRH neuronal responsiveness to kisspeptin also changes across the cycle, remains 
to be determined. The latter is likely to be true, as estradiol has been shown to 
enhance the GnRH response to kisspeptin in various models [ 35 – 37 ]. 

 In the early follicular phase, kisspeptin-10 elicited only small and inconsistent 
responses [ 14 ] and kisspeptin-54 appeared to elicit only a late response and not an 
acute response [ 15 ]. These results raise the possibility that GnRH neurons are rela-
tively resistant to kisspeptin in this phase. However, even large doses of kisspeptin-
 10 failed to elicit a response in early-follicular women [ 14 ]. This suggests an 
alternative possibility: that endogenous kisspeptin secretion already provides near- 
maximal stimulation of the GnRH neurons in the early follicular phase, such that 
they have only a limited capacity to mount an acute response to additional 
exogenous kisspeptin. If so, the early follicular phase would be unique in providing 
greater kisspeptin “tone” than other phases of the menstrual cycle. Because the 
early follicular phase is characterized by a relatively low concentration of sex 
steroids [ 30 ], this would be consistent with observations in rhesus monkeys that 
kisspeptin secretion is negatively regulated by estradiol [ 38 ]. 

 In summary, while studies in women have used a wide array of kisspeptin iso-
forms and doses and routes of administration of kisspeptin, the results of these studies 
appear to refl ect differences in the duration of kisspeptin exposure resulting from 
these various protocols, with sustained exposure to kisspeptin inducing similarly 
sustained release of GnRH. Moreover, the response of exogenous GnRH neurons to 
kisspeptin varies across the menstrual cycle, being large in preovulatory women, 
intermediate in luteal-phase women, and markedly attenuated in follicular-phase 
women. It remains to be determined whether differences in the sex-steroid milieu or 
other factors are responsible for these differences in kisspeptin responsiveness.  

    Stimulatory Effects of Kisspeptin in Women 
with Hypothalamic Amenorrhea 

 In addition to healthy adults, patients with reproductive disorders have been studied 
in kisspeptin-administration protocols. One disorder that has been explored exten-
sively is functional hypothalamic amenorrhea (HA) in women. HA results from the 
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suppression of reproductive endocrine activity by stress, excessive exercise, and/or 
negative energy balance [ 39 ]. In rodent models, starvation and stress also suppress 
reproductive endocrine activity, and this is associated with a decrease in kisspeptin 
expression in the arcuate nucleus of the hypothalamus [ 40 – 42 ]. In stressed/starved 
rodents, kisspeptin can still elicit LH secretion [ 40 ,  41 ], demonstrating that path-
ways downstream of the kisspeptin receptor remain intact under these conditions. 
These results indicate that, at least in some situations, stress inhibits reproductive 
endocrine activity by suppressing kisspeptin release. 

 It is therefore logical to postulate that restoring kisspeptin would rescue the 
reproductive defi cits induced by stress/starvation. To test this possibility, Jayasena 
et al. administered kisspeptin to women with HA [ 43 ]. The researchers found that 
single subcutaneous boluses of kisspeptin-54 at a dose of 6.4 nmol/kg caused sig-
nifi cant elevations in LH, FSH, and estradiol. This important proof of principle 
demonstrated that pathways downstream from kisspeptin remain intact in women 
with HA. This group’s efforts to restore reproductive endocrine activity to women 
with HA by chronic treatment with kisspeptin are described below in section 
“ Effects of Chronic Kisspeptin Administration in Women with Hypothalamic 
Amenorrhea .”  

    Effects of Kisspeptin in Patients with GnRH Defi ciency 

 Individuals who are unable to secrete or respond to GnRH have a condition 
variously termed idiopathic/congenital hypogonadotropic hypogonadism or 
 idiopathic/congenital GnRH defi ciency [ 44 ]. These individuals fail to go through 
puberty and are infertile. The past 15 years have seen important advances in our 
understanding of the genetics of isolated GnRH defi ciency [ 44 ], and two basic patho-
physiological mechanisms for this condition have emerged. “Neurodevelopmental” 
defects result from a problem in the development and/or migration of the GnRH 
neurons, such that GnRH neurons are absent or present in reduced number in the 
central nervous system. In contrast, individuals with a “neuroendocrine” defect have 
a normal complement of GnRH neurons, but these neurons fail to receive the signals 
to induce GnRH secretion, they are unable to produce functional GnRH, or the pitu-
itary gland is unable to respond to GnRH [ 44 ]. Though these two pathophysiological 
mechanisms are largely distinct, they can produce virtually identical phenotypes in 
patients. Because kisspeptin directly stimulates GnRH secretion, it can be used as 
the fi rst available in vivo probe of GnRH neuronal integrity, just as GnRH has been 
used for decades to probe pituitary gonadotrope function [ 34 ]. 

 To date, one study has examined the effects of kisspeptin-10 in patients with 
GnRH defi ciency [ 45 ]. This study administered 8-h infusions of kisspeptin to 
patients with mutations in  TAC3  or  TACR3 , which encode neurokinin B and its 
receptor, respectively [ 45 ]. These genes fall in the “neuroendocrine” class of genes, 
as neurokinin B signaling is thought to directly or indirectly modulate the secretion 
of GnRH neurons [ 46 – 48 ]. When given a control infusion with saline, these patients 
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exhibited low-amplitude but detectable LH pulses. When given an infusion of 
 kisspeptin, the amplitude of LH pulses increased [ 45 ]. There was also an apparent 
increase in the number of detectable pulses during the 8-h infusion period, but it is 
unclear whether this observation was due to an increase in pulse frequency of the 
GnRH pulse generator or secondary to the increase in pulse amplitude, such that 
previously undetectable pulses could now be detected. 

 These results demonstrated that GnRH neurons are present in patients with muta-
tions affecting neurokinin B signaling and that kisspeptin does not require neuroki-
nin B signaling for its ability to enhance GnRH secretion, consistent with the model 
that neurokinin B acts through kisspeptin to stimulate GnRH release [ 49 ]. However, 
neurokinin B may also have effects independent of kisspeptin—though kisspeptin 
enhanced LH pulse amplitude in patients with  TAC3  and  TACR3  mutations, this 
enhancement was not as pronounced as what had been observed in healthy adults. 

 This study scratches the surface of potential uses of kisspeptin in patients with 
isolated GnRH defi ciency. Kisspeptin will undoubtedly be used in future studies to 
further probe the pathophysiology of isolated GnRH defi ciency, to establish an earlier 
diagnosis, and possibly to predict later outcomes such as success at achieving fertility. 
Kisspeptin also has the potential for treating patients with isolated GnRH defi ciency 
who retain responsiveness to kisspeptin. The recent identifi cation of patients with 
homozygous deleterious mutations in  KISS1 , the gene that encodes kisspeptin [ 50 ], 
may permit detailed studies of the physiological effects of kisspeptin in a “clean” 
model of kisspeptin defi ciency, much as patients with GnRH defi ciency have offered 
a valuable opportunity to characterize the pituitary response to GnRH [ 51 ].  

    An Extended Duration of GnRH Secretion Induced by Kisspeptin 

 The above studies have demonstrated the general principle that kisspeptin induces 
LH secretion, a surrogate marker of GnRH secretion, in humans. Further insight 
into the effects of kisspeptin on GnRH secretion came from examining the shape of 
the LH pulses induced by kisspeptin [ 11 ]. Unlike endogenous LH pulses, which 
have a triangular, sawtooth appearance with a rapid rise and subsequent peaking of 
LH, the LH pulses induced by exogenous kisspeptin-10 were more rounded and 
slower to reach their peaks [ 11 ]. A similar rounded, prolonged morphology of LH 
pulses was seen in a prior study in which exogenous GnRH infusions were delivered 
for varying lengths of time (from an IV push to 1-, 5-, and 30-min infusions) [ 52 ]. 
These studies were performed in men with GnRH defi ciency to eliminate any con-
founding effects of endogenous GnRH secretion. As the length of the GnRH infusion 
increased, the resulting LH pulses appeared more rounded and had a longer time 
from the nadir to the peak of the pulse (Fig.  5.2 ). This time-to-peak was directly 
proportional to the duration of the GnRH infusion (Fig.  5.2 ). Placing the time-to-peak 
of LH pulses induced by kisspeptin-10 in the context of this prior study suggested 
that the morphology of the kisspeptin-induced LH pulses could be mimicked by a 
17-min infusion of GnRH (Fig.  5.2 ).
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   Thus, a single IV dose of kisspeptin-10 appears to induce prolonged GnRH 
secretion. One potential explanation for this is that exogenous kisspeptin-10 could 
persist for an extended time in the circulation. However, as noted in section 
“ Pharmacokinetics of Kisspeptin-10 ,” the half-life of kisspeptin-10 is very short, 
making this possibility unlikely. Another possibility is that brief exposure of hypo-
thalamic GnRH neurons to kisspeptin induces prolonged GnRH release. Indeed, in 
several studies of cultured GnRH neurons in which kisspeptin was applied briefl y 
then washed away, the GnRH neurons exhibited prolonged electrochemical activation 
and calcium mobilization [ 53 – 57 ]. In one study, the average duration of this activa-
tion was 16 min [ 56 ], remarkably concordant with the estimate of 17 min of GnRH 
secretion induced by kisspeptin-10 in humans. Thus, the morphology of the LH 
pulses induced by kisspeptin in vivo revealed an important in vivo human correlate 
of a phenomenon observed in ex vivo mouse studies.   

    Effects of Kisspeptin on GnRH Pulse Generation 

 The mechanism by which GnRH neurons produce periodic pulses of GnRH secre-
tion remains one of the key mysteries of reproductive neuroendocrinology [ 58 ]. 
How these pulses are generated and how the timing of pulses is determined are 
largely unknown. Indeed, whether the “pulse generator” physically resides within 
the GnRH neuronal network or in some other anatomic location has been a topic of 
lively discussion [ 59 ]. One diffi culty in studying GnRH pulse generation has been a 
relative dearth of tools to study this phenomenon. While progesterone, acting 
through endogenous opioids, is known to cause a chronic slowing of the frequency 
of GnRH pulses [ 60 ], there had not been a factor known to acutely perturb the 
pattern of GnRH pulse generation. Human studies of kisspeptin have now revealed 
that kisspeptin may be such a factor. 

  Fig. 5.2    Sustained GnRH secretion induced by kisspeptin-10 in men. ( a ) Men with GnRH defi -
ciency received GnRH as an intravenous bolus or as 1-, 5-, or 30-min intravenous infusions, result-
ing in increasingly prolonged LH pulses, with a longer time from the nadir to the peak of the pulse. 
Healthy men received kisspeptin-10 as an intravenous bolus ( shaded graph ). ( b ) The relationship 
between the length of the GnRH infusion and the time from the nadir to the peak of the resulting 
LH pulse is linear. When plotted on this graph, the average time from nadir to peak of kisspeptin- 
induced LH pulses (28 min) corresponds to a 17-min GnRH infusion. Adapted with permission 
from ref. [ 11 ]       
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    Resetting of the GnRH Pulse Generator by Single-Bolus 
Administration of Kisspeptin 

 The effects of kisspeptin-10 on GnRH pulse generation were determined in men by 
examining the timing of endogenous LH pulses before and after kisspeptin admin-
istration [ 11 ]. Two contrasting models were tested. In one model, the “no resetting 
model,” exogenous kisspeptin has no effect on the underlying GnRH pulse genera-
tor (Fig.  5.3 ). The kisspeptin-induced GnRH pulse would therefore be an extra 
pulse superimposed on top of the endogenous pulse pattern. One prediction of this 
model is that the time interval between endogenous pulses should be unaffected by 
kisspeptin administration. In particular, the interval from the endogenous pulse just 
before the kisspeptin-induced pulse to the endogenous pulse immediately following 
the kisspeptin-induced pulse (interval B in Fig.  5.3 ) should be no different from the 

  Fig. 5.3    Resetting of the 
GnRH pulse generator by 
kisspeptin-10 in men. 
( a ) Predicted pulse pattern if 
kisspeptin were to have no 
effect on the timing of 
endogenous pulses. Note that 
actual pulse profi les show 
more variability in pulse 
intervals. ( b ) Predicted pulse 
pattern if kisspeptin resets the 
pulse generator, with a delay 
in the appearance of the 
next endogenous pulse. 
( c ) Observed pulse intervals. 
Bars indicate means. 
Reprinted with permission 
from ref. [ 11 ]       

 

Y.-M. Chan



105

interval between other endogenous pulses (interval A in Fig.  5.3 ). However, in men, 
this interval was found to be signifi cantly longer than the endogenous pulse interval 
(Fig.  5.3 ).

   A second prediction of the “no resetting” model stems from the fact that kisspeptin 
was given without knowledge of the timing of endogenous pulses. If kisspeptin has 
no effect on the timing of endogenous pulses, then kisspeptin administration could 
occur at any point within the interval between endogenous pulses, and would be 
equally likely to occur early in that interval as it would be to occur late in that interval. 
Thus, given a suffi cient number of observations, the average time of kisspeptin 
administration should fall in the middle of the interval between endogenous pulses, 
dividing this interval evenly into halves. However, the average time of kisspeptin 
administration fell closer to the preceding endogenous pulse than to the subsequent 
endogenous pulse (Fig.  5.3 ). Thus, neither prediction of the “no resetting model” was 
upheld by empirical data in men. 

 An alternative model, the “resetting” model, is that kisspeptin resets the GnRH 
pulse generator (Fig.  5.3 ). GnRH pulse generation has been shown to be a renewal 
process in men, that is, the timing of a GnRH pulse depends on the timing of the 
previous pulse but not of pulses prior to that [ 61 ]. In other words, the process of 
pulse generation begins anew with each pulse, with each pulse setting a new “time 
zero” that is used to determine the timing of the next pulse. In the “resetting” model, 
the kisspeptin-induced pulse replaces the previous endogenous pulse as this time 
zero. Thus, the next endogenous pulse would be predicted to follow the kisspeptin- 
induced pulse by an interval that matches the endogenous interpulse interval. This 
is precisely what was observed (Fig.  5.3 ). Thus, in men, kisspeptin appeared to have 
reset the GnRH pulse generator. 

 A potential alternative explanation for these observations is that kisspeptin may 
have produced a refractory period during which the reproductive endocrine machinery 
is unable to produce an LH pulse. This would result in some pulses being “skipped” 
and thus create an apparent delay in the appearance of the next endogenous pulse. 
However, in some individuals an endogenous pulse occurred shortly after kisspeptin 
administration, arguing against a lengthy refractory period [ 11 ]. Furthermore, it would 
be an unlikely coincidence that the duration of this refractory period would result in a 
delay precisely long enough to match the prediction of the “resetting” model. Resetting 
therefore remains the most parsimonious explanation for the results observed in men. 
The phenomenon of resetting appears to be sexually dimorphic, as it was not observed 
in women [ 31 ]. Previous analyses of pulse patterns in healthy adults had also suggested 
differences in how men and women generate pulses of GnRH secretion [ 61 ,  62 ]. 
Both the physiologic basis and the teleological explanation for these differences 
remain obscure, and future studies involving manipulation of the sex-steroid milieu 
and other factors may elucidate their roles in establishing these differences. 

 Given our minimal understanding of how GnRH pulses are generated, the mech-
anisms by which resetting could occur are unclear. Kisspeptin could have a direct 
effect on the GnRH pulse generator, or it could act indirectly through GnRH, LH, 
FSH, or other downstream factors. Further exploration of the effects of kisspeptin 
on GnRH pulsatility may allow investigators to identify the cellular and molecular 
machinery that generate GnRH pulses.  
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    Erratic LH Secretion Generated by Sustained Infusions 
of Kisspeptin 

 Alterations in the pattern of GnRH pulse generation have also been observed in 
studies of sustained infusions of kisspeptin [ 24 ]. In one study, healthy men received 
22.5-h infusions of kisspeptin-10 at a rate of 3.1 nmol/kg/h. LH increased across the 
fi rst several hours of the infusion then remained elevated for the remainder of the 
infusion. There were several notable features of the pattern of LH secretion during 
the kisspeptin infusion. One is that desensitization was not observed. In rats, continu-
ous intracerebroventricular administration of kisspeptin has been shown to cause 
desensitization to kisspeptin [ 29 ]. Similarly, continuous intravenous administration 
of kisspeptin-10 to juvenile and adult male rhesus monkeys at rates of ~25–30 nmol/
kg/h causes desensitization, with LH starting to decline within 4 h of the start of the 
infusion [ 27 ,  28 ]. As detailed in the section below, chronic administration of kiss-
peptin-54 to women caused desensitization to kisspeptin over several days [ 43 ]. 
Thus, the phenomenon of desensitization has been observed in several mammalian 
species, including humans. The lack of desensitization in healthy men who received 
kisspeptin-10 at 3.1 nmol/kg/h ×22.5 h may be due to the lower rate and/or shorter 
duration of the infusion compared to these other studies. 

 A second notable feature of the pattern of LH secretion in response to the kisspeptin 
infusion was that it was erratic, with occasional discrete pulses but mostly apparently 
chaotic variation. This erratic pattern of LH secretion resembles that observed in stud-
ies in which repetitive boluses of GnRH were given to men with GnRH defi ciency at 
high frequencies [ 22 ]. While discrete LH pulses were visible when GnRH was given 
every 1 h, when the frequency of GnRH administration was increased to every 30 min 
or every 15 min the LH pattern became more chaotic, with peaks and valleys of LH 
that did not correlate with pulses of exogenous GnRH [ 22 ]. Thus, while it is tempting 
to interpret the presence of LH pulses during a continuous infusion of kisspeptin as 
demonstrating that pulsatile secretion of GnRH can occur in the absence of pulsatile 
kisspeptin, because the one-to-one concordance between LH pulses and GnRH pulses 
is lost under conditions of high GnRH pulse frequency and continuous GnRH infu-
sions, further investigation is required to address this issue conclusively.   

       Effects of Chronic Kisspeptin Administration in Women 
with Hypothalamic Amenorrhea 

 To date, the effects of chronic (>24 h) administration of kisspeptin have been 
explored only in women with HA. As described above, Jayasena et al. found that 
acute exposure to kisspeptin caused elevations of FSH, LH, and estradiol in women 
with HA [ 43 ]. Encouraged by this fi nding, the same group proceeded to study the 
effects of chronic kisspeptin administration in women with HA by administering 
kisspeptin-54 6.4 nmol/kg subcutaneously twice daily [ 43 ]. Though this dose of 
kisspeptin caused a rise in LH on the fi rst day, after 2 weeks of treatment kisspeptin 
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no longer elicited a detectable LH response. The response to exogenously adminis-
tered GnRH was intact, suggesting that continuous exposure to kisspeptin caused 
desensitization at the level of the kisspeptin receptor [ 43 ]. A subsequent study 
detailed the time-course of this phenomenon and demonstrated that responses to 
kisspeptin decreased rapidly during the fi rst few days of treatment (Fig.  5.4 ) [ 63 ].

   Because subcutaneous administration of kisspeptin-54 6.4 nmol/kg results in 
sustained elevation of kisspeptin immunoreactivity lasting at least 4 h [ 15 ], it is 
likely that twice-daily dosing resulted in continuous exposure to kisspeptin. As 
noted previously, continuous exposure to kisspeptin results in desensitization of 
the kisspeptin receptor in a variety of experimental models [ 25 – 29 ], and a similar 
phenomenon appears to have occurred in this study. However, the time course of 
desensitization in humans was distinct, occurring over days instead of hours [ 63 ]. 

 To avoid inducing desensitization, the same group employed twice weekly (instead 
of twice daily) subcutaneous administration of kisspeptin-54 6.4 nmol/kg [ 63 ]. After 8 
weeks on this regimen, responses to kisspeptin were still seen, though they were slightly 
dampened compared to the responses on Day 1. Despite the fact that the gonadotropin 
responses to kisspeptin remained intact during the 8-week study, no folliculogenesis 
was observed on ultrasound, and ovulation was not achieved [ 63 ]. Because kisspeptin 
secretion is itself pulsatile [ 64 ,  65 ], rescue of reproductive endocrine activity in women 
with HA may require pulsatile delivery of kisspeptin, much as exogenous GnRH must 
be delivered in a pulsatile fashion to stimulate the reproductive endocrine axis [ 66 ].  

    Safety of Kisspeptin in Humans 

 Collectively, published reports of kisspeptin administration to men and women have 
reported no adverse events, no subjective complaints, no changes in blood pressure 
or other vital signs, and no changes in blood cell counts or tests of kidney or liver 
function [ 11 ,  13 – 15 ,  24 ,  31 ,  43 ,  63 ,  67 ].  

  Fig. 5.4    Desensitization 
induced by chronic 
administration of kisspeptin 
to women with hypothalamic 
amenorrhea. Women with 
hypothalamic amenorrhea 
( n  = 10) exhibited 
desensitization to kisspeptin 
when given kisspeptin-54 
6.4 nmol/kg subcutaneously 
twice daily. Error bars 
indicate SEM. Adapted from 
Jayasena et al. [ 63 ], with 
permission from Nature 
Publishing Group       
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    Conclusions 

 Studies of the effects of kisspeptin in human subjects have not only validated 
fi ndings made in animal models, they have also contributed new insights into the 
intricate physiology of kisspeptin. Some of these key insights include the fi ndings 
that brief exposure to kisspeptin results in sustained GnRH release in vivo, that 
kisspeptin resets the GnRH pulse generator in men, that kisspeptin secretion and 
GnRH responsiveness to kisspeptin vary across the menstrual cycle, and that desen-
sitization occurs after days of exposure to kisspeptin. The pulsatile pattern of endog-
enous kisspeptin secretion [ 64 ,  65 ] suggests that modes of kisspeptin administration 
that result in brief pulses of kisspeptin in the blood are more likely to refl ect the 
normal physiological effects of kisspeptin. Future studies using short-acting boluses 
of kisspeptin may elucidate the precise effects of sex steroids on the response to 
exogenous kisspeptin and may thereby result in a better understanding of how 
changes in both kisspeptin secretory tone and GnRH neuronal responsiveness to 
kisspeptin contribute to the physiological variation in neuroendocrine activity 
across the menstrual cycle and across the life cycle. In contrast, protocols that result 
in prolonged kisspeptin exposure open the door for pharmacologic manipulation of 
the kisspeptin signaling pathway, and it will be important to determine the precise 
conditions under which continuous kisspeptin administration can bring about 
desensitization of the kisspeptin receptor in humans. Importantly, kisspeptin is just 
starting to be used to probe the pathophysiology of reproductive disorders such as 
isolated GnRH defi ciency, and the excellent safety record for kisspeptin to date 
opens the door for future studies using kisspeptin as a diagnostic and therapeutic 
tool for the care of patients with these disorders.      
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    Abstract     Kisspeptin binding to its cognate G protein-coupled receptor (GPR54, 
aka Kiss1R) in gonadotropin-releasing hormone (GnRH) neurons stimulates pep-
tide release and activation of the reproductive axis in mammals. Kisspeptin has 
pronounced pre- and postsynaptic effects, with the latter dominating the excitability 
of GnRH neurons. Presynaptically, kisspeptin increases the excitatory drive (both 
GABA-A and glutamate) to GnRH neurons and postsynaptically, kisspeptin inhibits 
an A-type and inwardly rectifying K +  (Kir 6.2 and GIRK) currents and activates 
nonselective cation (TRPC) currents to cause long-lasting depolarization and 
increased action potential fi ring. The signaling cascades and the multiple intracel-
lular targets of kisspeptin actions in native GnRH neurons are continuing to be 
elucidated. This review summarizes our current state of knowledge about kisspeptin 
signaling in GnRH neurons.  

        Relationship Between Kisspeptin and GnRH Secretion 

 Kisspeptin, encoded by the  Kiss1  gene, is a key factor in the regulation of reproduc-
tive development and functions [ 1 – 6 ]. The  Kiss1  gene encodes a 145 amino acid 
protein, which is proteolytically processed to produce a 54 amino acid peptide, 
called kisspeptin-54, and several other smaller peptide fragments [ 7 ]. Centrally 
administered kisspeptins stimulate GnRH and gonadotropin secretion in prepuber-
tal and adult animals [ 1 ,  8 – 11 ]. The central application of kisspeptin induces cFos 
immunoreactivity within 1–2 h in more than 85% of GnRH neurons, further sug-
gesting that direct activation of the neurons is responsible for the release of 
 luteinizing hormone (LH) and follicle-stimulating hormone (FSH) [ 8 ]. As expected, 
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kisspeptin is not able to stimulate LH or FSH release in GPR54 knockout animals 
[ 11 ]. Also, the kisspeptin-mediated release of LH is completely inhibited by the 
GnRH antagonist, acyline [ 1 ,  8 ]. Importantly, CNS administration of kisspeptin in 
the ewe has conclusively demonstrated a correlation between kisspeptin-induced 
GnRH and LH release [ 11 ]. Therefore, the stimulatory actions of kisspeptin appear 
to be primarily on GnRH neurons and not the pituitary. Kisspeptin, when applied to 
GnRH neurons in vitro, potently activates these neurons and causes increased neu-
ronal fi ring [ 12 – 14 ]. 

 Over the past several years, there have been many publications about the regula-
tion of  Kiss1  gene expression and the role of kisspeptins in regulating GnRH and 
LH secretion [ 1 ,  8 ,  11 ,  15 – 17 ]. Also, the distribution and regulation of kisspeptin 
mRNA ( Kiss1 ) expression by 17β-estradiol (E 

2
 ) has been extensively described in 

the mouse and rat brain [ 15 ,  17 ,  18 ]. In these rodent species, it is known that  Kiss1  
mRNA is expressed primarily in the anteroventral periventricular nucleus (AVPV) 
and adjacent periventricular (PeN) areas, as well as in the arcuate nucleus of the 
hypothalamus [ 19 ,  20 ]. Importantly, E 

2
  increases the mRNA expression of  Kiss1  in 

the female AVPV, but decreases the expression in the arcuate nucleus [ 15 ,  17 ]. 
These fi ndings are consistent with data showing that the AVPV is necessary for E 

2
  

positive feedback on GnRH and LH secretion in these species [ 21 – 23 ]. The number 
of AVPV kisspeptin neurons is signifi cantly fewer in male rodents than in females, 
but the numbers are similar in the arcuate nucleus in adults of both sexes [ 24 ]. As in 
females, steroid treatment (testosterone or E 

2
 ) increases the number of  Kiss1  neu-

rons in the male AVPV and decreases the number of  Kiss1  expressing cells in the 
arcuate nucleus [ 25 ]. The function of the AVPV kisspeptin neurons in the male 
rodent is not clear, but these neurons may be involved in generating the basal pulsa-
tile release of LH via a stimulatory action on GnRH neurons. 

 In other species, such as the guinea pig, sheep, and rhesus monkey, the preoptic 
area (POA) appears not to be the main region responsible for E 

2
  positive feedback 

[ 26 – 30 ]. Thus, it appears that the basal hypothalamus may be suffi cient for main-
taining steroid-mediated positive feedback regulation of GnRH and LH secretion in 
these species. Consistent with these fi ndings, kisspeptin neurons within the arcuate 
nucleus in guinea pig, sheep, and monkey appear to be involved in E 

2
 -mediated 

positive as well as negative feedback regulation of GnRH neurons [ 31 – 34 ]. The 
specifi c kisspeptin neurons within the arcuate nucleus that mediate positive feed-
back regulation of LH remains to be determined, although evidence suggests that a 
caudal arcuate population of neurons is involved [ 31 – 34 ]. However, irrespective of 
the role of the arcuate nucleus in mediating E 

2
  positive feedback on LH secretion in 

certain species, evidence suggests that the POA is also involved [ 31 ,  34 ,  35 ]. 
Importantly, regardless of differential regulation of  Kiss1  neurons by E 

2
 , in all 

instances, kisspeptin potently excites GnRH neurons via a phospholipase C (PLC) 
signaling pathway (see below). 

 To further study the role of kisspeptin in the regulation of GnRH neurons and LH 
release, kisspeptin analogs with mixed agonist/antagonist activities have been syn-
thesized [ 36 ]. Of these, peptide 234 has primarily antagonist activities in Chinese 
Hamster Ovary K1 (CHO-K1) cells expressing Kiss1R and inhibits the kisspeptin 
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response by 93%, with an IC50 of 7 nM [ 36 ]. This compound also has a binding 
affi nity of 2.7 nM for Kiss1R stably expressed in CHO-K1 cells. Peptide 234 sub-
sequently has been found to inhibit kisspeptin-induced GnRH neuronal fi ring 
in vitro, whereas in vivo treatment with the peptide attenuates kisspeptin-induced 
LH release in intact males [ 36 ]. Moreover, peptide 234 attenuates the castration rise 
in plasma LH levels in mouse and rat, and reduces pulsatile LH release in the ovari-
ectomized ewe and rat [ 36 ,  37 ]. Also, in ovariectomized monkeys, peptide 234 
attenuates pulsatile release of GnRH [ 36 ]. Collectively, these data support the con-
cept that kisspeptin neurons (in the arcuate nucleus?) are involved in stimulating 
GnRH and LH release following gonadectomy. 

 Thus, the estrogen-mediated “negative” feedback inhibition of post-castration 
GnRH and LH release may be via the differential release of kisspeptin/opioid pep-
tides since this group of arcuate neurons also co-localizes dynorphin [ 38 ,  39 ]. 
Although there is a robust μ-opioid receptor-mediated inhibition of GnRH neurons 
in guinea pig [ 40 ], a κ-opioid-mediated effect has not been demonstrated.  

    Kisspeptin Activation of Kiss1R 

 Kisspeptin-54 has been identifi ed as the endogenous ligand of the orphan G protein- 
coupled receptor, GPR54 [ 7 ,  41 ], also known as Kiss1R. In addition to kisspeptin-54, 
the smaller peptide fragments derived from the precursor protein (e.g., kisspeptin 
14, 13, and 10) all have biological activity at Kiss1R [ 7 ,  42 ]. These peptides bind 
with low nanomolar affi nities to rat and human Kiss1R expressed in Chinese ham-
ster ovary K1 cells and stimulate PIP2 hydrolysis, Ca 2+  mobilization, arachidonic 
acid release, extracellular signal-regulated protein kinase 1 (ERK1), ERK2, and p38 
MAP kinase phosphorylation [ 7 ]. In mammals, Kiss1R is expressed both in the 
pituitary and in GnRH neurons [ 7 ,  8 ,  11 ,  12 ]. However, as stated above, evidence 
suggests that the stimulation of gonadotropin secretion by kisspeptin is via direct 
activation of GnRH neurons and not pituitary gonadotropes [ 1 ,  8 – 10 ,  43 ]. Although 
multiple actions of kisspeptin have been identifi ed (see below), all of the signaling 
pathways have not been elucidated.  

    Kisspeptin Activation of Kiss1R in GnRH Neurons: 
Downstream Signaling Pathways 

 To date, kisspeptin is the most potent and effi cacious neuropeptide/neurotransmitter 
to excite native GnRH neurons [ 44 – 49 ]. In most studies, kisspeptin is reported to 
depolarize and excite the vast majority (75–90%) of GnRH neurons (Fig.  6.1 ), 
which correlates with the expression of Kiss1R in the majority of GnRH neurons 
[ 8 ,  12 ,  14 ,  50 ]. However, Dumalska et al. found a lower percentage of GnRH 
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neurons responding to kisspeptin and proposed that there are two physiologically 
distinct populations of GFP-GnRH neurons, one that responds to kisspeptin and 
the other that responds to the metabotropic glutamate receptor agonist, 
 dihydroxyphenylglycine (DHPG) [ 51 ]. One explanation for these differences is that 

  Fig. 6.1    Kisspeptin depolarizes GnRH neurons in a concentration-dependent manner. 
( a ) Representative traces showing that kisspeptin (1–100 nM) depolarized GnRH neurons in a 
concentration- dependent manner. The initial membrane potential for each trace is indicated. Only 
one cell was recorded from one slice. ( b ) Concentration–response curve of the kisspeptin-induced 
depolarization. Data are presented as mean ± SEM. The EC 

50
  for the kisspeptin-induced depolari-

zation was 2.8 ± 0.2 nM ( n  = 8–14) based on a logistic equation fi t to the data points. ( c ) The kiss-
peptin (10 nM)-induced depolarization was long lasting and typically took 30 min to recover. From 
Zhang C, Roepke TA, Kelly MJ, Rønnekleiv OK. Kisspeptin depolarizes gonadotropin- releasing 
hormone neurons through activation of TRPC-like cationic channels. J Neurosci 2008; 28: 4423–
4434. Reprinted with permission from The Society for Neuroscience       
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some of the recordings performed by Dumalska and coworkers were made from 
animals as young as 15 days of age [ 51 ], so the reduced response to kisspeptin could 
be age-related. Although the expression of Kiss1R is similar in juvenile as in adult 
male mice, and at both age levels Kiss1R can be detected in over 90% of GnRH 
neurons [ 12 ], the percent of GnRH neurons responding to kisspeptin is only about 
27% in juvenile vs. 90% in adult males [ 12 ]. The reason for the reduced effi cacy of 
kisspeptin in GnRH neurons from juvenile and prepubertal males is not fully under-
stood but could be due to an immature Kiss1R signaling in the younger animals.

   In the adult, kisspeptin depolarizes GnRH neurons via the coupling of Kiss1R 
to a phospholipase Cβ (PLCβ) signaling pathway that activates canonical transient 
receptor potential (TRPC) channels that allow infl ux of sodium and to a lesser 
extent calcium ions (Fig.  6.2 ) [ 14 ]. Besides activating TRPC channels in GnRH 
neurons, kisspeptin also attenuates resting and ligand-activated inwardly rectify-
ing K +  (Kir) channels and A-type potassium channels [ 13 ,  14 ,  50 ,  52 ]. The inhibi-
tion of Kir may be critical because Kir channels (e.g., K 

ATP
  and GIRK channels) 

are highly expressed in GnRH neurons and clamp the cells in a negative resting 
state of −63 mV [ 40 ,  53 ,  54 ]. This effect of kisspeptin is also vital for inhibiting 
GPCR- activated (μ-opioid, GABA 

B
  and perhaps melanin-concentrating hormone, 

MCH) GIRK (Kir) currents which are prominent in GnRH neurons [ 40 ,  54 ,  55 ]. 
Also, A-type K +  currents are very prominent in GnRH neurons, and E 

2
  regulation 

of the A-current may play a role in negative feedback regulation of GnRH neurons 
[ 52 ,  56 ]. Therefore, kisspeptin inhibition of these K +  currents would be of high 
functional signifi cance. Moreover, kisspeptin increases calcium oscillations of 
mature as well as developing GnRH neurons, and these changes for the most part 
refl ect the coupling of Kiss1R to a PLCβ signaling pathway [ 14 ,  50 ,  57 ,  58 ]. 
Therefore, by inhibiting potassium channels along with the pronounced activation 
of TRPC channels, kisspeptin depolarizes GnRH neurons to threshold (~−45 mV) 
and induces sustained fi ring, which may be accompanied by a sustained calcium 
ion infl ux via calcium channels/TRPC channels and augmented GnRH release 
during positive feedback.

       Kisspeptin Activation of TRPC Channels 

 The mammalian TRPC channel family consists of seven members, TRPC1–7, that 
appear to function as receptor-operated channels, analogous to the TRP channels 
involved in  Drosophilia  phototransduction [ 59 ]. With the exception of TRPC2, 
these channels are widely distributed in the mammalian brain [ 60 ]. The TRP chan-
nels are made of subunits with six membrane-spanning domains that co-assemble as 
tetrameric complexes similar to what has been described for K +  channels [ 61 ,  62 ]. 
TRPC channels appear to co-assemble as heteromeric channels consisting of the 
TRPC1, 4, and 5 subfamily [ 63 ,  64 ], as well as TRPC3, 6, and 7 subfamily [ 65 ,  66 ]. 
It is well known that the current–voltage relationship and mechanisms of regulation 
of TRPC channels depend on the channel subunit composition [ 59 ]. However, the 
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functional distinction between these channel subtypes in CNS neurons has been 
problematic because of a lack of selective pharmacological reagents. The main 
exception is the discriminatory effects of lathanides to augment TRPC4, 5 channel 
activity [ 62 ]. Whole-cell recording experiments, with K +  channel blockers on board, 
have revealed that the current–voltage relationship for the kisspeptin-induced 
 current in GnRH neurons resembles the current–voltage relationship of heteromeric 

  Fig. 6.2    Kisspeptin predominantly activates a sodium-dependent, nonselective cationic (TRPC) 
channel. ( a ) The kisspeptin-induced inward current (at −60 mV) was greatly reduced in low Na +  
bath solution (5 mM Na + /140 mM  N -methyl- d -glucamine [NMDG + ]), and switching back to nor-
mal aCSF (control) solution revealed    a kisspeptin sensitive inward current of 28 pA in this GnRH 
neuron. ( b ,  c ) The  I – V  relationships of the kisspeptin- evoked current in a low Na +  bath solution 
(5 and 15 mM Na + ) between −20 and −120 mV showed a greatly reduced inward current. ( d ) A 
typical  I – V  relationship of the kisspeptin-induced inward current in normal aCSF (control) solu-
tion showed a larger inward current (−30 pA at −60 mV). ( e ) Summary of the effects of the extra-
cellular sodium concentration on the kisspeptin-induced inward current at −60 mV. *** p  < 0.001, 
signifi cantly different from the effects of kisspeptin under control aCSF conditions. Cell numbers 
tested are indicated for each group. Error bars indicate SEM. From Zhang C, Roepke TA, Kelly 
MJ, Rønnekleiv OK. Kisspeptin depolarizes gonadotropin-releasing hormone neurons through 
activation of TRPC-like cationic channels. J Neurosci 2008; 28: 4423–4434. Reprinted with 
 permission from The Society for Neuroscience       
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  Fig. 6.3    Effects of TRPC channel blockers on the kisspeptin-induced inward currents at −60 mV. 
( a ) A representative recording showing that 2-APB (100 μM), which had very little effect on basal 
holding current, potently blocked the kisspeptin (100 nM)-evoked inward current. ( b ) Mean  I – V  
relationship of the kisspeptin-sensitive current in the presence of 2-APB reversed at −90 mV 
( n  = 4), clearly indicating that a Kir channel was inhibited by kisspeptin. ( c ) A representative 
recording showing that 2-APB (100 μM) applied after kisspeptin also strongly blocked the 
kisspeptin- evoked inward current. ( d ) Summary of the effects of different TRPC channel blockers 
(100 μM La 3+ , 100 μM 2-APB, 30 μM SKF96365, 250 μM Cd 2+ , 100 μM fl ufenamic acid) on the 
kisspeptin-induced inward currents at −60 mV. Blockers were applied 5–7 min before or after the 
application of kisspeptin (100 nM). The percent inhibition for the different blockers was as fol-
lows: 17.4% for 100 μM La 3+ , 83.6% for 100 μM 2-APB, 50% for 30 μM SKF, 68.7% for 250 μM 
Cd 2+ , and 89.6% for 100 μM FFA. ** p  < 0.01 and *** p  < 0.001, signifi cantly different from the 
kisspeptin response under control aCSF conditions. Cell numbers tested are indicated. Error bars 
indicate SEM. From Zhang C, Roepke TA, Kelly MJ, Rønnekleiv OK. Kisspeptin depolarizes 
gonadotropin-releasing hormone neurons through activation of TRPC-like cationic channels. 
J Neurosci 2008; 28: 4423–4434. Reprinted with permission from The Society for Neuroscience       

complexes of TRPC 1 + 4 or TRPC 1 + 5 subunits expressed in HEK cells with the 
characteristic negative slope conductance and pronounced outward rectifi cation 
(Fig.  6.2 ) [ 14 ,  59 ,  63 ]. Similar current–voltage relationships have been obtained for 
the leptin-induced currents in arcuate POMC and kisspeptin neurons and the 
mGluR1- and CCK2-induced currents in basolateral amygdala neurons [ 67 – 70 ]. All 
of these neurons have been found to express the same compliment of TRPC chan-
nels as GnRH neurons. 

 Interestingly, GnRH neurons express all of the “brain-type” TRPC channel sub-
units with the TRPC1, 4, and 5 family being the most prevalent in GnRH neurons 
[ 14 ]. Therefore, based on the current–voltage relationship, pharmacological profi le 
and mRNA expression, TRPC1, 4, and 5 are key players in mediating the excitatory 
effects of kisspeptin in GnRH neurons (Figs.  6.2  and  6.3 ) [ 14 ]. Traditionally, these 
channels are known as “store operated calcium  channels,” but this description is 
probably the result of poorly understood signaling mechanisms [ 59 ,  71 ]. Therefore, 
current research has focused on elucidating the signaling pathway(s) by which 

 

6 Kisspeptin Excitation of GnRH Neurons



120

 kisspeptin activates TRPC channels, and the sources of calcium mobilization 
 following kisspeptin activation of GnRH neurons. Although the majority of fi ndings 
seem to indicate that the initial calcium signal comes via plasma membrane chan-
nels [ 14 ,  57 ,  58 ], there is also evidence that kisspeptin induces the release of cal-
cium from intracellular stores in GnRH neurons via inositol- 1,4,5-trisphosphate 
(IP3) receptors [ 50 ,  72 ]. However, intracellular dialysis with 2-APB, which abro-
gates the store release of calcium, does not inhibit the effects of kisspeptin [ 14 ]. 
Certainly, sustained calcium release is not required for kisspeptin’s actions since 
calcium mobilization is transient [ 50 ].

   The mammalian TRPC channels can be activated by G protein-coupled receptors 
and receptor tyrosine kinases (see refs. [ 59 ,  73 ]). In a heterologous cell expression 
system (i.e., Chinese hamster ovary K1 cells expressing Kiss1R), kisspeptin is capa-
ble of activating multiple signaling pathway resulting in increased IP 

3
  formation, 

calcium mobilization, arachidonic acid release, and MAP kinase phosphorylation 
[ 7 ]. Although the kisspeptin induction of GnRH release in hypothalamic explants 
from immature animals incubated in vitro is reported to involve recruitment of 
ERK1/2 and p38 kinases, these actions of kisspeptin have not been confi rmed in 
adult GnRH neurons [ 50 ,  72 ]. In native GnRH neurons, the PLC inhibitor U73122 
inhibits the effects of kisspeptin [ 14 ,  50 ], and indeed, it is known that all mamma-
lian TRPC channels require PLC for activation [ 60 ]. Therefore, it appears that 
Gq-coupled GPR54 activates PLCβ to signal downstream to open TRPC channels 
in GnRH neurons, thereby allowing the infl ux of sodium and calcium. Interestingly, 
in POMC neurons, PLCγ1 appears to be the isozyme coupled to TRPC channel 
activation by leptin [ 69 ]. 

 Classically, the TRPC3, 6, and 7 subfamily is DAG sensitive [ 59 ,  73 ]. 
Although TRPC3 and 7, and to a lesser extent TRPC6, transcripts are expressed 
in GnRH neurons, the surrogate DAG signaling molecule 2-acetyl sn-glycerol 
(OAG) has only a small effect to activate an inward current (~25% of the kiss-
peptin-induced current) in GnRH neurons [ 14 ]. A potential explanation is that 
both hydrolysis of PIP 

2
  by PLCβ and the calcium trigger that facilitates the 

TRPC channel opening (i.e., the infl ux of Ca 2+  through calcium channels [ 74 ]) 
might be missing when applying OAG alone to GnRH neurons. In addition, La 3+  
at a 100 μM concentration, which potentiates TRPC4 and 5 and blocks TRPC3, 
6, and 7 channels [ 75 ], did not attenuate or augment the kisspeptin-induced cur-
rent, which indicates that an ensemble of these channel subunits must exist in 
GnRH neurons as revealed by single-cell RT-PCR [ 14 ]. Indeed, extracellular 
2-APB (100 μM), which is a potent blocker of TRPC3, 4, 5, and 6 channels, and 
FFA, which is a potent blocker of TRPC4 and 5 channels, inhibit the effects of 
kisspeptin in GnRH neurons (Fig.  6.3 ). These blockers have a similar effects on 
the leptin activation of TRPC channels in arcuate POMC and kisspeptin neurons, 
although lanthanum clearly potentiates the leptin- induced activation of TRPC 
currents in POMC and kisspeptin neurons [ 69 ,  70 ], suggesting subtle differences 
between the GnRH neurons and the other two cell types. Collectively, these data 
suggest that, although all of the “brain” TRPC  channels are expressed in GnRH 
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neurons, the TRPC1, 4, and 5 family appear to be major (key) players in mediat-
ing the effects of kisspeptin in GnRH neurons [ 14 ].  

    Kisspeptin Inhibition of Kir Channels and Their Role 
in GnRH Neuronal Excitability 

 Kisspeptin augments the activity of GnRH neurons in part via inhibition of Kir 
potassium channels [ 13 ,  14 ,  50 ]. In this respect, the Kir blockers barium (0.3 mM) 
and tetraethylammonium (20 mM) robustly inhibit the kisspeptin-induced potas-
sium currents in GnRH neurons [ 13 ,  14 ,  50 ]. The importance of kisspeptin inhibi-
tion of Kir is further substantiated by the ability of kisspeptin to attenuate the 
GABA 

B
 -induced hyperpolarization in GnRH neurons [ 54 ]. 

 GABA is one of the most important neurotransmitters that regulate the excitabil-
ity of GnRH neurons. Multiple studies have shown that GABA activates Cl −  cur-
rents in GnRH neurons, and these effects are blocked by GABA 

A
  receptor antagonists 

[ 44 ,  46 ,  47 ,  76 – 78 ]. It is generally accepted that activation of GABA 
A
  receptors 

depolarizes and excites GnRH neurons [ 46 ,  78 – 80 ]. Several GABA 
A
  receptor sub-

units have been identifi ed in GnRH neurons, including α1, α2, α3, α5, β1, β2, β3, 
γ1, γ2, and the rho 1 subunits [ 78 ,  81 ,  82 ]. The GABA 

B
  receptor subunits, R1 and 

R2, are also found in GnRH neurons [ 54 ,  83 ], and GABA activates GABA 
B
 - 

receptors in GnRH neurons [ 54 ,  84 ]. Moreover, as has been demonstrated in numer-
ous other hypothalamic neurons [ 85 – 90 ], GABA 

B
  receptors are coupled (Gα 

i/o
 ) to 

activation of G protein-coupled inwardly rectifying K +  (GIRK) channels, resulting 
in a robust hyperpolarization of GnRH neurons. 

 The importance of Kir channels in modulating GnRH neuronal excitability has 
been well documented [ 13 ,  14 ,  40 ,  53 – 55 ,  84 ]. Female GnRH neurons sit at a rela-
tively negative resting membrane potential (−63 mV) that is due, in part, to the 
activity of Kir channels including GIRKs and K 

ATP
  channels [ 53 ,  54 ]. For example, 

blocking the K 
ATP

  channels with the sulfonylurea tolbutamide signifi cantly depolar-
izes the cells by 4–6 mV, which puts the membrane potential in the range of most 
parvocellular hypothalamic neurons [ 53 ,  91 ]. In addition, GABA release is regu-
lated by E 

2
  through presynaptic mechanisms [ 85 ,  87 ,  92 – 94 ] that affect GnRH neu-

ronal activity [ 40 ,  95 ]. Augmented E 
2
 -induced GABA 

B
  receptor activity would 

further hyperpolarize the membrane through increased GIRK channel activity. 
However, this inhibitory tone must be attenuated during the excitatory (preovula-
tory) phase of GnRH neurons. One possible mechanism is that kisspeptin signaling 
via KissR provides the stimulus to overcome this strong inhibitory tone (Fig.  6.4 ). 
Previous investigators have shown that there is a robust kisspeptin drive during E 

2
  

“positive feedback” [ 13 ,  15 ,  96 ], and kisspeptin counters the hyperpolarizing effects 
of activation of GIRKs by the GABA 

B
  agonist baclofen, μ-opioid receptor agonists 

(Zhang et al., unpublished fi ndings), and other Ba 2+ -sensitive inwardly rectifying K +  
channels in general [ 13 ,  14 ]. Moreover, Gα 

q/11
 -coupled receptors are known to 
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desensitize (i.e., heterologous desensitization) Gα 
i/o

 -coupled receptors through PIP 
2
  

hydrolysis and attenuating the GIRK-mediated hyperpolarization (Fig.  6.4 ) [ 97 –
 99 ]. In addition to attenuating Gα 

i/o
 -coupled receptor-mediated hyperpolarization, 

kisspeptin activates TRPC channels in GnRH neurons to cause further depolariza-
tion [ 14 ]. The Kiss1R-Gα 

q/11
 -PLCβ signaling pathway would have a twofold effect 

to inhibit K +  channels and activate TRPC channels, which underlies the pronounced 
excitatory effects of kisspeptin on GnRH neurons [ 12 – 14 ,  50 ,  52 ]. Interestingly 
MCH, although at higher concentrations, can block kisspeptin excitation of septal 
vesicular glutamate transporter 2 (vGluT2)-GnRH neurons by inhibiting Kir [ 55 ], 
which could be a mechanism by which GnRH neuronal excitability is reduced dur-
ing certain physiological states.

  Fig. 6.4    Model of kisspeptin’s actions to depolarize GnRH neurons and facilitate burst fi ring. 
Kisspeptin binds to its cognate GPR54 receptor, which is Gq-coupled to activate phospholipase 
Cβ. PLCβ has multiple downstream actions resultant from cleaving phosphatidylinositol 4,5 
bisphosphate (PIP 

2
 ) to inositol 1,4,5-triphosphate (IP 

3
 ) and diacylglycerol (DAG). Since PIP 

2
  

facilitates Kir channel opening, cleavage of this fatty acid attenuates K-ATP and GIRK channel 
opening. Inhibition of GIRK channels renders a number of Gα 

i/o
 -coupled receptors ineffective 

to inhibit GnRH neurons (GABA 
B
 , μ-opioid, NPY, MCH, etc.). On the other hand, cleavage of 

PIP 
2
  facilitates TRPC 4 channel opening [ 126 ]. In addition the membrane-associated fatty acid 

DAG probably activates the TRPC1, 4, 5 channel complex [Note: The OAG (analogue of DAG) 
was only weakly effective to open the TRPC channels since PIP 

2
  still exerted a strong inhibi-

tion of the TRPC channel complex]. Ca 2+  potentiates the agonist-activated TRPC1, 4, 5 com-
plex, and plasma membrane calcium channels appear to play a critical role. Intracellular 2-APB 
dialysis, which effectively blocks IP3 receptor-mediated release of Ca 2+ , was ineffective, but 
extracellular Cd 2+  potently inhibited    TRPC1, 4, 5 channel activity. Therefore, we propose that 
low voltage-activated T-type calcium channels are initially involved in facilitating TRPC chan-
nel opening. Once depolarized, Ca 2+  entry through high voltage-activated Ca 2+  channels can 
also contribute to facilitating TRPC channel opening. Also illustrated are other channels con-
tributing to burst fi ring activity such as the hyperpolarization-activated, cyclic nucleotide-gated 
(HCN, pacemaker) channel, and the small conductance, Ca 2+ -activated K +  channel (SK), which 
is involved in the repolarization of the membrane following a burst of action potentials       
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       Presynaptic Effects of Kisspeptin on GnRH 
Neuronal Excitability 

 Based on extracellular recording in GnRH neurons in slices obtained from oil- and 
E 

2
 -treated mice, the kisspeptin-induced neuronal fi ring rate is potentiated in the E 

2
 - 

treated females [ 13 ,  96 ]. The E 
2
 -induced potentiation is reduced when GABA and 

glutamate inputs to GnRH neurons are blocked, suggesting the involvement of these 
fast synaptic transmitters in the E 

2
  effect. In addition, it is well known that kiss-

peptin neurons in the AVPV are positively regulated by E 
2
  and are believed to con-

tribute to positive feedback input to rodent GnRH neurons [ 15 ]. Therefore, E 
2
  may 

further augment the effects of kisspeptin in vivo via direct action on AVPV kiss-
peptin neurons. 

 The precise localization of the kisspeptin inputs to GnRH neurons has not been 
identifi ed. The AVPV is a complex nucleus that expresses other neurotransmitters in 
addition to kisspeptin, such as dopamine, GABA, and glutamate [ 100 ,  101 ]. 
Although projections from the AVPV to GnRH neurons have been described by a 
number of investigators, the functional interactions between the AVPV and GnRH 
neurons are just beginning to be elucidated [ 102 ]. Thus, stimulation of the AVPV 
and recording of responses in GnRH neurons reveals that low stimulation rates 
(<1 Hz) induce glutamate and GABA synaptic currents in GnRH neurons, whereas 
higher frequency stimulation (5–10 Hz) induces delayed excitation believed to be 
kisspeptin mediated since the response is absent in  Kiss1r  knockout animals and 
antagonized by the kisspeptin antagonist peptide 318 [ 102 ]. Therefore, the AVPV 
kisspeptin neurons may provide a critical excitatory input to GnRH neurons. 

 Kisspeptin neurons in the arcuate nucleus are negatively regulated by E 
2
  and are 

believed to be involved in negative feedback regulation of GnRH secretion [ 15 ,  37 ]. 
The mechanism by which arcuate neurons negatively regulate GnRH neurons is not 
completely understood, but has been proposed to also involve arcuate POMC neu-
rons [ 40 ]. Interestingly, kisspeptin-immunoreactive fi bers in the arcuate nucleus 
form close contacts onto POMC neurons, and kisspeptin excites POMC neurons via 
activation of a nonselective cation (TRPC?) channel and activation of a sodium/
calcium exchanger [ 103 ]. β-endorphin positive fi bers, presumably from arcuate 
POMC neurons, are highly expressed in the POA, and β-endorphin synapses, as 
well as μ-opioid receptor expression, are found specifi cally on GnRH neurons 
[ 104 – 107 ]. Therefore, kisspeptin may infl uence GnRH neurons indirectly via 
actions on arcuate POMC neurons. While μ-opioid receptor activation would be 
inhibitory to GnRH neurons [ 40 ], recently it has been shown that an agonist of the 
melanocortin receptors 3 and 4 excite GnRH neurons [ 108 ]. This would suggest that 
POMC neurons may also excite GnRH neurons via release of αMSH, a POMC 
product. Clearly, further studies are needed to elucidate the role of arcuate kiss-
peptin neurons in negative feedback regulation of GnRH neurons, as well as the role 
of these neurons in GnRH neuronal pulsatility.  
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    Kisspeptin and Burst Firing in GnRH Neurons 

 It is well known that GnRH is released in a pulsatile manner, and the hypothalamic 
surge of GnRH and subsequent pituitary release of LH are required for triggering 
ovulation in the female. Although single action potential-induced calcium infl ux is 
enough to spark the release of classical transmitters, burst fi ring or tetanic stimula-
tion is required for the release of neuropeptides such as vasopressin, oxytocin, sub-
stance P, and atrial natriuretic factor [ 109 – 111 ]. Experiments in vitro using perifused 
hypothalamic tissue, primary hypothalamic cultures, or a GT1 GnRH neuronal cell 
line have revealed that pulsatile GnRH release is evident in vitro [ 112 – 114 ]. 
Recordings in slices from genetically modifi ed mice that express the calcium ratio-
metric indicator Pericam in GnRH neurons have shown that intracellular calcium 
transients, generated through L-type calcium channels and amplifi ed by calcium 
release from intracellular stores, are synchronized with burst fi ring in a subpopula-
tion of GnRH neurons [ 115 ]. However, a recent publication suggests that kisspeptin 
inhibits high voltage-activated (HVA) Ca 2+  (e.g., L-type) channels, which would 
attenuate the calcium-activated afterhyperpolarization and thereby promote sus-
tained fi ring [ 116 ]. Regardless of the role of the HVA Ca 2+  channels in kisspeptin’s 
downstream signaling, T-type calcium channels and hyperpolarization-activated, 
cyclic nucleotide-gated (HCN) channels and their respective currents are highly 
expressed in GnRH neurons [ 117 – 120 ]. Both the h-current and T-type calcium cur-
rent contribute to burst fi ring [ 118 ,  121 ], and activation of these vital conductances 
is dependent on membrane (hyper) polarization [ 121 ,  122 ]. In fact, a hyperpolariz-
ing stimulus removes the inactivation of T-type calcium channels and also activates 
the h-current. Both the GABA (via GABA 

B
 ) and opioids (via μ-opioid receptors) 

provide this hyperpolarizing stimulus to GnRH neurons [ 40 ,  54 ,  84 ]. The membrane 
hyperpolarization generated by    Gα 

i/o
 -coupled receptors during E 

2
  negative feedback 

sets the stage for recruiting both the HCN and T-type calcium channels that are criti-
cal for phasic burst fi ring of GnRH neurons [ 40 ,  45 ,  121 ]. Ultimately, kisspeptin 
attenuates the hyperpolarized state of “negative feedback” by inhibiting K +  channel 
activity and opening up TRPC channels to cause sustained depolarization and fi ring 
[ 13 ,  14 ,  50 ,  52 ]. Furthermore, the calcium-activated afterhyperpolarizing currents 
(e.g., small conductance, calcium-activated K + , SK) would serve to repolarize the 
cell membrane to allow the continued oscillation and burst fi ring [ 115 ,  123 – 125 ].  

    Summary 

 It is clear that kisspeptin has pronounced pre- and postsynaptic effects on GnRH 
neuronal excitability. Presynaptically, kisspeptin increases the excitatory drive (both 
GABA 

A
  and glutamate) to GnRH neurons, and postsynaptically kisspeptin binds to 

Kiss1R to activate a PLCβ signaling pathway that has multiple downstream effects 
to cause a robust and sustained depolarization of GnRH neurons. These downstream 
effects include inhibition of inwardly rectifying K +  (K 

ATP
  and GIRK) channels and 
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activation of TRPC1, 4, 5 channels (Fig.  6.4 ). Although all of the intermediary play-
ers (signaling molecules) have not been identifi ed, it is clear that the sustained 
action potential fi ring in GnRH neurons is due to these membrane circumscribed 
actions of the Gαq-signaling pathway. In addition, T-type calcium channels are 
probably involved in the initial facilitation of TRPC channel opening (Fig.  6.4 ). 
However, future experiments need to address these nuances of Kiss1R signaling. In 
addition, the effects of kisspeptin on the presynaptic glutamatergic and GABAergic 
neurons also need to be elucidated. Regardless, it is clear that the highly potent 
neuromodulator, kisspeptin, robustly depolarizes GnRH neurons and promotes 
burst fi ring via multiple cellular actions.      
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    Abstract     Kisspeptin receptor (KISS1R) signaling is essential for the hallmark 
increase in pulsatile GnRH secretion characteristic of the onset of puberty in humans 
and experimental animals. Loss-of-function mutations in KISS1R are associated 
with idiopathic hypogonadotropic hypogonadism in humans. Also, mutations with 
confi rmed association with idiopathic central precocious puberty were identifi ed in 
kisspeptin and KISS1R. These observations underscore the role of KISS1R signal-
ing for normal pubertal development. Moreover, investigation of the mechanisms 
underlying the gain-of-function mutation in KISS1R indicates that the duration of 
KISS1R signaling is critical for the role of this receptor in  timing  the onset of puberty 
in humans. These fi ndings further endorse the need to uncover the mechanisms, as 
well as yet-unknown proteins, involved in each step of KISS1R signaling. This 
knowledge is expected to advance our understanding of normal and abnormal puber-
tal development, as well as to help uncover the role of KISS1R signaling in non-
hypothalamic tissues such as the placenta. This chapter discusses recent advances in 
the investigation of KISS1R signaling and function, as well as potential pathophysi-
ological implications of naturally occurring mutations in this receptor identifi ed in 
humans with reproductive disorders.  
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        Introduction 

 The initiation of puberty onset is fi rst detected as an increase in frequency and 
amplitude of gonadotropin-releasing hormone (GnRH) pulses by the hypothalamus, 
which is followed by increased secretion of the gonadotropins, luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH), by the pituitary gland [ 1 ]. Failure to 
increase GnRH or gonadotropin secretion during puberty is the underlying cause of 
idiopathic hypogonadotropic hypogonadism (IHH) [ 2 ]. Conversely, premature acti-
vation of GnRH pulsatility leads to idiopathic gonadotropin-dependent (or central) 
precocious puberty (ICPP). The upstream mechanisms driving the hallmark increase 
in GnRH pulsatility during puberty, however, are not well defi ned. Insights into 
these mechanisms have been provided by the identifi cation and characterization of 
mutations associated with reproductive disorders in affected patients [ 3 – 7 ]. As a 
result of these studies, an increasing array of genes has been implicated in the con-
trol of pulsatile GnRH secretion and in the etiology of central reproductive disor-
ders. The involvement of kisspeptin and its cognate G protein-coupled receptor 
(GPCR), kisspeptin receptor (KISS1R), in puberty and reproductive function was 
not recognized until 2003, when two independent groups identifi ed loss-of-function 
mutations in  KISS1R  in unrelated patients with a family history of IHH and normal 
sense of smell (normosmic IHH or nIHH) [ 8 ,  9 ]. Reports of additional loss-of-
function mutations in  KISS1R  or its ligand in association with nIHH in affected 
patients have followed [ 10 – 19 ]. Moreover, targeted disruption of the  Kiss1r , or of 
the  Kiss1  gene encoding the ligand, results in a similar phenotype of hypogonado-
tropic hypogonadism and infertility in mice [ 9 ,  20 – 23 ], with  Kiss1r  null mice dis-
playing a more severe phenotype than  Kiss1  null mice [ 24 ]. Nevertheless, mutations 
in  Kiss1r  are predicted to account for a small percentage (~5%) of the total human 
cases of nIHH [ 7 ]. This percentage reaches about 20% if only familial cases of nor-
mosmic IHH are considered [ 7 ]. 

 Five years after the publication of the fi rst cases of  KISS1R  mutants associated 
with IHH, the critical role of KISS1R on pubertal development was further rein-
forced when a single amino acid substitution in KISS1R in a girl with CPP was 
identifi ed. This amino acid substitution was the fi rst genetic mutation reported to be 
associated with CPP [ 6 ]. Two years later, a second mutation was identifi ed in a boy 
with CPP, this time in the KISS1R ligand, kisspeptin [ 25 ]. An additional mutation 
in kisspeptin was identifi ed in the heterozygous state in two unrelated Brazilian girls 
with CPP; however, in vitro analyses fail to identify associated alterations in kiss-
peptin function or activity [ 25 ]. Genome-wide association studies have shown sig-
nifi cant association of two polymorphisms—one in  KISS1  and the other in 
 KISS1R —with CPP in a Chinese population [ 26 ,  27 ]; however, no functional assays 
have been performed. 

 To date, kisspeptin/KISS1R is the only ligand/receptor system with confi rmed 
association of identifi ed mutations with both IHH and precocious puberty pheno-
types in affected patients, which underscores the role of this ligand/receptor pair in 
the onset of puberty. This chapter will discuss details of KISS1R traffi cking and 
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signaling and their implications for the control of GnRH secretion, as well as the 
mechanisms by which genetic mutations in this receptor or its ligand kisspeptin 
may affect these processes, thereby leading to adverse reproductive outcomes.  

    Kisspeptin Signaling and Onset of Puberty 

    KISS1R is Expressed in GnRH Neurons 

 Expression of Kiss1r in hypothalamic GnRH neurons has been reported in cichlid 
fi sh [ 28 ], rats [ 29 ], mice [ 30 ], and Rhesus monkeys [ 31 ]. Activation of Kiss1r by 
kisspeptin evokes a powerful and enduring depolarization in more than 90% of 
GnRH neurons in adult male and female mice [ 32 ]. Although the precise mecha-
nisms by which Kiss1r signaling leads to this potent depolarization of GnRH neu-
ron are not clear, this effect is likely associated with the distinctive pulsatile release 
of GnRH. A signifi cant increase in kisspeptin secretion has been shown in associa-
tion with the pubertal increase in GnRH release in female Rhesus monkeys [ 33 ]. 
Additionally, GnRH pulses were shown to correlate with kisspeptin pulses in the 
stalk-median eminence of these females [ 33 ]. 

 In mice, essentially all Kiss1r-expressing cells in the rostral preoptic area of the 
hypothalamus are GnRH neurons [ 34 ]. Interestingly, the percentage of GnRH neu-
rons expressing Kiss1r is sharply reduced after birth, before progressively increas-
ing to 70% by postnatal day 20 [ 34 ]. While only 27% of the GnRH neurons appear 
to be activated by kisspeptin in 8–19-day-old mice; this percentage increases to 
44% in 26–33-day-old mice, which may be interpreted as a progressive increase in 
GnRH neuron responsiveness to kisspeptin stimulation at puberty [ 32 ]. On the other 
hand, the release of inhibitory input contributes signifi cantly to the progressive 
increase in GnRH pulsatility observed at puberty. As an example, a recent study in 
monkeys shows that infusion of a GABA antagonist (bicuculline) increases GnRH 
pulsatility and accelerates menarche in female monkeys [ 35 ]. Interestingly, this 
effect was shown to be mediated by kisspeptin secretion and signaling [ 35 ]. This 
suggests that the release of GABAergic inhibition of kisspeptin plays a signifi cant 
role in the onset of puberty in monkeys.  

    KISS1R, Puberty, and Pubertal Disorders 

 The progressive responsiveness of GnRH neurons to the powerful depolarizing 
effects of KISS1R during postnatal development suggests that signaling by 
KISS1R is a key event in the process driving the hallmark increase in GnRH 
pulses during puberty [ 32 ]. The essential role of KISS1R signaling for the onset 
of puberty is confi rmed by the phenotype exhibited by humans carrying naturally 
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occurring  loss- of-function (or inactivating) mutations in  KISS1R , who present 
with IHH [ 8 – 11 ,  13 – 15 ], a syndrome characterized by lack of sexual maturation 
and infertility associated with low levels of circulating gonadotropins and sex 
steroids [ 2 ]. This is further supported by a similar IHH phenotype exhibited by 
mice lacking Kiss1r [ 21 – 23 ,  36 ] or kisspeptin [ 20 ,  23 ] expression. Interestingly, 
mice lacking Kiss1r expression exhibit a reproductive phenotype that is more 
severe than that of mice lacking kisspeptin. This raises the potential for addi-
tional yet-unknown endogenous ligands for Kiss1r other than those expressed by 
the  Kiss1  gene. However, failed attempts to identify other endogenous ligands 
[ 37 ,  38 ], as well as the severity of the phenotype of kisspeptin null mice [ 20 ,  23 ], 
do not support the existence of additional endogenous ligands for Kiss1r. Another 
possibility would be ligand-independent signaling by the Kiss1r, which is sup-
ported by studies showing constitutive activity (in the absence of ligand) of 
KISS1R in transfected cells [ 39 ,  40 ]. Regardless, the basis for the more severe 
phenotype in Kiss1r null mice remains to be established. Nonetheless, it is simi-
lar to the more severe phenotype exhibited in other mouse models of receptor 
disruption when compared to that resulting from the disruption of the cognate 
ligands. 

 Conversely, the fi rst genetic mutation to be associated with idiopathic 
gonadotropin- dependent (or central) precocious puberty (CPP), a syndrome charac-
terized by the unexplained premature activation of the hypothalamic-pituitary-
gonadal (or reproductive) axis, was a single amino acid substitution in KISS1R 
(Arg386Pro-KISS1R) identifi ed in an affected girl [ 6 ]. Functional characterization 
indicates that the Arg386Pro substitution impairs KISS1R degradation, which 
results in gain-of-function [ 6 ,  41 ]. 

 These opposing phenotypes of patients carrying loss- or gain-of-function muta-
tions in  KISS1R  emphasize the critical role of KISS1R signaling for normal repro-
ductive maturation and function, and highlight the potential disease risks of 
abnormal KISS1R function. In order to prevent abnormal KISS1R activity or func-
tion and its associated risks, it is important to understand the precise mechanisms 
involved. Recent advances in this area include studies of KISS1R intracellular traf-
fi cking and binding partners, as well as the use of naturally occurring human muta-
tions, in order to understand the mechanisms by which these mutations affect 
receptor function. The confi rmed or predicted molecular mechanisms underlying 
loss- or gain-of-function effects of reported KISS1R mutations associated with 
pubertal disorders will be discussed below.  

    KISS1R Signaling Pathway 

 The gene encoding KISS1R was initially named  GPR54  for being the 54th orphan 
GPCR identifi ed by sequence homology [ 42 ], but is now typically referred to as 
 KISS1R  [ 43 ]. GPCRs are plasma membrane receptors that share a seven transmem-
brane spanning domain organization in which the amino-terminus is extracellular 
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and the carboxyl-terminus is cytosolic (Fig.  7.1 ). In addition to the amino- and the 
carboxyl-terminus, all GPCRs have three extracellular loops and three intracellu-
lar (or cytosolic) loops. The predicted seven-transmembrane structure for KISS1R 
is represented in Fig.  7.1 . All GPCRs couple to G proteins, which in the case of 
KISS1R is primarily G 

q/11
 . Further analysis of  KISS1R  revealed the presence of 

consensus sequences encoding residues typical of the Rhodopsin superfamily of 
GPCRs and a signifi cant degree of identity with the galanin receptor-2. However, 
no binding to KISS1R was detected for galanin receptor ligands [ 42 ]. Kisspeptin 
(then named metastin) was identifi ed as the endogenous ligand for KISS1R in 
2001 [ 44 ,  45 ].

   G proteins are composed of three subunits, α, β, and γ, which form a trimeric 
structure that binds to cytosolic domains of GPCRs. The trimeric structure is inac-
tive, as the inactive, GDP-bound G α  subunit has high affi nity for the tightly bound 
βγ dimer. Activation of the cognate GPCR results in the release of GDP bound to 
the G α -subunit, which then binds GTP. The GTP-bound G α  subunit dissociates from 
the G protein trimer, which thus dissociates from the cognate receptor to activate 
downstream signaling cascades. Dissociated G protein subunits are active only 
briefl y, as intrinsic GTPase activity within the G α  subunit breaks down the GTP to 

  Fig. 7.1    Predicted membrane topology of KISS1R. The typical G protein-coupled receptor topog-
raphy predicted for KISS1R is depicted with its seven transmembrane domains as well as the three 
intracellular and three extracellular loops. The location of key genetic mutations identifi ed in 
humans with reproductive disorders is shown       
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  Fig. 7.2    KISS1R signaling in the hypothalamus. Upon kisspeptin binding, G proteins are dissoci-
ated and the Gα 

q/11
  subunit activates phospholipase C beta (PLC β ) to hydrolyze membrane phos-

phatidyl inositol 4,5-biphosphate (PIP 
2
 ), producing inositol triphosphate (IP 

3
 ) and diacylglycerol 

(DAG). IP 
3
  binds to receptors on the endoplasmic reticulum (ER) to release stored calcium (Ca 2+ ) 

and DAG contributes to the activation of the calcium-dependent protein kinase (PKC). The extra-
cellular regulated kinase (ERK) is one of the PKC-dependent downstream signals of KISS1R. 
These signals ultimately lead to increased secretion of GnRH, which then leads to increased LH 
secretion       

GDP, thereby inactivating G α , which then binds to G βγ  again. Dissociated G αq
  stimu-

lates phospholipase C β , a membrane-resident enzyme that hydrolyzes phosphati-
dylinositol 4,5-bisphosphate (PIP 

2
 ) to produce the intracellular messengers 

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 
3
 ) (Fig.  7.2 ). Binding of 

IP 
3
  to its receptors on the endoplasmic reticulum causes a massive release of cal-

cium from the intracellular stores into the cytosol, with widespread activation of 
calcium-dependent signaling pathways, whereas DAG contributes to activation of 
the calcium-dependent protein kinase C (PKC) (Fig.  7.2 ). Accordingly, stimulation 
of KISS1R with kisspeptin in Chinese hamster ovary (CHO) cells transfected with 
the human (or rat) receptor leads to phospholipase C β  activation, PIP 

2
  hydrolysis 

and intracellular IP 
3
  accumulation [ 37 ]. Calcium-dependent signals activated by 

KISS1R include kinases such as PKC, the extracellular signal-regulated kinases 1 
and 2 (ERK1/2) and the p38-mitogen-activated protein kinase (p38-MAPK) [ 44 ,  45 ]. 
The stimulatory effect of kisspeptin on GnRH secretion was also shown to require 
calcium mobilization, as well as ERK and p38MAPK activation in GnRH neurons 
of rats [ 46 ].

 

S.D.C. Bianco and U.B. Kaiser



139

       Intracellular Traffi cking of KISS1R 

 KISS1R signaling is essential for the onset and duration of puberty; and abnormal 
KISS1R signaling may lead to pubertal disorders. As an example, functional assays 
performed to confi rm the association of a gain-of-function mutation in KISS1R 
with the CPP phenotype of the patient indicated that the mutation affects the dura-
tion of KISS1R signaling, suggesting an effect of the mutation on KISS1R desensi-
tization. Thus, investigation of precise mechanisms regulating activation and 
duration of KISS1R signaling may uncover new proteins or new mechanisms under-
lying pubertal disorders in patients carrying no mutations in genes currently known 
to be involved in reproductive disorders. 

 Recent advances in this area include studies of ligand-induced KISS1R desensi-
tization and internalization as well as KISS1R fate after internalization. As described 
for other GPCRs, KISS1R was shown to undergo time-dependent ligand-induced 
receptor desensitization, which occurs in spite of the continuous presence of ligand 
[ 41 ]. This confi rms and further explains previous observations of desensitization of 
biological effects in response to continuous stimulation of KISS1R in vivo [ 47 – 49 ]. 
These observations include selective desensitization of the LH response to kiss-
peptin stimulation in female rats [ 47 ], as well as in agonadal Rhesus monkeys [ 48 ], 
both of which did not prevent subsequent gonadotropin secretion in response to 
other secretagogues. Moreover, desensitization of the gonadotropin response to 
continuous Kiss1r stimulation in male rats is reported to result in testicular degen-
eration [ 49 ]. The testicular degeneration is a consequence of the desensitization of 
KISS1R signaling, which is typically observed upon continuous stimulation in vitro 
[ 6 ,  41 ]. Desensitization of biological responses to kisspeptin stimulation such as LH 
secretion has been described after continuous infusion of kisspeptin in Rhesus mon-
keys [ 48 ,  50 ] or humans [ 51 ]. Surprisingly, continuous infusion of submaximal 
doses of kisspeptin resulted in a sustained increase in LH pulse frequency in men, 
suggesting that some responses to kisspeptin elude desensitization [ 51 ]. In women 
treated with a bolus of kisspeptin, serum LH responses varied according to the 
phase of the menstrual cycle, suggesting variations in the sensitivity to kisspeptin 
across the menstrual cycle [ 52 ]. 

 Acute desensitization of GPCRs is a consequence of uncoupling of the receptor 
from its signaling pathway, which is typically followed by receptor internalization. 
This appears to be the case for KISS1R, which has been shown to undergo time- 
dependent desensitization, despite continuous presence of ligand [ 41 ]. Internalization 
of GPCR is often mediated by arrestin, a membrane-resident protein that binds phos-
phorylated receptors, prevents further G protein coupling and signaling, and triggers 
receptor internalization [ 53 – 56 ]. Accordingly, a study using fl uorescence microscopy 
showed that a Flag- tagged KISS1R undergoes rapid ligand-induced internalization in 
HEK cells [ 40 ]. This was confi rmed in time-course experiments in which internaliza-
tion and recycling of KISS1R was measured using  125 I-kisspeptin binding [ 41 ]. 

 KISS1R internalization may be triggered, at least in part, by G protein-coupled 
receptor kinase-2 (GRK2)-mediated phosphorylation, as overexpression of GRK2 
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inhibited G protein-mediated signaling by KISS1R. Conversely, overexpression of 
a catalytically inactive GRK2 mutant (K220R-GRK2) led to increased G protein 
signaling by the KISS1R [ 40 ]. GRKs are enzymes that selectively phosphorylate 
activated GPCRs, leading to recruitment and binding of arrestin to the phosphory-
lated receptor, preventing further G protein coupling or signaling and triggering 
arrestin-dependent GPCR internalization [ 56 ,  57 ]. Accordingly, KISS1R has been 
shown to colocalize with β-arrestin-2, which provides further support for arrestin- 
mediated internalization of KISS1R [ 58 ]. Additionally, Saereszewsky et al. showed 
that overexpression of β-arrestin-2 potentiates the phosphorylation of ERK in fi bro-
blasts lacking arrestin or G 

q/11
  and transfected with KISS1R. Conversely, overex-

pression of β-arrestin-1 in these fi broblasts inhibits KISS1R-dependent ERK 
phosphorylation, which suggests that this KISS1R effect may specifi cally require 
β-arrestin-2 [ 58 ]. 

 Following internalization, GPCRs are eventually sorted for recycling or destruc-
tion. Destruction of GPCRs is classically mediated by lysosomal degradation, 
which is responsible for long-term GPCR desensitization [ 55 ]. Intriguingly, confo-
cal microscopy of KISS1R failed to detect lysosomal targeting of KISS1R under 
any experimental conditions studied, including stimulation with a supraphysiologi-
cal concentration of kisspeptin (10 −7  M) for up to 5 h [ 41 ]. This surprising fi nding 
was confi rmed by western blot analysis, which showed that levels of KISS1R pro-
tein are not affected by treatment with a lysosome inhibitor, which suggests that, 
unlike most GPCRs, lysosomal degradation of KISS1R is low or absent [ 41 ]. 
Conversely, treatment of the same cells with an inhibitor of proteasomal degrada-
tion resulted in massive increases in KISS1R protein when compared to untreated 
cells, which suggests that KISS1R may undergo proteasomal (rather than lyso-
somal) degradation [ 41 ]. Although unusual, proteasomal degradation has been 
reported for some GPCRs [ 59 ,  60 ]. 

 Further investigation using confocal microscopy revealed persistent membrane 
localization of KISS1R for up to 5 h of stimulation with supraphysiological concen-
trations of kisspeptin [ 41 ]. This suggests a dynamic pattern of recycling of internal-
ized KISS1R back to the cell surface, which was confi rmed in studies measuring the 
rate of membrane traffi cking of KISS1R using  125 I-kisspeptin binding [ 41 ]. This 
behavior indicates that a substantial amount of kisspeptin-dependent KISS1R sig-
naling is, in fact, due to the binding of kisspeptin to newly recycled KISS1R, which 
demonstrates that KISS1R recycling is relevant for its function [ 41 ].   

    Inactivating Mutations in KISS1R and Normosmic IHH 

 Central hypogonadotropic hypogonadism refers to delayed or absent sexual matura-
tion due to a central nervous system defect that results in low circulating gonadotro-
pins and sex steroids [ 2 ]. These cases are further classifi ed as idiopathic when the 
source of the hypogonadotropic hypogonadism cannot be identifi ed. IHH affects 
1–10 individuals per 100,000 births and its incidence is sexually dimorphic, with 
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males exhibiting a fi vefold higher incidence compared to females [ 2 ,  61 ,  62 ]. 
Approximately 60% of affected patients have associated anosmia—decreased or 
absent sense of smell [ 63 ]. The underlying cause of the IHH in these patients is 
defective developmental migration of GnRH neurons from the nasal placode to their 
fi nal destination in the pre-optic area of the hypothalamus during embryonic devel-
opment [ 64 ]. Mutations identifi ed in patients with IHH associated with anosmia 
have been traced to genes encoding proteins that regulate GnRH and olfactory neu-
ronal migration during development [ 65 ]. In contrast to anosmic patients, the major-
ity of mutations identifi ed in the remaining 40% of patients with a normal sense of 
smell (nIHH) encode proteins that regulate GnRH secretion or action, such as the 
KISS1R [ 66 ]. 

 The analysis of pedigrees in families with a history of nIHH often indicates an 
 autosomal recessive  inheritance pattern (Table  7.1 ). This pattern has been confi rmed 
in families carrying inactivating mutations in KISS1R [ 8 ,  9 ,  11 ,  12 ]. Affected mem-
bers of these families carry the associated loss-of-function mutation in the  homozy-
gous  (or compound heterozygous) state, whereas  heterozygous  parents and siblings 
have no apparent reproductive phenotype. This suggests that one wild type allele is 
suffi cient for the effect of KISS1R on GnRH secretion in heterozygous patients. On 
the other hand, heterozygous mutations in  KISS1R  may contribute to milder pheno-
types [ 16 ,  67 ].

   All inactivating mutations in  KISS1R  identifi ed to date have been shown or pre-
dicted to impair G protein signaling by the receptor [ 8 ,  9 ,  11 ,  12 ,  14 ], indicating a 
vital role of G protein signaling for GnRH secretion. Since affected patients have 
normal sense of smell, inactivating mutations in this receptor do not appear to affect 
GnRH neuronal migration during development. Please refer to Table  7.1  for the list 
of inactivating mutations discussed below. 

    The Leu148Ser-KISS1R Mutation 

 A point mutation in the coding sequence of the  KISS1R  gene was identifi ed in the 
homozygous state in all affected members of a consanguineous Saudi-Arabian fam-
ily with history of nIHH. This highly consanguineous family includes 3 marriages 
of fi rst-degree cousins, who gave birth to a total of 16 children, 6 of them presenting 
with symptoms compatible with complete IHH [ 9 ]. 

 This point mutation resulted in the replacement of a leucine residue at position 
148 of the KISS1R with a serine (Leu148Ser-KISS1R). This leucine is located 
within the second intracellular loop of the receptor (Fig.  7.1 ) and is highly con-
served among the members of class A GPCRs, strongly suggestive that this leucine 
is essential for receptor function [ 68 ]. Nonetheless, heterozygous parents and sib-
lings of affected patients in this family have no apparent phenotype [ 9 ], in agree-
ment with the predicted autosomal recessive mode of inheritance (Table  7.1 ). 

 Functional assays showed that the Leu148Ser-KISS1R mutant has impaired G 
protein signaling, as indicated by the absence of increased inositol phosphate 
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 production in response to kisspeptin stimulation in cells transfected with this mutant 
receptor [ 9 ]. On the other hand, biochemical and immunocytochemical assays dem-
onstrated that this mutation did not affect expression levels, ligand binding, or inter-
action of KISS1R with arrestin [ 58 ,  68 ]. However, studies using fl uorescence 
resonance energy transfer (FRET assay) indicate that this mutation prevents 
kisspeptin- induced activation of G α

q
  [ 68 ]. Accordingly, substitution of the corre-

sponding leucine in the second intracellular loop of the α
1A

-adrenergic receptor, 
another member of the class A GPCR family, mimics the effects of the Leu148Ser 
mutation on KISS1R function, suggesting that leucine in this position may belong 
to a functional motif within the second intracellular loop of class A GPCRs with a 
role in G protein coupling and/or activation of G protein by ligand [ 68 ].  

    The Leu148Ser-KISS1R Mutant and Fertility After Therapy 

 Treatment of four male members of the Saudi-Arabian family carrying the homozy-
gous Leu148Ser-KISS1R mutation with exogenous gonadotropins resulted in tes-
ticular maturation, spermatogenesis, ejaculation, and subsequent fertility [ 12 ]. 
Similarly, an affected female from this family was able to ovulate, and later become 
pregnant upon pulsatile GnRH treatment followed by exogenous gonadotropin ther-
apy. She had two unsuccessful pregnancies before carrying a pregnancy to term and 
delivering a healthy baby. The fi rst was an ectopic pregnancy and the second gesta-
tion was lost spontaneously at 6 months [ 12 ], raising the possibility that some of her 
reproductive defects may not have been fully reversed by her treatments. Nonetheless, 
she was able to conceive a second child years later, which was delivered by cesarean 
section [ 12 ].  

    The Leu102Pro KISS1R Mutation 

 A single amino acid substitution in KISS1R (Leu102Pro) identifi ed in patients with 
normosmic IHH and born to consanguineous marriages was also shown to result in 
loss of function (Table  7.1 ) [ 12 ,  14 ]. Located on the fi rst extracellular loop of 
KISS1R (Fig.  7.1 ; Table  7.1 ), this mutation decreases membrane expression of the 
KISS1R and impairs receptor signaling [ 14 ]. As observed for other loss-of-function 
mutations in KISS1R, heterozygous carriers of Leu102Pro KISS1R have no appar-
ent reproductive phenotype, whereas homozygous carriers present with partial or 
complete gonadotropin defi ciency [ 14 ]. 

 A female carrying the Leu102Pro KISS1R mutation in the homozygous state 
was born to fi rst-degree cousins and presented with primary amenorrhea and incom-
plete pubertal development. After steroid supplementation for 6 months and two 
cycles of GnRH stimulation, this patient was able to ovulate and become pregnant. 
She was able to carry two pregnancies to term and deliver healthy babies [ 14 ]. 
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 A male patient born to an unrelated consanguineous family and also carrying the 
Leu102Pro mutation in the homozygous state presented with congenital hypogo-
nadism, as indicated by micropenis and bilateral cryptorchidism at birth [ 14 ]. 
Testosterone treatment did not produce signifi cant changes in testicular volume or 
facial hair growth in this patient, despite improving his pubic hair growth. He had 
two sisters with primary amenorrhea, one with incomplete pubertal development 
and the other with a history of infertility for 5 years [ 14 ]. All affected siblings car-
ried the Leu102Pro KISS1R mutation in the homozygous state. Interestingly, the 
females in this family appear to have a milder phenotype when compared to their 
brother.  

    The Phe272Ser-KISS1R Mutation 

 A recent study identifi ed a novel loss-of-function single amino acid substitution in 
KISS1R in six patients from two related and highly consanguineous families 
(Table  7.1 ) [ 11 ]. All fi ve affected males and the one affected female were shown to 
carry the Phe272Ser KISS1R mutation in the homozygous state, whereas heterozy-
gous parents and siblings had no apparent reproductive phenotype [ 11 ]. The replace-
ment of phenylalanine at position 272 of KISS1R with serine (Fig.  7.1 ) resulted in 
cryptorchidism, short penis, azoospermia, gonadotropin defi ciency, and no sponta-
neous pubertal development in all affected males, whereas the affected female 
exhibited primary amenorrhea with low basal LH and undetectable estradiol at age 
18 [ 11 ]. Functional assays showed impaired G 

q
  signaling by the Phe272Ser-KISS1R 

mutant, which also lacked membrane localization as indicated by immunofl uores-
cence imaging [ 11 ]. Despite the severity of the phenotype in homozygous carriers, 
pubertal development of a heterozygous male sibling was not affected, again con-
fi rming the predicted autosomal recessive inheritance mode.  

    Compound Heterozygous KISS1R Mutations and IHH 

 The combination of two distinct mutations carried by separate alleles may also 
result in loss-of-function. Called  compound heterozygous , such mutations have 
been identifi ed in  KISS1R  in association with the IHH phenotype. An example is the 
insertion of a stop codon in exchange for the normal arginine at position 331 of the 
KISS1R on one allele (Arg331X) (Fig.  7.1 ), whereas the other allele had the normal 
stop codon replaced with an arginine (X399Arg) in a patient with IHH (Table  7.1 ) 
[ 9 ]. The introduction of the stop codon at position 331 generates a truncated recep-
tor, whereas the replacement of the normal stop codon could result in receptor mis-
folding, as functional assays revealed impaired signaling by both mutants [ 9 ]. The 
affected male patient presented with azoospermia with germinal hypoplasia and had 
no LH pulses [ 12 ]. Nonetheless, a single intravenous injection of GnRH resulted in 
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a robust LH and FSH response in this patient. Despite the positive response and the 
signs of sexual maturation, this patient was able to achieve fertility only after a year 
and a half of GnRH therapy [ 12 ]. 

 Another pair of compound heterozygous mutations was identifi ed in a boy with 
hypogonadism [ 13 ]. One allele had leucine replacing the normal arginine at position 
297 (Arg297Leu) whereas the other allele had arginine replacing the normal cyste-
ine at position 223 of the KISS1R (Cys223Arg) (Fig.  7.1 ). The affected boy was 
born with microphallus and cryptorchidism, and had undetectable serum gonadotro-
pins at 2 months of age [ 13 ]. Evaluation at age 10 years showed poor gonadotropin 
and testosterone response to GnRH or hCG stimulation. The boy’s mother and a 
younger brother, both heterozygous for the Arg297Leu mutation, had no signs of 
hypogonadism [ 13 ]. 

 Calcium release by the Cys223Arg-KISS1R mutant was shown to be impaired. 
The mutant receptor required 40 times more kisspeptin to reach the response level 
of the wild-type KISS1R (i.e., EC 

50
  was 40-fold lower for the Cys223Arg KISS1R 

mutant) [ 13 ]. Although the mutation in the second allele—Arg297Leu—only 
slightly impaired KISS1R signaling, the combination with the Cys223Arg KISS1R 
was associated with hypogonadism (Table  7.1 ).  

    Loss-of-Function due to Frame-Shift in the KISS1R Gene 

 The deletion or insertion of nucleotides within the coding region of the  KISS1R  has 
also been associated with the nIHH phenotype in patients due to loss-of-function of 
the receptor protein [ 8 ,  10 ]. The fi rst description of a deletion in the coding sequence 
of the  KISS1R  gene was published in 2003 [ 8 ]. The deletion was identifi ed in the 
homozygous state in all fi ve affected children of a consanguineous family of eight 
children. 

 The four affected males of this family had a phenotype compatible with com-
plete IHH with a normal sense of smell as well as a blunted response to GnRH 
stimulation [ 8 ]. Despite the manifestations of hypogonadism, the only affected 
female showed signs of partial sexual maturation, such as an episode of uterine 
bleeding and partial breast development [ 8 ]. Her serum estradiol was above prepu-
bertal levels and her LH response to an intravenous injection of GnRH was unusu-
ally robust [ 8 ,  67 ]. Interestingly, the heterozygous mother of these children had 
delayed puberty (menarche at 16 years of age), whereas the heterozygous father 
reported normal pubertal development [ 8 ]. 

 The  KISS1R  deletion in this family eliminated 155 nucleotides of the  KISS1R  
gene, starting within intron 4 and including the splice acceptor site between intron 
4 and exon 5, as well as part of the coding sequence of exon 5 (Table  7.1 ) [ 8 ]. 
Although functional assays have not been performed for this mutant, the deletion of 
the splice acceptor site between intron 4 and exon 5 would be expected to eliminate 
all amino acids encoded by exon 5 from the protein. If expressed, this mutant may 
be truncated at the end of the fourth exon, which corresponds to the glutamic acid at 
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position 246 of the KISS1R (Fig.  7.1 ). Such a truncated receptor would be missing 
half of the third intracellular loop, the sixth and seventh transmembrane domains 
and the carboxyl terminal tail of the KISS1R, which would likely result in receptor 
misfolding and degradation, or impaired activity. 

 A homozygous insertion of a cytosine after nucleotide 1001 (1001_1002insC) 
was identifi ed in the  KISS1R  gene of a patient born to a family with no history of 
IHH (Table  7.1 ) [ 10 ]. However, the parents of this patient were second-degree cous-
ins, which suggests that they may be asymptomatic heterozygous carriers of the 
mutation. If expressed, this mutant would result in a frame-shift that could poten-
tially increase the size of the KISS1R protein from 398 to 441 amino acids [ 10 ]. The 
affected patient presented with congenital hypogonadotropic hypogonadism as 
indicated by the undescended testes and mild hypospadias, with subsequent delayed 
puberty as well as impaired fertility. Semen analysis revealed oligoasthenozoosper-
mia (low concentration and reduced motility of spermatozoids) [ 10 ]. The patient’s 
phenotype indicates that the nucleotide insertion results in profound impairment of 
KISS1R function when present in the homozygous state, despite the absence of 
hypogonadism in the presumably heterozygous parents. Nonetheless, this patient 
was able to father a child by in vitro fertilization after 2 years of pulsatile GnRH 
therapy [ 10 ]. 

 An insertion/deletion within the splice acceptor site of the 3′-end of intron 2 of 
 KISS1R  was identifi ed in two brothers presenting with absent sexual maturation as 
well as prepubertal serum testosterone levels and low gonadotropins at ages 14 and 
20 years [ 15 ]. In this family, the nucleotides at position −2 to −4 (GCA) within the 
3’-splice acceptor site of intron 2 were missing. In their place was the insertion of a 
5-nucleotide sequence (ACCGGT) (Table  7.1 ). This mutation is predicted to disrupt 
normal splicing, resulting in the use of alternative acceptor sites and the generation 
of aberrant KISS1R proteins. The mother was heterozygous for the same deletion/
insertion but reported normal sexual maturation [ 15 ].  

    Mutations in KISS1R not Associated with Altered Function 

 Some  KISS1R  mutations identifi ed in IHH patients have not yet been associated 
with altered receptor function, such as Glu252Gln KISS1R. This mutation was 
identifi ed in the heterozygous state in a patient with sporadic IHH [ 15 ]. However, 
functional assays performed for this mutant did not detect any changes in activity. 
Furthermore, the presence of the mutation in the heterozygous state, with the other 
allele being normal, is in disagreement with the predicted autosomal recessive 
inheritance mode. This suggests that this patient may carry additional yet-to-be- 
identifi ed mutation(s) or polymorphism(s) associated with the IHH phenotype. 

 Other amino acid substitutions identifi ed in patients with reproductive disorders 
have also been found in control populations and thus are considered to be normal 
variants, such as the His364Leu KISS1R variant [ 13 ,  15 ].  
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    Mouse Models of Kiss1r Disruption 

 The phenotype of male and female mice with disruption of the  Kiss1r  gene is con-
sistent with that exhibited by patients carrying biallelic inactivating mutations in 
 KISS1R . Male and female mice with congenital disruption of the  Kiss1r  gene or the 
gene encoding its ligand,  Kiss1 , fail to undergo sexual maturation, have very small 
gonads, low serum gonadotropins and sex steroid levels, and are infertile [ 9 ,  21 – 23 , 
 36 ,  69 ]. These models provide evidence that the absence of expression of either 
KISS1R or kisspeptin cannot be effectively compensated, which suggests a lack of 
redundancy for at least some important biological effects of the kisspeptin/KISS1R 
system on reproductive function and puberty [ 69 ]. Despite severe impairment of 
spermatogenesis in males and of estrous cyclicity and ovulation in females,  Kiss1r  
null mice can respond to exogenous stimulation with GnRH (9), consistent with an 
innate failure to secrete GnRH. 

 Interestingly, mice with disruption of the Kiss1r ligand, kisspeptin, exhibit a less 
severe phenotype when compared to  Kiss1r  null mice; nevertheless,  Kiss1  null mice 
also have impaired spontaneous puberty and are infertile [ 23 ,  24 ]. Males and 
females null for  Kiss1  have larger gonads and males have a less severe defect in 
spermatogenesis when compared to  Kiss1r  null mice. Additionally, LH and FSH 
responsiveness to kisspeptin is preserved in males and females null for  Kiss1 . 
Conversely, LH and FSH responsiveness to kisspeptin is lost in  Kiss1r  null males 
and females, which emphasizes the requirement of  Kiss1r  expression for the effect 
of kisspeptin on gonadotropin secretion [ 23 ]. Although males from both lineages 
exhibited low basal testosterone, the decrease in  Kiss1r  null males was 87%, 
whereas  Kiss1  null males were less affected, exhibiting only a 41% decrease when 
compared to the wild type basal testosterone levels. The response of testosterone to 
stimulation was below normal in males from both lineages; however, the average 
values reached in  Kiss1  null males were over 12-fold higher than those reached in 
 Kiss1r  null males [ 23 ]. 

 Nonetheless, some phenotypic differences are noticeable among the reported 
 Kiss1r  mutant lineages, which may be related to the gene disruption strategy used 
in each case. The strategies used to disrupt  Kiss1r  in mice have been nicely sum-
marized in a review by Colledge [ 69 ] (also see Chap.   22    ). Three of the  Kiss1r  null 
lineages were generated by gene targeting and deletion of part of the coding 
sequence of the  Kiss1r  gene [ 9 ,  22 ,  23 ]. The lineage generated by  Paradigm 
Therapeutics  has a deletion of 702 base pairs, which includes 92 base pairs from 
exon 1, the entire intron 1 and 101 base pairs of exon 2 [ 9 ]. The lineage generated 
by  Schering Plough  is missing 52 base pairs within exon 2 of the  Kiss1r  coding 
sequence [ 22 ]; the lineage generated by  Harvard Reproductive Endocrine Sciences 
Center  has the entire exon 2 of the  Kiss1r  gene deleted from the sequence [ 23 ]. The 
disruption of the  Kiss1r  gene in an additional lineage was created without deletions 
in the coding sequence, by inserting a retrovirus within intron-2 of the  Kiss1r  gene 
[ 21 ,  36 ]. The insertion includes two polyadenylation sequences designed to termi-
nate transcription from the  Kiss1r  promoter, which should greatly impair Kiss1r 
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expression [ 21 ,  36 ]. Male mice from this lineage are reported to lack male mounting 
behavior, which can be rescued by adulthood testosterone supplementation [ 36 ]. 
Normal copulatory behavior was also restored in adult females supplemented with 
estrogen [ 36 ]. On the other hand, other abnormalities exhibited by  Kiss1r  null males 
could not be rescued by testosterone supplementation, such as the absence of the 
normal female preference when mounting, the female-like (low) number of moto-
neurons in the spino-bulbocavernosus nucleus, as well as female-like tyrosine 
hydroxylase fi bers and kisspeptin expression in the AVPV, which suggests that 
some of the abnormalities caused by disruption of  Kiss1r  gene may be permanent 
once established [ 36 ]. 

 As opposed to female mice from all other lineages carrying  Kiss1r  gene dele-
tions,  Kiss1r  null females from the viral targeting lineage were reported to respond 
to sex steroid treatment with activation of GnRH neurons (as indicated by cFos 
induction), as well as a signifi cant increase in serum LH [ 21 ]. Similar experiments 
failed to reproduce these results in females from the  Paradigm Therapeutics  lin-
eage, which showed no cFos activation in GnRH neurons, and none of the  Kiss1r  
null females exhibited an LH response to the sex steroid regimens [ 70 ]. Incidentally, 
females that responded to the sex steroid regimen belong to the only lineage of 
 Kiss1r  gene disruption without any deletions in the coding sequence. Although in 
situ hybridization did not detect signifi cant  Kiss1r  expression in mice from this 
lineage, residual gene expression in cases of retroviral insertions has been reported, 
which could be achieved by splicing out the inserted gene from the RNA [ 69 ].   

    Gain-of-Function of  Kiss1r  and Central Precocious Puberty 

 Gonadotropin-dependent or CPP is characterized by advanced sexual maturation 
that is originated at the central nervous system level. These cases are further classi-
fi ed as idiopathic after tumors or other anatomical abnormalities have been excluded 
[ 71 ]. The etiology in idiopathic cases is thought to relate primarily to genetic fac-
tors, with additional infl uences of environmental and dietary factors [ 72 – 76 ]. 

 Prevalence of CPP is substantially higher than that of IHH in any given popula-
tion, and girls are at least ten times more likely to develop CPP than boys [ 74 ,  76 –
 78 ]. This likelihood is further increased when only idiopathic cases of the disorder 
are considered [ 79 ,  80 ]. The genetic nature of this disorder is emphasized by the fact 
that about a third of affected children have a family history of the disorder [ 77 ]. 
Moreover, at least 95% of girls with CPP have the idiopathic form of the disorder 
[ 71 ]. On the other hand, the majority of CPP cases in boys are a consequence of 
anatomical defects [ 71 ]. These differences reveal a sexually dimorphic pattern of 
incidence of pubertal disorders in children. 

 The analysis of families with a history of idiopathic CPP suggests an autosomal- 
dominant inheritance mode of this disorder [ 77 ]. Thus, one mutant allele would be 
suffi cient to result in the manisfestation of the CPP phenotype. Despite the higher 
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incidence of CPP, most of the mutations affecting fertility have been identifi ed in 
patients with IHH. This could suggest that idiopathic CPP would be a polygenic 
disorder; however, the autosomal-dominant transmission observed in families with 
a history of idiopathic CPP disagrees with a polygenic origin for this disorder. The 
fi rst report of a naturally occurring genetic mutation associated with CPP was pub-
lished quite recently. This mutation is a single amino acid substitution in the car-
boxyl terminal tail of KISS1R (Arg386Pro) identifi ed in an affected girl [ 6 ]. One 
additional single amino acid substitution in the KISS1R ligand, kisspeptin, has also 
been associated with the CPP phenotype in an unrelated boy [ 17 ]. Both mutations 
have had their association with the CPP phenotype confi rmed in functional assays 
and were identifi ed in the heterozygous state in the affected children, consistent 
with the autosomal-dominant inheritance mode of CPP predicted in familial cases 
of the disorder. 

    The Arg386Pro-KISS1R, the First Mutation 
to be Associated with CPP 

 The Arg386Pro-KISS1R mutation was identifi ed in a girl who exhibited slowly 
progressing thelarche since birth [ 6 ]. At age 8.5 years, the affected girl had advanced 
breast development and pubic hair as well as additional signs of precocious expo-
sure to estrogen, such as enlarged uterine and ovarian volumes and a 3-year advanced 
bone age for her chronological age. Accordingly, her serum estradiol was twice the 
value expected for her age [ 6 ]. Despite the elevated estradiol, her basal and stimu-
lated LH responses were within the expected range for her age, suggesting that the 
underlying defect led to stimulation of the central reproductive axis. 

 Arginine at position 386 is a conserved amino acid in an otherwise poorly con-
served domain of the KISS1R, which suggests that this amino acid is relevant for 
receptor function. Accordingly, functional assays showed that this mutation resulted 
in prolonged responsiveness of the mutant receptor to kisspeptin stimulation, as 
indicated by inositol phosphate production and phosphorylation of ERK1/2, which 
were used as markers of KISS1R-activated G protein signaling in cells transfected 
with the Arg386Pro mutant or the wild-type KISS1R [ 6 ]. 

 Basal KISS1R activity (i.e., activity in the absence of agonist stimulation) was 
not affected by the Arg386Pro mutation. This important detail indicates that, unlike 
the well-established effects of naturally occurring genetic mutations identifi ed in 
patients with gonadotropin-independent precocious puberty, the Arg386Pro KISS1R 
mutation does not generate a constitutively active receptor [ 6 ]. Instead, the 
Arg386Pro mutation was associated with a mild gain-of-function effect that was 
only detected after prolonged stimulation with kisspeptin. This observation points 
to a slower rate of desensitization of the Arg386Pro KISS1R mutant, consistent with 
a mutation in the carboxyl terminal tail—a well-known target of intracellular 
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regulators of GPCR activity. In fact, the effect of this mutation could only be 
detected when kisspeptin signaling was declining.  

    A Unique Mechanism of Prolonged KISS1R Signaling 
with Pathophysiological Implications 

 The investigation of potential mechanisms underlying the slower rate of desensiti-
zation of the Arg386Pro KISS1R eliminated the possibility that receptor internal-
ization was affected by the Arg386Pro mutation, which suggested that this mutation 
affected an event downstream of receptor internalization [ 41 ].   Interestingly, the 
Arg386Pro mutation also did not affect the dynamic recycling of KISS1R follow-
ing receptor internalization, which was preserved for this mutant. These fi ndings 
suggest that binding of kisspeptin to newly recycled receptors plays a role in the 
prolonged responsiveness of the Arg386Pro KISS1R mutant to kisspeptin. Thus, 
a slower rate of degradation of the mutant receptor combined with dynamic recy-
cling of internalized Arg386Pro KISS1R may account for the increased respon-
siveness of the Arg386Pro KISS1R to kisspeptin in the absence of changes in 
KISS1R internalization [ 41 ]. 

 The proposed mechanism underlying the effect of the Arg386Pro KISS1R 
mutation on receptor activity is depicted in Fig.  7.3 . Here it is shown that, at 
baseline, the absolute number and relative proportions of wild type (WT) and 
Arg386Pro KISS1R receptors would be similar in both the plasma membrane 
and internalized compartments of a given cell. The model in Fig.  7.3  depicts 70% 
of WT (top left) and of Arg386Pro (bottom left) KISS1R receptors are in the 
plasma membrane at baseline; whereas 30% of the receptors in both cases are 
intracellular. After ligand stimulation, the relative proportions of receptors 
remain similar in the membrane and intracellular compartments for WT and 
Arg386Pro KISS1R. This is consistent with the unaltered rate of receptor inter-
nalization for the Arg386Pro KISS1R mutant. However, the absolute amount of 
receptors in each cell compartment after ligand stimulation is no longer similar: 
a slower rate of degradation would lead to greater accumulation of the Arg386Pro 
KISS1R mutant in the intracellular compartment compared to WT receptor, 
which would in turn result in an increase of Arg386Pro mutant KISS1R in the 
plasma membrane [ 41 ].

   Decreased receptor degradation has been described as the mechanism underlying 
other disease-associated mutations. In one example, a mutation associated with 
gonadotropin-independent precocious puberty prevents lysosomal degradation of 
the LH receptor, which is also a GPCR [ 81 ]. In this case, however, the effect of the 
mutation is not mild and leads to a marked increase in receptor signaling at baseline, 
which characterizes constitutive activation of the receptor.  
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  Fig. 7.3    Model of KISS1R desensitization. At baseline, absolute numbers and relative propor-
tions of wild type (WT) and Arg386Pro KISS1R would be similar in both the plasma membrane 
and internalized compartments of a given cell. In this model, 70% of WT ( top left ) and of 
Arg386Pro ( bottom left ) receptors are in the plasma membrane whereas the remaining 30% of the 
receptors in both cases are intracellular. After 120 min of ligand stimulation, relative proportions 
of receptors remain similar in the membrane and intracellular compartments for WT and Arg386Pro 
KISS1R, whereas absolute number is no longer similar, with the Arg386Pro KISS1R mutant 
exhibiting higher absolute number of receptors in both the membrane and intracellular compart-
ments compared to WT KISS1R. From Bianco SD, Vandepas L, Correa-Medina M, Gereben B, 
Mukherjee A, Kuohung W, Carroll R, Teles MG, Latronico AC, Kaiser UB (2011) KISS1R intra-
cellular traffi cking and degradation: effect of the Arg386Pro disease-associated mutation. 
Endocrinology 152:1616–1626. (Reprinted with permission from The Endocrine Society)       

    A Little Gain-of-Function Goes a Long Way 

 The mild gain of function conferred by the Arg386Pro KISS1R mutation, combined 
with the requirement for ligand activation for the appearance of the effect of this 
mutation, are predicted to be key details determining the manifestation of the preco-
cious puberty phenotype in the affected patient. This is based on the kinetics of 
KISS1R activity, which shows that continuous stimulation leads to a peak of activity 
followed by complete desensitization of KISS1R signaling [ 41 ]. This desensitiza-
tion can be detected in vivo as suppression of gonadotropin secretion in primates 
[ 48 ] or testicular degeneration in rats [ 49 ]. An implication of this behavior is that con-
stitutive activation of KISS1R is expected to lead to an IHH phenotype rather than 
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precocious puberty, as the expression of a constitutively active KISS1R would lead 
to permanent desensitization of KISS1R signaling, regardless of the presence of 
kisspeptin. 

 Further support for the prediction that mild gain-of-function is key for the mani-
festation of a precocious puberty phenotype came from the functional characteriza-
tion of another naturally occurring mutation associated with idiopathic CPP in a 
boy. The mutation in this boy is in kisspeptin (Pro74Ser) [ 25 ]. Similarly to the 
Arg386Pro-KISS1R, the Pro74Ser kisspeptin mutant also results in a relatively mild 
gain-of-function characterized by prolonged KISS1R signaling. Functional assays 
indicated that the Pro74Ser kisspeptin mutant was degraded more slowly than the 
wild type kisspeptin [ 25 ]. Thus, the mild gain-of-function effects of both the 
Arg386Pro KISS1R and the Pro74Ser kisspeptin mutations lead to prolonged kiss-
peptin signaling, which contributes to the precocious puberty phenotype in the 
patients carrying these mutations.   

    Final Considerations 

 Additional mutations in  KISS1R  or  KISS1  not yet characterized in functional assays 
have been identifi ed in a screen for polymorphisms in Chinese girls with CPP. A 
Pro196His KISS1R mutation that is located in the second extracellular loop of the 
receptor and a Pro110 Thr kisspeptin mutant were identifi ed in these studies [ 26 , 
 27 ]. Whether these mutations are associated with the precocious puberty phenotype 
in the affected girls has not been established. 

 The characterization of mutations in  KISS1R  or  KISS1 , as well as the disruption 
of the genes encoding KISS1R or kisspeptin, have established the relevance of 
KISS1R signaling for triggering pubertal maturation and maintaining reproductive 
competence in humans and animal models. Further characterization has revealed a 
role for the duration of KISS1R signaling in the onset and timing of pubertal matura-
tion. These fi ndings underscore the importance of identifi cation of additional intra-
cellular pathways or networks controlling KISS1R signaling, as mutations in proteins 
potentially involved in these networks and signaling pathways may be responsible 
for additional yet-unidentifi ed cases of pubertal and reproductive disorders. 

 In addition, investigation of the effect of loss- and gain-of-function mutations in 
 KISS1R  in sites outside of the hypothalamus where the expression of this receptor 
may contribute to overall reproductive function and/or fertility may help to uncover 
new functions for the KISS1R.      
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    Abstract     Kisspeptin is now known to be an important regulator of the hypothalamic- 
pituitary-gonadal axis and is the target of a range of regulators, such as steroid 
hormone feedback, nutritional and metabolic regulation. Kisspeptin binds to its 
cognate receptor, KISS1R (also called GPR54), on GnRH neurons and stimulates 
their activity, which in turn provides an obligatory signal for GnRH secretion—thus 
gating down-stream events supporting reproduction. The development of peripherally 
active kisspeptin antagonists could offer a unique therapeutic agent for treating 
hormone-dependent disorders of reproduction, including precocious puberty, endo-
metriosis, and metastatic prostate cancer. The following chapter discusses the advances 
made in the search for both peptide and small molecule kisspeptin antagonists and their 
use in delineating the role of kisspeptin within the reproductive system. To date, 
four peptide antagonists and one small molecule antagonist have been designed.  

        Introduction 

 The HPG axis regulates reproduction via the modulation of GnRH production as a 
consequence of multiple pathways acting within the hypothalamus [ 1 – 3 ]. Kisspeptin 
(KP), acting via its cognate receptor, KISS1R (also called GPR54), has been shown 
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to be one of the most potent regulators of this system known to date, with KP doses as 
low as 1 fmol (i.c.v.) capable of stimulating GnRH secretion in vivo. KP and 
KISS1R have been shown to have a role in puberty onset, regulation of the pre- 
ovulatory LH surge, and integration of other regulatory pathways that affect the 
reproductive axis, such as steroid hormone feedback and seasonal breeding stimuli 
[ 4 ,  5 ]. The discovery of the KP system arose from the observation that mutations in 
 KISS1R  caused delayed or absent puberty, with similar results evident in knockout 
mice [ 6 ,  7 ]. Sex steroids negatively regulate  Kiss1  mRNA levels within the ARC in 
various species [ 8 – 12 ]. Oestrogen can also positively regulate  Kiss1  mRNA within 
either the ARC in sheep and primates or the AVPV in rodents at the time of the 
pre- ovulatory LH surge, which initiates ovulation [ 13 – 15 ].  Kiss1  gene expression 
is also regulated by metabolic and nutritional status, as well as photoperiod. This 
regulation of  Kiss1  is covered in depth in other chapters in this volume. 

 Most of the data concerning the physiological role of the KP system to date is 
derived from the measurement of changes in mRNA levels or altered patterns of 
immunohistochemical staining of KP peptide. To directly elucidate the role of KP 
and KISS1R in physiological processes, the development of KP antagonists is 
needed. To develop these antagonists, the structure of kisspeptin needs to be 
assessed. The  KiSS1  gene encodes a polypeptide consisting of 145 amino acids, 
known as the precursor peptide. This precursor peptide gives rise to a secretory 
precursor protein of 126 amino acids that is proteolytically cleaved and modifi ed to 
form a C-terminal amide moiety, KP-54 [ 16 ]. KP-54 is then cleaved further to 
smaller fragments of 14, 13, and 10 amino acids in length. These fragments have 
subsequently been shown to bind to and activate the KISS1R receptor with equal 
potency [ 17 ]. Therefore, the fi nal ten amino acid fragments of the C-terminus [ 18 ] 
have been used to analyse the structure of KP and to design KP antagonists. KP-10 
contains the following ten amino acids: Tyr 1 , Asn 2 , Trp 3 , Asn 4 , Ser 5 , Phe 6 , Gly 7 , 
Leu 8 , Arg 9 , and Phe 10 . It is thought that the activation domain is within the fi ve most 
N-terminal residues, where there are many hydrophobic residues, and that the bind-
ing domain is within the fi ve most C-terminal residues, which contain both hydro-
phobic and charged residues to form bonds with the receptor (Fig.  8.2a ). 

 These ten amino acids provide multiple targets for amino acid substitution when 
designing antagonists. Several strategies for peptide analogue development have 
been utilised. Alanine screening involves each residue being systematically changed 
to alanine, which has no functional side chain. This was reported by two groups and 
both revealed that alanine substitutions at Phe 6  and Phe 10  of KP-10 signifi cantly 
reduced binding to and activation of KISS1R in vitro and in vivo, making them criti-
cal to KP peptide activity [ 19 ,  20 ]. Orsini et al. also showed, via alanine screening, 
that substitution of Arg 9  also signifi cantly decreased binding and activation, as did 
substitutions of Leu 8 . They concluded that Phe 6 , Arg 9 , and Phe 10  create a binding 
pharmacophore with the two phenyl rings of Phe 6  and Phe 10  on top of each other, 
fl anked by Arg 9  with Leu 8  on the opposite side of the peptide [ 19 ]. The second 
approach is to make more intuitive amino acid changes based on knowledge of the 
peptide structure of KP-10. This involves making either conservative changes at 
positions of interest, such as changing the side chain but not the overall charge of a 
residue, or changing  l- amino acids to  d -amino acids to assess the positioning of 
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side chains. Finally, radical structural changes can also be made to change the 
charge or fl exibility of the analogue. This approach is described in detail in this 
chapter, both in vitro and in vivo. In addition to peptide antagonists, some small 
molecule non- peptide antagonists have also been designed for KP, as they have 
more potential for being taken forward into human trials, and these results are also 
discussed later in this chapter.    Any antagonists identifi ed could be very useful tools 
to investigate whether blockade of the system directly affects GnRH/LH secretion, 
puberty onset, steroid feedback, and the pre-ovulatory LH surge. Antagonists may 
also be useful medicines, with potential application as novel contraceptives, and 
potential for the management of many reproductive disorders which are often associ-
ated with irregular LH levels and pulse frequency.  

    Development of KP Peptide Antagonists and Receptor Binding 

 KP analogues were synthesised based on the structure of human KP-10, as this is 
the smallest fragment needed to bind to and activate the receptor [ 21 ,  22 ]. Analogues 
were tested using CHO cells stably expressing human KISS1R for their ability to 
bind to the receptor. 

 Experiments tested whether all ten amino acids of KP-10 were required for bind-
ing to the receptor using N-terminally truncated peptides possessing fi ve or seven 
amino acid residues. These analogues were named peptides 188 (acFGLRF) and 
186 (acNSFGLRF), respectively (for continuity, the amino acid residues are num-
bered to correspond to positions in the full length KP-10). Each of these truncated 
peptides had a reduced binding affi nity for the receptor compared to KP-10 
(Fig.  8.1 ). The reduction in binding affi nity seen for the 5aa- and 7aa-truncated 
analogues suggests that more than 7aa are needed to bind effectively to KISS1R. 
Therefore, this implies that all 10aa are needed for binding to human KISS1R and 
that at least one of the N-terminal residues must be involved in this process.

   Nevertheless, amino acids within the fi ve amino acid-truncated peptides were 
substituted to see if the binding affi nities could be increased. These are peptides 
189, 190, 191, and 200, 201, 202, 203, and 206, 207. All of these analogues had 
reduced affi nity for human KISS1R (Fig.  8.1 ); however, these analogues did high-
light some residues important for binding interactions with the receptor. 

 As the RFamide motif at the C-terminus is hypothesised to be critical for receptor 
binding, we fi rstly investigated substitutions at these two residues. Trp 10  was intro-
duced into peptide 189 to assess the effects of introducing a bulkier and polar side 
chain into the RFamide motif. The use of Trp 10  also introduces rigidity to the phenyl 
ring and some steric hindrance, thus reducing fl exibility of the C-terminus. Peptide 
189 (acFGLRW) had an IC 

50
  of 9.5 × 10 −7  M for human KISS1R (Fig.  8.1 ). The 

results imply that introducing a more rigid polar residue into the RFamide motif 
decreases the ability to bind the receptor. This contrasts with a study by Niida et al. 
that showed that small peptide analogues with FW-amide at the c-terminus were 
potent agonists. However, these analogues had Guanidino or bis[(2-pyridinyl)
methyl] added at the n-terminus, and receptor binding was not investigated in this 
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study [ 23 ]. Next, a  d -Arg 9  was substituted in place of the normal  l -Arg 9  in conjunc-
tion with the Trp 10  substitution (peptide 200). This substitution of both residues of 
the RFamide motif ablated kisspeptin’s ability to bind to the receptor. These results 
confi rm the importance of both the residues within this motif for receptor binding 
interactions and that it is part of an essential pharmacophore (Fig.  8.1 ) [ 19 ]. 

 Thus, Arg 9  and Phe 10  are important for receptor binding in truncated peptides, 
and one further residue was also shown to be involved in this interaction within the 
N-terminus (peptides 202, 203). The fi rst residue of the truncated fi ve amino acid 
analogues is a bulky aromatic and hydrophobic Phe 6 . This is usually within the core 
of the peptide structure and may evade exposure to an aqueous environment. 
Substitutions of Phe 6  with Ala (peptide 202) and  d -Phe (peptide 203) were made but 
both had poor binding (Fig.  8.1 ), suggesting that the side chain of phenylalanine is 
important for KP-10 to interact with KISS1R, along with Arg 9  and Phe 10 , possibly 
via hydrophobic interactions. 

 As none of the above truncated peptides could bind KISS1R with the same or 
higher affi nity than KP-10, this confi rms that more than fi ve residues are needed to 
fully bind to the receptor. Therefore, further studies with truncated peptides were 
abandoned and full-length ten-residue analogues were designed and tested. For the 
fi rst full-length substitutions, the six most C-terminal residues were substituted, as it 

  Fig. 8.1    Diagram of amino acid substitution effects on receptor binding. Flowchart for amino acid 
substitutions within truncated and full-length peptide analogues showing the effects of each 
substitution on binding. The IC 

50
  for analogues that exhibit binding is shown in brackets and 

peptide number in  blue        
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had been hypothesised that these residues were involved in binding to the receptor due 
to the high level of conservation of these residues between vertebrate species and the 
RFamide motif within this family; peptides 208, 209, 210, 211, 212, 213 and 288 
(Figs.  8.2  and  8.3 ).

    In order to increase the fl exibility of the peptide and make substitutions poten-
tially more tolerable, Ser 5  was substituted with the achiral glycine in peptide 208. 

  Fig. 8.2    Amino acid changes to KP-10 at the C-terminus affect receptor binding. ( a ) KP-10 
binds strongly to GPR54 with an IC 

50
  of 7.7 nM. ( b ) Peptide 208, with a glycine at position 5 

binds the receptor with an IC 
50

  of 120 nM and effectively displaces the labelled ligand by 75% at 
10 μM. ( c ) Replacement of Phe 6  with  d -Phe 6  signifi cantly reduces the IC 

50
  to 4.3 μM ( d )  d -Trp 8  

retains a binding affi nity with an IC 
50

  of 6 nM similar to KP-10. Amino acid structure of the 
peptides is also shown       
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Due to the small hydrogen atom in place of a side chain, this allows glycine to 
create fl exibility within the peptide, to promote conformational changes. This 
substitution retained binding to the receptor with an IC 

50
  of 1.2 × 10 −7  M 

(Fig.  8.1 ). As this replacement was well-tolerated, it was included in the majority 
of subsequent analogues. Next, amino acid changes at Leu 8  were attempted. 
Leu 8  is a hydrophobic and aliphatic residue found in the peptide core, likely to 
be involved in interactions with other hydrophobic residues. Peptide 209 had a 
 d -Leu 8  substitution, to check if the orientation was important for binding. 
Peptide 210 and 228 had  d -Trp 8  in place of Leu 8  to test the effect of orientation 
and steric hindrance due to a bulky side chain on binding. In combination with 
Gly 5 , this potentially allows fl exibility within the central region. Peptide 228 
also had an acetyl group added to the N-terminus to try to convey resistance to 
amino peptidases and extend the half-life of the peptide. Peptide 209 had 
decreased ability to bind the receptor, with an IC 

50
  of 2.8 × 10 −6  M, but exhibited 

similar capacity to displace radiolabelled ligand compared to KP-10. Peptide 
210 was, however, able to bind the receptor with an IC 

50
  close to that of KP-10 at 

6 × 10 −9  M. The results were similar to peptide 228, although the IC 
50

  was higher 
at 1 × 10 −11  M (Fig.  8.1 ). Therefore, it appears that changes within residue 8 that 
change side chain orientation and increase steric hindrance do not signifi cantly 
affect the binding properties of KP-10. 

 The contribution of Phe 6  was next investigated in the full-length analogues, since 
changes to this residue had ablated binding in the truncated peptides. Two substitu-
tions were made at this position in conjunction with Gly 5 . In peptide 211, replace-
ment with  d -Phe 6  as in the truncated peptides reduced binding affi nity, and the same 
was true with  d -Trp substitution in peptide 212. This suggests that Phe 6  is critical 
for receptor binding via interactions between its side chain and KISS1R (Fig.  8.1 ). 

 The above results examining the effects of substitutions of C-terminal residues 
suggest that binding involves Phe 6 , Arg 9 , and Phe 10 . This is in line with data pub-
lished describing the pharmacophore created by these residues for binding to 
KISS1R [ 19 ]. 

 Following the demonstration that the C-terminal residues of KP are involved in 
binding to receptor, attention was turned to the fi ve N-terminal residues to examine 
if receptor binding also involved N-terminal interactions (Fig.  8.4 ). As peptide 210 
could bind with a similar affi nity to KP-10, the  d -Trp 8  substitution was incorporated 
into all further analogues. Because position 5 could tolerate a glycine substitution to 
promote fl exibility, the next changes examined if other residues would also be 
acceptable. Three more substitutions were studied. These were  d -Trp 5  (Peptide 
229),  d -Ala 5  (peptide 233), and  d -Ser 5  (Peptide 273). Peptide 229 was unable to 
bind to KISS1R; suggesting fl exibility is needed in this region. For peptides 233 and 
273, the displacement of radiolabelled ligand is lower (Fig.  8.1 ), implying that only 
glycine at this position allows high affi nity binding of KISS1R and that side chain 
interactions are not important within this residue. Therefore, fl exibility is more 
important at this position than side chain interactions, and Gly 5  was incorporated 
into all subsequent analogues.
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   Substitutions were then made for the three most N-terminal residues in combination 
with Gly 5  and  d -Trp 8 . Asn 4  was not substituted in these studies, as little effect was 
seen for this residue with alanine screening [ 19 ,  20 ]. Two changes were made at 
Tyr 1 ; fi rstly, this residue was replaced with  d -Tyr 1  (Peptide 230) to test side chain 
positioning and then with  d -Ala 1  (Peptide 234) to test the importance of side chain 
interactions for binding. Peptide 230 was still able to bind to the receptor, but the 
displacement of radiolabelled ligand was decreased, whereas peptide 234 could 
bind the receptor with similar binding affi nity to KP-10 and exhibited a greater 
amount of displacement compared to peptide 230 (Fig.  8.1 ). Therefore, we can 
assume that Tyr 1  is not very important for binding to the receptor. Two similar 
substitutions were made in place of Asn 2 . Peptide 232 incorporated a  d -Asn 2  and 
peptide 236 had a  d -Ala 2  in place of the asparagine removing the charge at this 
position. Peptide 232 and peptide 236 could not bind to the receptor (Fig.  8.1 ). 

  Fig. 8.4    Amino acid changes to KP-10 at the C-terminus and receptor binding. ( a ) KP-10 binds 
strongly to GPR54 with an IC 

50
  of 7.7 nM. ( b )  d -Ser 5  retains binding with an IC 

50
  of 140 pM 

( c ) Peptide 234 with a  d -Ala 1  binds with a similar IC 
50

  value to KP-10 of 2.8 nM. ( d )  d -Asn at 
position 2 and  d -Trp at position 3 cannot bind the receptor. Amino acid composition is also shown 
for each analogue       
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These results imply that Asn 2  interacts with the receptor to assist binding, probably 
via hydrogen bonding, and that the presence and positioning of the side chain is 
critical to this interaction. The results also suggest that a charged residue is needed 
at this position for receptor binding to take place. Finally, the same substitutions 
were made for Trp 3  (peptide 231 with  d -Trp 3  and peptide 235 with  d -Ala 3 ). Peptide 
231 and peptide 235 could not bind to KISS1R (Fig.  8.1 ). This suggests that Trp 3  
may also form interactions with the receptor and that the presence and positioning 
of a side chain is again important for this interaction and binding to occur. 

 These results from examining the effects of residue substitutions within full- length 
KP-10 suggest that the main binding residues lie within the C-terminal domain via 
Phe 6 , Arg 9 , and Phe 10 , as was proposed within truncated analogues, and within the 
N-terminal domain via Asn 2  and Trp 3 . This would account for the reduced binding 
in truncated peptides where Asn 2  and Trp 3  were removed. The study of the full-
length analogues also suggests that the functional peptide conformation requires 
fl exibility in the centre of the peptide, as bulky residues at position 5 ablate receptor 
binding. The introduction of rigidity via  d -Trp 8  within the C-terminus is tolerated 
well, suggesting that this residue does not contribute to receptor binding interac-
tions or that the  d -Trp makes new interactions with the receptor to compensate for 
a loss of interaction from  L -Leu. Similar results were seen with Tyr 1  substitutions, 
again suggesting this residue has no involvement in receptor binding or that the new 
substitutions make new contacts. 

 Although further analogues were made, these were used to investigate receptor 
activation and to screen for KP antagonists, since most residues within KP-10 have 
been tested for effects on binding to human KISS1R in the above research.  

    Functional Tests of KP-10 Peptide Analogues In Vitro 

    Active KP-10 Peptide Analogues Inhibit KP-10-Induced Inositol 
Phosphate Production and Intracellular Calcium Release 

 Analogues were tested for receptor activation via phospholipase C-mediated inositol 
phosphate (IP) production and antagonistic properties by their ability to inhibit kiss-
peptin-stimulated IP production and intracellular calcium release. A full antagonist 
binds to the receptor, but does not activate it, and inhibits kisspeptin-stimulated IP 
production or intracellular calcium release by >80%. KP activates the receptor with a 
mean EC 

50
  of 3.9 × 10 −9  M; therefore a dose of 10nM was used for antagonist studies.  

    Effects on Inositol Phosphate Production 

 Truncated peptides all activated KISS1R at high doses except peptides 201 and 206, 7, 
which had substitutions of Leu 8 . Truncating the ligand to fi ve amino acids retained its 
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agonistic properties (peptide 188–9). Changes to position 6 (peptide 202, 3) had no 
antagonistic effects and changes to position 9/10 (peptide 200) could not bind, acti-
vate, or antagonise the receptor. However, position 8 changes did not intrinsically 
activate IP production and had weak antagonistic properties. Peptide 201, possess-
ing Ala 8 , could antagonise the KP-10 stimulation by 67%, with an IC 

50
  of 7 × 10 −9  M. 

Peptide 206, with a  d -Trp 8 , could also antagonise KP-10 stimulation by 71%, with 
an IC 

50
  of 5 × 10 −9  M, but peptide 207 with a  d -Phe 8  could only antagonise by 53%, 

with an IC 
50

  of 3 × 10 −9  M (Fig.  8.5 ). These results suggest that Leu 8  is important for 
activation of KISS1R and that residues with bulky side chains are the most effective 
substitutions for antagonism. However, as none of these truncated KP-10 analogues 
could antagonise by more than 70%, they were not tested further and attentions 
were turned to the full-length analogues.

   Amino acid changes within the C-terminal region were focused on, to determine 
residues within this region involved in receptor activation or creation of antagonism 
(Fig.  8.7a–d ). Ser 5  to Gly 5  substitution in KP-10 (peptide 208) inhibited KP-10 
stimulation of IP by 54% with an IC 

50
  of 1 × 10 −8  M (Fig.  8.6 ). Therefore, this change 

was incorporated into subsequent analogues. However, as this analogue could still 
stimulate IP release with an EC 

50
  of 4.5 × 10 −8  M, it implies that this substitution 

alone is insuffi cient for antagonism. Analogues comprising Gly 5  and substitutions at 
Phe 6  exhibited some antagonism but could still activate the receptor at high concen-
trations. Peptide 211 containing  d -Phe 6  and peptide 212 containing d - Trp 6  could not 
antagonise any further than peptide 208 (Fig.  8.6 ). This implies that a Phe 6  substitu-
tion is not useful for antagonist activity.

   As Leu 8  had been shown to create antagonism in the truncated peptides, changes 
at this residue were tested next in combination with Gly 5 .  d -Leu 8  (peptide 209) did 
not activate the receptor but could not antagonise any further than Gly 5  alone, 
whereas  d -Trp 8  (peptides 210 and 228) again elicited no intrinsic IP release but 
caused further antagonism to 64%, with an apparent IC 

50
  of <1 × 10 −10  M. The acety-

lated version of this peptide could also inhibit KP-10 stimulation of IP by 69%. 
Combination of changes at positions 6 and 8 with Gly 5  (peptide 213) appeared to 
disrupt the structural conformation of the peptide, as it could no longer bind, acti-
vate, or antagonise the receptor (Fig.  8.6 ). This suggests that Leu 8  is important for 
receptor activation and that appropriate substitutions in the C-terminal region pro-
mote antagonism. Therefore,  d -Trp 8  was incorporated into further analogues along 
with Gly 5  substitution. To test if glycine was the best residue for antagonism at 
position 5, changes were made in combination with  d -Trp 8 .  d -Trp 5  (peptide 229) 
slightly decreased the antagonism, however,  d -Ala 5  (peptide 233) increased the 
antagonism to 71% but the IC 

50
  was reduced to 7 × 10 −7  M. Therefore, Gly 5  is the 

best substitution for this position (Fig.  8.6 ). 
 The fi ndings above indicated that Gly 5  in combination with  d -Trp 8  could antago-

nise receptor activation and that Leu 8  was involved in receptor activation. In an 
attempt to enhance this antagonism, substitutions within the N-terminal region were 
tested in combination with these C-terminal region modifi cations (Fig.  8.7e–h ). 
Changes were made at positions 1, 2, and 3. All of these analogues (peptides 230, 
231, 232, 233, 234, 235, 236 and 243, 4) failed to stimulate IP release and did not 
have intrinsic agonist activity. Position 1 substitution to  d -Tyr 1  (peptide 230) 
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  Fig. 8.6    Table detailing all KP-10 peptide analogues. Table showing the peptide analogues tested 
with results for binding and stimulation of IP and calcium release. Antagonistic results for IP and 
calcium are also shown. The four antagonists found are highlighted in  yellow  and other promising 
analogues in  blue        

 signifi cantly improved antagonism to 81%; and  d -Ala 1  substitution (peptide 234) 
signifi cantly increased antagonism further to 93%, with an IC 

50
  of 7 × 10 −8  M. 

However,  d -Trp 1  (peptide 243) or  d -Phe 1  (peptide 244) substitution at this position did 
not increase the antagonism (Fig.  8.6 ). This suggests that removing the charge and 
hydrogen bonding from this position is important for antagonism and that steric 
hindrance at this position is detrimental to antagonistic activity. Amino acid 
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changes at position 2;  d -Asn 2  (peptide 232) and  d -Ala 2  (peptide 236) did not 
increase the antagonistic effects over peptide 228. Therefore substitution of this 
residue does not appear important for antagonism of the receptor. Finally, substitu-
tions of position 3 to  d -Trp 3  (peptide 231) or  d -Ala 3  (peptide 235) also had no fur-
ther antagonistic effect on the receptor (Fig.  8.6 ). Therefore, Tyr 1  is the only residue 

  Fig. 8.7    Specifi c amino acid changes create antagonism. Graphs showing both intrinsic IP release 
( light grey ) and antagonism of KP-10 stimulated IP release ( dark grey ). IP is the concentration at 
which stimulation reached 50% of the maximal (EC 

50
 ) and Ant is the percentage for maximal antag-

onism at micromolar doses. ( a ) Substitution of Ser 5  with Gly enhances antagonism at high doses but 
still activates the receptor at 45 nM. ( b ) Additional substitution at position 6 also stimulates IP 
release but  d -Phe 6  does not increase the antagonism over peptide 208. ( c ) Addition of  d - Trp 8     
increases antagonism to 69% with an IC 

50
  of 1 nM. ( d ) Substitution of Gly 5  with a bulky  d -Trp 5  

reduces this antagonism to 50% suggesting a small fl exible amino acid is needed at position 5. 
( e ) Adding  d -Ala at position 1 of 228 increases antagonism to 93% with and IC 

50
  of 70 nM and no 

intrinsic IP production. ( f ) Adding  d -Asn at position 2 of 228 decreases antagonism as does ( g ) add-
ing  d -Trp at position 3. ( h ) Removal of  d -Trp 8  from peptide 234 completely ablates antagonism       
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within the N-terminal region that appeared important for receptor activation and 
antagonism.

   Next, to test whether antagonism was due to a combination of all three substituted 
residues or whether one was more critical, we took the two position 1 analogues and 
removed or changed the Gly 5  or  d -Trp 8  substitution to examine the effect on the 
antagonistic properties of the peptide. For analogues with  d -Tyr 1 , modifi cation of 
either of these residues completely ablated any antagonistic effect (peptides 237, 8), 
indicating that the  d -Tyr 1  has relatively little effect on the receptor antagonism alone. 
However, for  d -Ala 1  analogues, conversion of Gly 5  back to Ser 5  (peptide 247) slightly 
reduced the antagonism to 78% and changing of  d -Trp 8  to  l -Trp 8  (peptide 248) 
reduced antagonism further to 65%. However,  d -Leu8  at this position (peptide 276) 
increased antagonism to 85%, suggesting a  d -amino acid is needed at this position for 
antagonism. However, peptide 276 does have intrinsic agonist activity (Fig.  8.6 ). The 
results indicate that  d -Ala 1  and  d -Trp 8  are the most important residues for antagonism. 
However, Gly 5  must also play a role by keeping the peptide fl exible, since other sub-
stitutions at this position within peptide 234 have drastic effects except when  d -Ser 5  
(peptide 273) is substituted here, keeping antagonism high at 80% with an IC 

50
  of 

1 × 10 −10  M. Replacement with Pro 5  (peptide 274), d - Pro 5  (peptide 275), or  d -Ala 5  
(peptide 277) reduces antagonism to 24%, 45%, and 24%, respectively (Fig.  8.6 ). 
Therefore, fl exibility, possibly to allow receptor engagement appears to be the key factor 
in this position. Since substitution of position 1, 5, and 8 had been shown to produce 
antagonists, combinations of these with position 2 substitutions were tested (peptides 
239, 240, 241, 242). However, all of these reduced antagonism. Also, introduction of 
 d -Trp 6  into peptides 230 and 234 to increase steric hindrance at the C-terminal region 
(peptides 245 and 246) also reduced antagonism to around 60% (Fig.  8.6 ). The above 
data shows that amino acid changes to  d -Ala 1 , Gly 5 , and  d -Trp 8  (peptide 234) are the 
most critical for antagonism. However, other residues are tolerated at these positions 
such as  d -Trp 1  in peptide 230,  d -Ser 5  in peptide 273, or  d -Leu 8  in peptide 276.  

    Effects of Peptide Analogues on Mobilisation 
of Intracellular Calcium 

 To further characterise inhibition of KP-10 signalling by these antagonists, stimula-
tion of intracellular calcium release in model cells was measured. Peptide 234 did 
not stimulate calcium release alone, but did antagonise KP-stimulated calcium 
release by 89%, with an IC 

50
  of 1 × 10 −10  M, further confi rming its potency. Peptide 

273 could also antagonise intracellular calcium release to 63%, with no intrinsic 
stimulation, and peptide 276 completely inhibited intracellular calcium secretion 
(Figs.  8.6  and  8.8 ). To confi rm these were specifi c effects, three analogues that had 
reduced antagonism of IP were also tested. Peptides 274, 275, and 277 only antago-
nised by 28%, 27%, and 22%, respectively, confi rming the effects above are specifi c 
(Fig.  8.6 ). Overall, four antagonists have been created (peptide 230, 234, 273, and 
276) from this research and identifi ed the residues important for receptor binding 
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  Fig. 8.8    Effects of selected peptides on the elevation of intracellular calcium by KP-10 in 
CHO/GPR54 cells. Graphs show antagonism of KP-10 stimulated calcium at 60 s.  Ant  is the 
maximal antagonism achieved at micromolar concentrations. ( a ) Raw calcium transients for 
KP-10 showing 60 sec time point ( dotted line ). ( b ) Quantifi cation of KP-10 calcium transients. 
( c ) Peptide 234 calcium transients showing antagonism of KP-10 stimulated calcium 
( d ) Quantifi cation of peptide 234 transients showing 89% antagonism. ( e ) Peptide 273 calcium 
transient showing partial antagonism of KP-10 stimulated calcium by 63%. ( f ) Quantifi cation 
of peptide 273 calcium transients. ( g ) Peptide 276 calcium transients showing complete antago-
nism of KP-10 stimulated calcium. ( h ) Quantifi cation of peptide 276 calcium transients show-
ing 100% antagonism       

8 Kisspeptin Antagonists



174

 

(Asn 2 , Trp 3 , Phe 6 , Arg 9 , and Phe 10 ) and for receptor activation (Tyr 1  and Leu 8 ). 
Peptide 234 was the most effi cacious and potent antagonist in vitro.

   Besides producing four antagonists, the structure–activity    relationship has also 
provided us with a consensus model for antagonism of KP-10 (Fig.  8.9 ). The model 
highlights fi ve residues involved in receptor binding (Asn 2 , Trp 3 , Phe 6 , Arg 9 , Phe 10 ) 
and three residues involved in receptor activation (Tyr 1 , Ser 5 , Leu 8 ), which concurs 
with previous alanine scanning results [ 19 ,  20 ].

        Design and In Vitro Effects of Small Molecule Antagonists 

 Small molecule non-peptide KP-10 antagonists containing a 2-acylamino-4,6- 
diphenylpyridine scaffold have also been designed. Kobayashi et al. adopted a com-
binatorial chemistry approach to identify a 2-furoyl group to be the most active 
antagonist of all tested 2-acylamino-4,6-diphenylpyridine derivatives [ 24 ]. They 
identifi ed compound 9l (Fig.  8.10a ) with an IC 

50
  value of 3.7 nM for receptor binding 

to KISS1R and with high antagonistic activity against KP-10 stimulated intracellu-
lar calcium release [ 24 ]. Then, with further optimisation, compound 15a (Fig.  8.10b ) 
was designed containing a piperazine ring and exhibited high affi nity binding to 
both human and rat KISS1R, with IC 

50
  values of 3.6 and 15 nM, respectively. 

Compound 15a also showed high antagonistic activity against KP-10 stimulated 
calcium release in CHO cells stably expressing KISS1R (Fig.  8.10c ) [ 25 ].

   Compound 15a has a similar receptor binding affi nity to peptide 234 above for 
human KISS1R; however, it does not antagonise calcium release to the same extent. 
Peptide 234 inhibits calcium with an IC50 of 1nM and a maximal inhibition of 89%, 
whereas compound 15a has an IC50 of 1 μM with a similar maximal inhibition to 
peptide 234. However, as compound 15a is a small molecule antagonist, it is likely 
to be orally active, unlike peptide 234, which needs to be given by injection; there-
fore compound 15a may be more suitable to being taken forward into clinical 
trials.  

  Fig. 8.9    Schematic diagram of important KP-10 residues. Residues that are important for receptor 
binding ( red ) and receptor activation ( blue ) within KP-10 are highlighted       
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    Testing KP’s Role in GnRH Neuron Function 

 Since the primary action of KP is the stimulation of GnRH neurons, we determined 
whether KP antagonist, peptide 234, could inhibit KP action on mouse GnRH neu-
rons in brain slices. 1nM KP markedly increased GnRH neuron fi ring activity [ 26 ], 
as previously described [ 27 ]. Peptide 234 alone had no effect on GnRH neuron 
fi ring, but pretreatment with this peptide at 1, 10, and 100 nM strongly inhibited 
10 nM KP-10 stimulation of GnRH fi ring activity (Fig.  8.11a ). Thus, KP antagonist, 
peptide 234, is a potent inhibitor of KP-stimulated GnRH neuron fi ring.

  Fig. 8.10    Small molecule KP antagonist. ( a ) Structural model for compound 9l. ( b ) Structural 
model for compound 15a bearing a piperazine ring. ( c ) The antagonistic activities on calcium 
mobilisation of 15a ( solid line ) and 15d ( broken line ) against KP-10 in CHO cells stably express-
ing human GPR54. ( d ) Effect of compound 15a on plasma LH level in castrated male rats. Values 
are means ± SE, determined from eight experiments. * P  < 0.05 and ** P  < 0.01 compared with the 
vehicle control. (From Kobayashi, T., et al., Synthesis and structure–activity relationships of 
2-acylamino-4,6-diphenylpyridine derivatives as novel antagonists of GPR54. Bioorg Med Chem. 
18(11):3841–59 and from Kobayashi, T., et al., 2-acylamino-4,6-diphenylpyridine derivatives as 
novel GPR54 antagonists with good brain exposure and in vivo effi cacy for plasma LH level in 
male rats. Bioorg Med Chem. 18(14):5157–71. Reprinted with permission from Elsevier Limited)       
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       Testing KP’s Role in GnRH Pulsatility 

 Microdialysis of 10 nM peptide 234 into the stalk/median eminence of pubertal 
female rhesus monkeys over 30 min suppressed GnRH pulses (Fig.  8.11b ) and 
mean GnRH levels (Fig.  8.11c ) measured in median eminence microdialysate 

  Fig. 8.11    Peptides 234 inhibits KP actions in vivo. ( a ) Summary bar graph showing mean ± SEM 
fold change in fi ring rate during baseline ( white bars ) and KP-10 ( black bars ). KP-10 signifi cantly 
increased fi ring activity of GnRH neurons ( n  = 7, * P  < 0.002). Response to KP-10 was signifi cantly 
reduced with the presence of 1, 10, 100 nM peptide 234 (1 nM  n  = 5, 10 nM  n  = 6, 100 nM  n  = 7, 
 P  < 0.001 all groups). ( b ) Representative case from the effects of Peptide 234 on GnRH release and 
group mean (±SEM,  n  = 6) is shown. Pulsatile GnRH release in the hypothalamus was suppressed 
by 10 nM peptide 234 infusion to the stalk-median eminence regions of female rhesus monkeys 
( dark shaded bar ). Short arrows indicate GnRH peaks identifi ed by PULSAR. ( c ) Data analysis 
indicated that peptide 234 signifi cantly ( P  < 0.05) suppressed GnRH release as compared to levels 
prior to peptide 234 as well as to the vehicle control (* P  < 0.05 vs. before peptide 234; a  P  < 0.05 
vs. control at corresponding time period). ( d ) In pre-pubertal female rhesus monkeys, peptide 
234 at 10 nM signifi cantly decreased GnRH release compared with baseline levels ( P  < 0.01). 
(From Roseweir, A.K., et al., Discovery of potent kisspeptin antagonists delineate physiological 
mechanisms of gonadotropin regulation. J Neurosci. 2009. 29(12):3920–9, with permission from 
The Society for Neuroscience and from Guerriero, K.A., et al., Developmental changes in GnRH 
release in response to kisspeptin agonist and antagonist in female rhesus monkeys (Macaca 
mulatta): implication for the mechanism of puberty. Endocrinology. 2012. 153(2):825–36. 
Reprinted with permission from The Endocrine Society)       
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samples. GnRH pulses were restored when the antagonist infusion was terminated. 
This provides the fi rst direct evidence that KP is required for GnRH secretion and is 
responsible for GnRH pulses at puberty [ 26 ]. Importantly, the antagonist did not 
affect basal GnRH levels. Peptide 234 also suppressed GnRH pulses in another 
study on pre-pubertal female rhesus monkeys during a 30 min infusion, and the 
suppression continued for 90 min post-infusion (Fig.  8.11d ) [ 28 ], which may refl ect 
lower levels of KP in pre-pubertal animals or differences in pharmacokinetics. 

 The role of KP in GnRH pulsatility was also investigated indirectly in ovariect-
omised ewes by monitoring peptide 234 effects on LH pulses when the antagonist 
was infused i.c.v. as a 40 μg bolus followed by 40 μg over the ensuing hour. Peptide 
234 reduced both LH pulse amplitude and pulse frequency during infusion, and this 
inhibition continued for 2 h after termination of infusion (Fig.  8.12a ) [ 26 ]. Since a 
reduction in pulse amplitude reduces the ability to detect pulses, the effects on pulse 
frequency are uncertain. However, a reduction in LH pulse frequency is clearly 

  Fig. 8.12    Peptide 234 inhibits LH secretion and pulsatility. ( a ) Concentrations of LH are shown 
in an oestrogen-replaced ovariectomised ewe treated with peptide 234 ( black bar, left ) or control 
( grey bar ,  right ). Arrows indicate LH pulses. Analysis revealed a signifi cant reduction in the mean 
LH concentration and pulse amplitude after peptide 234 infusion. ( b ) Representative examples 
illustrating the effects of intra-ARC injection of 500 nL aCSF ( left hand ; 3 injections at 30 min 
intervals) or 50 pmol peptide 234 ( right hand ; 3 injections at 30 min intervals) in ovariectomised 
17β-estradiol-replaced rats ( n  = 5–6).  Arrows  represent intra-ARC injections. (From Roseweir, 
A.K., et al., Discovery of potent kisspeptin antagonists delineate physiological mechanisms of 
gonadotropin regulation. J Neurosci. 2009. 29(12):3920–9, with permission from The Society for 
Neuroscience and from Li, X.F., et al., Kisspeptin signalling in the hypothalamic arcuate nucleus 
regulates GnRH pulse generator frequency in the rat. PLoS One. 2009. 4(12):e8334. Open Access)       
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evident in the female rat after peptide 234 administration into the ARC (see below). 
The effect on LH appears to be specifi c, as prolactin and cortisol secretion were 
unaffected in the ovariectomised ewes [ 26 ].

   In the rat, the KP neurons critical for gonadotropin secretion are located in the 
hypothalamic ARC and AVPV nuclei. As the ARC is known to be the site of the 
GnRH pulse generator [ 29 ], we explored the effects of KP-10 or peptide 234 admin-
istered intra-ARC or intra-medial preoptic area, which includes the AVPV, on pulsatile 
LH secretion [ 30 ]. Intra-ARC administration of peptide 234 profoundly suppressed 
LH pulse frequency (Fig.  8.12b ), but intra-mPOA administration of peptide 234 had 
no effect [ 30 ] (data not shown). These data are the fi rst to identify the ARC as a key site 
for KP modulation of LH pulse frequency, supporting the notion that KP/KISS1R 
signalling in this region of the mediobasal hypothalamus is a  component of the 
hypothalamic GnRH pulse generator.  

    Testing KP’s Role in Puberty 

 Hypogonadotropic hypogonadism and a failure to progress through puberty in mice 
and humans with inactivating mutations of  KISS1R  is the phenotype which led to the 
discovery of the importance of the KP/KISS1R system in regulating reproduction. 
These fi ndings indicated an essential role for the KP system in translating neuroendo-
crine regulators of puberty into increased GnRH output. Puberty was thus a relevant 
model to examine the effects of a KP antagonist. To study KP’s role in prolonged 
physiological processes such as puberty, protracted blockade of KP action was 
required. Central infusion of KP antagonist, peptide 234 (10 nmol/24 h), by osmotic 
minipump attached to an i.c.v. catheter for 7 days to pubertal (d30) female rats delayed 
vaginal opening and decreased uterine and ovarian weights (data not shown) at the 
expected time of puberty, without affecting body weight (data not shown) (Fig.  8.13a ) 
[ 31 ]. Eighty percent of animals infused with vehicle displayed complete canalisation 
of the vagina by d36, while only 13% of the females treated with the antagonist 
showed complete vaginal opening (Fig.  8.13a ). In the study on pubertal female rhesus 
monkeys described earlier, peptide 234 inhibited GnRH pulses [ 26 ]. These fi ndings 
provided direct evidence for a role of KP in initiating puberty, in support of indirect 
data showing that exogenous KP administration advances puberty [ 32 ],  Kiss1  gene 
expression increases at puberty in rats, and the puberty is absent in  KiSS1  and  KISS1R  
gene inactivation in humans. Thus, we are able to conclude that KP secretion is essen-
tial for increasing GnRH secretion and progression through puberty.

       Testing if KP Mediates Gonadal Steroid Negative Feedback 

 The mechanism by which gonadal steroids mediate feedback has been a lively area 
of research and debate over many years. The discovery of the KP/KISS1R system 
suggested that it may play a part in negative steroid feedback. Gonadectomy of mice 
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  Fig. 8.13    Peptide 234 delays puberty and inhibits castration rise in LH and the pre-ovulatory LH 
surge. ( a ) Effects of continuous infusion of peptide 234 on puberty onset in female rats. The impact 
of chronic i.c.v. infusion of the peptide 234, into pubertal female rats (d30–d36) on puberty onset 
shows a delay.  VO  vaginal opening. ( b ) Castrated male rats were given three infusions (indicated 
by  arrows ) of 1 nmol peptide 234 at 0, 60, and 120 min, which signifi cantly inhibited LH secretion 
after 240 min ( n  = 10; * P  < 0.05). ( c ) Dose–response graph for castrated male mice given two i.c.v. 
infusions of peptide 234, 60 min apart, indicating that all three doses tested are able to inhibit the 
post-castration rise in LH.  Bars  show mean ± SEM (* P  < 0.05 compared with other groups). 
( d ) Effects of continuous infusion of peptide 234 on pre-ovulatory surge of LH in rats. Mean serum 
LH levels in both groups, as well as integrated LH secretion between 14:00 h and 20:00 h of pro-
estrus (AUC; bar graph) in ( d ), are shown. Numeric values on  x- axis represent daytime (hour) 
during the afternoon and evening of proestrus. Hormonal levels at the morning of oestrus ( 9-E ) are 
also shown. ** P  < 0.01 vs. corresponding control group. (From Roseweir, A.K., et al., Discovery 
of potent kisspeptin antagonists delineate physiological mechanisms of gonadotropin regulation. 
J Neurosci. 2009. 29(12):3920–9, with permission from The Society for Neuroscience and from 
Pineda, R., et al., Critical roles of kisspeptins in female puberty and preovulatory gonadotropin 
surges as revealed by a novel antagonist. Endocrinology. 151(2):722–30. Reprinted with permis-
sion from The Endocrine Society)       

and rats induced an increase in  Kiss1  gene expression in the ARC nucleus which is 
reversed by gonadal steroid replacement [ 8 ,  10 ,  13 ]. However, there is no direct 
evidence that gonadectomy results in increased KP secretion. To address this issue, 
KP antagonist, peptide 234, was infused i.c.v. into castrated male rats and mice [ 26 ]. 
Two or three i.c.v. injections of Peptide 234 inhibited the castration-induced rise in 
LH in both rats (Fig.  8.13b ) and mice (Fig.  8.13c ). This is consistent with data that 
KP neurons express sex steroid receptors [ 14 ,  33 ]. It therefore appears that a sub-
stantial part of sex steroid feedback on GnRH secretion is mediated via the KP 
system (Fig.  8.14 ).
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       Testing a Role for KP in Positive Feedback 
and LH Ovulatory Surge 

 The switch in the hypothalamus which determines the change in oestrogen feedback 
from negative to positive to generate the pre-ovulatory LH surge is central to under-
standing of the female reproductive system. However the pathways and mediators 
involved have remained elusive. To examine a putative role of KP in the LH surge, 
regularly cycling female rats were implanted in the morning of oestrus with osmotic 
mini-pumps to allow i.c.v. delivery of KP antagonist, peptide 234, at a constant rate 
of 10 nmol/24 h. The infusion was continued until the afternoon of the following 
proestrus, when the animals were subjected to serial blood sampling during the 
afternoon/evening of proestrus and the morning of oestrus. In controls, 10 out of 11 
animals displayed the expected pre-ovulatory surge of LH during the afternoon of 

  Fig. 8.14    Physiological roles of KP interpreted from KP antagonist studies. Gonadectomy leads 
to an increase in GnRH and LH pulsatility due to removal of negative feedback in the arcuate 
nucleus (ARC) which is inhibited by KP antagonist. The positive feedback effects of gonadal ste-
roids in the anteroventral paraventricular nucleus (AVPV) in rodents which induce the LH surge 
are inhibited by KP antagonist (indicated by “B”). KP antagonist does not inhibit basal GnRH or 
LH in all animal models studied, suggesting that this is independent of KP (“other neurons”). 
“A” indicates that KP in the ARC also plays a role in infl uencing GnRH pulse frequency. (From 
Millar, R.P., et al., Kisspeptin antagonists: unraveling the role of kisspeptin in reproductive physi-
ology. Brain Res. 1364:81–9. Reprinted with permission from Elsevier Limited)       
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proestrus, with a progressive rise of serum concentrations between 16:00 and 20:00, 
followed by a decrease in LH levels on the morning of oestrus. However, when 
peptide 234 was infused, 7 out of 9 females failed to display the prototypical surge 
of LH at proestrus (Fig.  8.13d ) [ 31 ]. This experiment provides direct evidence for 
the indispensable role of KP signalling in mediating the pre-ovulatory surge of 
gonadotropins (Fig.  8.14 ). The fi nding supports a previous demonstration that 
administration of KP antiserum abolishes the ovulatory LH surge [ 34 ].  

    Design of KP Antagonists to Penetrate the Blood–Brain Barrier 

 KP-10 and its peptide antagonists can be modifi ed at the NH2 terminus without loss 
of activity. We have therefore exploited this property by adding the penetrating peptide 
sequence (which allows passage across the cell membrane) to the NH2 terminus of 
KP antagonist, peptide 234. This potentially facilitates transfer across the blood–
brain barrier. When administered systemically, this antagonist (Peptide 271) inhib-
ited KP-10 stimulation of LH in rats following both i.c.v. and systemic administrations 
of KP-10 [ 31 ]. Peptide 271 has also been shown to decrease both amplitude and 
frequency of LH pulses in OVX ewes. In these animals, peptide 271 was also shown 
to inhibit EB-induced LH surge [ 35 ], providing further evidence for the role of KP 
in positive steroid feedback (Fig.  8.15 ).

   Kobayashi et al. also modifi ed the small molecule antagonist, compound 9l, to 
increase penetration of the blood–brain barrier, as compound 9l had relatively low 
brain exposure when given by i.v. administration to male castrated rats. The modifi ed 
compound 15a was shown to have high brain exposure levels in castrated male rats 
and also suppressed plasma LH levels in these animals (Fig.  8.10d ) [ 25 ].  

    KP-Independent GnRH Secretion 

 The majority of the studies described above indicated that KP antagonists did not 
affect basal LH secretion in intact and castrated male mice and rats, in ovariect-
omised oestrogen treated ewes, in studies on the ovulatory LH surge in rats and 
ewes, and when administered into the ARC in ovariectomised, oestrogen-replaced 
rats. It cannot be ruled out that this is due to the dose of antagonist used in these 
studies, as higher doses have not yet been tested. However, if this is shown not to be 
due to the dosage, then these fi ndings suggest that, although KP is clearly involved 
in regulating LH pulses and the increase in LH secretion after orchidectomy and 
during the LH surge, the maintenance of basal LH appears to be KP-independent. 
This proposal is supported by the demonstration that peptide 234 decreased 
KP-stimulated GnRH neuron fi ring rate in mouse brain but not the non-stimulated 
fi ring rate, and also decreased GnRH pulses, but not basal GnRH secretion, in the 
rhesus monkey. Moreover, peptide 234 does not lower LH to the same extent as 
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GnRH antagonist. Collectively, the studies indicate that there is an element of 
GnRH secretion which is independent of KP. These fi ndings have important thera-
peutic implications, as they indicate that KP antagonists may be utilised to partially 
suppress gonadal function and steroid hormone secretion. However, as GnRH and 
LH are not known to have any continuous basal mode of secretion, this may be an 
artefact of the assays utilised.  

  Fig. 8.15    Effects of Peptide 271 in vitro and in vivo. ( a ) Peptide 271 can still bind with an IC 
50

  of 
15 nM. ( b ) Peptide 271 has no intrinsic IP stimulation but can antagonise KP-10 stimulated IP 
production by 62% with an IC50 of 1 μM. ( c ) LH and FSH secretory profi les are shown from adult 
male rats receiving three consecutive i.p. injections (5 nmol/each) of the antagonist of KP, peptide 
271 ( denoted by arrows ); the last injection was associated with an i.c.v. bolus of KP-10 (100 
pmol). Integrated secretory responses following KP-10 administration, calculated as area under the 
curve (AUC), are also depicted as bar graphs. ( d ,  e ) Bar graphs show AUC for LH pulse amplitude 
( d ) and pulse interval ( e ) during 2-h time periods before infusion, during infusion, and after infu-
sion in OVX ewes ( n  = 5 per group). A signifi cantly prolonged pulse interval during peptide 271 
infusion was detected. ( f ) Mean LH surges in OVX ewes treated with Peptide 271 or aCSF. The 
 x -axis is time (hours) from the peak of the LH surge. ( g ) AUC analysis revealed a signifi cant 
decrease in the LH surge in ewes treated with Peptide 271. Data are the mean ± SEM. * P  < 0.05, 
** P  < 0.01 vs. corresponding control group. (From Pineda, R., et al., Critical roles of kisspeptins 
in female puberty and preovulatory gonadotropin surges as revealed by a novel antagonist. 
Endocrinology. 151(2):722–30. Reprinted with permission from The Endocrine Society. And from 
Smith, J.T., et al., Kisspeptin is essential for the full preovulatory LH surge and stimulates GnRH 
release from the isolated ovine median eminence. Endocrinology. 2011. 152(3):1001–12. Reprinted 
with permission from The Endocrine Society)       
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    Future Applications in Physiological Regulation 
of Gonadotropins 

 To date, few studies have examined the effects of KP antagonists on FSH secretion. 
Although both LH and FSH secretion are dependent on GnRH, low GnRH pulse 
frequencies favour FSH secretion while high pulse frequencies favour LH secretion 
[ 36 ]. Since KP antagonists slow LH pulse frequencies (and by inference, GnRH 
pulse frequency) in a number of the models studied, it may be instructive to study 
the effects on FSH secretion. 

 Leptin stimulates  Kiss1  gene expression and increases gonadotropins in leptin- 
defi cient and nutritionally deprived mice [ 37 ]. Studies on the ability of KP antago-
nists to inhibit leptin stimulation of gonadotropin in these models would provide 
direct evidence for leptin stimulation of gonadotropin through stimulation of KP 
secretion. KP antagonists could also be employed to interrogate other metabolic 
stimulators of gonadotropins. Another area which has yet to be investigated is the 
effect of gonadal peptides (inhibin, activin, and follistatin) on the KP system. 
Conversely, KP antagonists can be used to investigate the potential role of basal 
gonadotropin secretion on the production of these gonadal peptides. 

 KP, neurokinin B (NKB), and dynorphin (Dyn) are co-expressed by a population 
of neurons in the ARC of sheep [ 38 ,  39 ], goats [ 40 ], rodents, and humans [ 41 ], and 
a model is emerging that involves a complex dialogue between these peptide hor-
mones and their effects on the GnRH neuron. Putative paracrine and autocrine feed-
back on the KP/NKB/Dyn neurons may be gainfully investigated by the combined 
use of KISS1R, TAC3R, and μ-opioid receptor agonists and antagonists. KP antag-
onists may also be valuable reagents to determine whether other neurotransmitters 
and neuropeptides which stimulate the GnRH neuron do so directly or by stimulat-
ing KP secretion.  

    Potential Clinical Applications of KP Antagonists 

 Since KP is a major regulator of GnRH but a degree of GnRH secretion is 
KP-independent, KP antagonists might be employed as partial inhibitors of gonado-
tropin and sex steroids. GnRH analogues have found extensive therapeutic applica-
tions in hormone-dependent diseases and in IVF. GnRH agonists induce gonadotrope 
desensitisation, while antagonists prevent receptor activation by endogenous GnRH. 
Both treatments result in suppression of gonadotropin secretion with consequent 
reduction in circulating gonadal steroid hormones. In these treatments, steroid hor-
mones are lowered to castrate levels, resulting in side effects such as hot fl ushes, 
reduced lean body mass, loss of libido, and bone loss. Our demonstration that KP 
antagonists reduce LH pulsatility and inhibit the ovulatory LH surge, but do not 
appear to affect basal LH, suggests that they may fi nd clinical utility in conditions 
where maximal suppression of sex steroids is contraindicated. Partial sex steroid 
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suppression with KP antagonists may fi nd utility in benign prostatic hyperplasia, 
endometriosis, and uterine fi broids, where lowering of gonadal steroids could 
improve the conditions without the side effects of reducing steroid hormones to 
castrate levels. Polycystic ovarian syndrome (PCOS), which is characterised by 
increased LH pulse frequency and increased ratio to FSH, is another potential target 
of KP therapy. Although unproven, lowering of GnRH pulse frequency by KP 
antagonists should maintain FSH (favoured by low pulse frequency) while lowering 
LH, as desired in PCOS. As this would allow follicle development and oestrogen 
production, but inhibit ovulation, it may be an attractive possibility as a female con-
traceptive. KP antagonists may also fi nd application in IVF to prevent premature 
luteinisation while maintaining basal LH, which may be of value in some women 
during superovulation [ 42 ,  43 ].  

    Conclusion 

 The discovery of KP antagonists provides a new avenue for investigating the role of 
KP in the normal physiology of gonadotropin regulation (Fig.  8.14 ) and in patho-
logical conditions. They also offer possibilities in new therapeutic approaches in the 
treatment of hormone-dependent diseases without generating side effects of total 
ablation of gonadal steroids seen in current therapies.      
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    Abstract     The hypothalamic hormone GnRH has traditionally been viewed as a central 
driver of the hypothalamic-pituitary-gonadal axis. Pulsatile GnRH release is required for 
pulsatile gonadotropin secretion, which then modulates gonadal steroid feedback and 
brings about full fertility in the adult. Pathways governing GnRH ontogeny and physiol-
ogy have been discovered by studying humans with disorders of GnRH secretion. In this 
chapter, the human genetics of the kisspeptin signaling pathway in patients with diverse 
reproductive phenotypes will be explored. The discovery of defects in the kisspeptin 
system in several reproductive disorders has shed light on the mechanisms involved in 
regulating GnRH secretion, revealing the critical role played by the kisspeptin signaling 
pathway in pubertal initiation and reproductive function.  

        GnRH Defi ciency 

 GnRH defi ciency is a condition characterized by abnormal pubertal development 
and low gonadotropins and sex steroids. Administration of exogenous pulsatile 
GnRH long term can restore normal levels of gonadotropins and sex steroids in 
patients with this disorder, demonstrating the hypothalamic nature of the defect in 
the vast majority of patients [ 1 ,  2 ]. GnRH defi ciency is heterogenous in its clinical 
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presentation, with variation in the presence or absence of olfactory defects (and other 
somatic anomalies), severity of the hypogonadism, and neuroendocrine patterns. 
Thus, patients with isolated GnRH defi ciency represent a unique opportunity to iden-
tify genes that awaken the reproductive cascade at the time of sexual maturation and 
maintain normal reproductive function throughout life. 

 In 2003, homozygosity mapping and candidate gene analysis of two large consan-
guineous pedigrees with isolated GnRH defi ciency led to the identifi cation of loss-of-
function mutations in a then little-known G protein-coupled receptor,  GPR54  (later 
to be renamed  KISS1R  = kisspeptin receptor), by two investigative groups [ 3 ,  4 ]. 
The identifi cation of mutations in multiple families, as well as unrelated probands, 
coupled with a parallel reproductive phenotype in a  Kiss1r  mutant mouse, cata-
pulted kisspeptin into the spotlight as a key regulator of GnRH secretion.  

    Initial Reports 

 In searching for novel gene defects associated with isolated GnRH defi ciency, one 
group employed homozygosity mapping of a large consanguineous family with fi ve 
affected siblings. Chromosome localization and candidate gene sequence analysis led 
to the identifi cation of a homozygous deletion of 155 nucleotides in the  KISS1R  [ 3 ]. 
This deletion encompassed the splicing acceptor site of intron 4-exon 5 junction and 
part of exon 5. In the unlikely event that this abnormal transcript was translated, the 
deleted receptor would be truncated within the third intracellular loop, lacking 
transmembrane domains 6 and 7. The proband of the index family was a 20-year-old 
male who presented with abnormal pubertal development, 4 mL testes, and a normal 
sense of smell. While his affected brothers all had similar clinical features, his 
affected sister had partial breast development and had experienced a single episode 
of uterine bleeding. His mother, a heterozygote carrier of the deletion, was noted to 
have experienced menarche at age 16. 

 Homozygosity mapping of a different consanguineous family with GnRH defi -
ciency, this time from the Middle East, was the focus of a second investigative group [ 4 ]. 
Candidate gene sequencing of  KISS1R  led to the discovery of a homozygous mis-
sense mutation, p.L148S, within the second intracellular loop of the receptor. 
Transfection of COS-7 cells with a mutant construct representing L148S revealed 
signifi cantly decreased accumulation of inositol phosphate in vitro compared to 
wild type [ 4 ]. Further sequencing of  KISS1R  led to the identifi cation of compound 
heterozygote mutations, p.R331X and p.X399R, in an African American male [ 4 ]. 
As mRNAs with premature termination codons are known to be subject to nonsense- 
mediated decay [ 5 ], and mRNAs without an in-frame termination codon had 
recently been appreciated to be subject to nonstop decay [ 6 ,  7 ], it was hypothesized 
that the combination of nonstop and nonsense mutations in a single individual 
would result in the absence of a functional receptor. Quantitative RT-PCR confi rmed 
a signifi cant reduction of  KISS1R  mRNA in immortalized white blood cells from 
the p.R331X/p.X399R proband. Should a protein have been produced by either the 
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p.R331X or p.X399R transcripts, in vitro studies suggested that each of the mutant 
proteins would have functioned poorly. 

 Understanding the functional consequences of the p.R331X/p.X399R mutations 
was an important backdrop for the interpretation of the clinical presentation of the 
p.R331X/p.X399R proband [ 4 ]. On frequent blood sampling, this individual had 
low-amplitude pulses of luteinizing hormone (LH), suggesting present, but enfee-
bled, secretion of GnRH. He also had a left-shifted dose–response curve compared 
to other patients with GnRH defi ciency undergoing the same therapy, suggesting 
that he may be more sensitive to exogenous GnRH. Thus, despite the clear impor-
tance of the kisspeptin pathway in modulating GnRH release, the clinical data from 
this patient suggested the possibility of residual GnRH activity, a foreshadowing of 
subsequent studies that were performed in the rodent demonstrating the existence of 
kisspeptin-independent GnRH secretion [ 8 ]. 

 The clinical presentations of the p.L148S and p.R331X/p.X399R patients were 
also juxtaposed against the phenotype of  Kiss1r- defi cient mice; the mutant mice were 
striking phenocopies of the GnRH-defi cient patients, including lack of sexual matu-
ration associated with low levels of gonadotropins [ 4 ]. The strong parallels in presen-
tation between the GnRH-defi cient patients and the mutant mice established a central 
role for  KISS1R / Kiss1r  across mammalian species. Moreover, the use of a mouse 
model allowed quantifi cation of hypothalamic GnRH content, which was found to be 
normal in the  Kiss1r- defi cient mice, suggesting that  KISS1R / Kiss1r  infl uences the 
timing of sexual maturation by affecting the processing or secretion of GnRH [ 4 ,  9 ]. 

 Thus, the identifi cation of mutations in  KISS1R  by multiple groups thrust the 
 kisspeptin pathway into the spotlight, and laboratories around the world began 
assembling expression, physiologic, transgenic, knock out/down, and electrophysi-
ologic data to tell the biologic story of kisspeptin and its important role in regulating 
GnRH secretion. The hypothesis that kisspeptin does not affect GnRH neuronal 
migration, but rather GnRH biosynthesis and/or release, was supported shortly 
thereafter by in vivo studies demonstrating that kisspeptin administration, either 
centrally or peripherally, triggers robust GnRH-induced LH and FSH secretion [ 10 , 
 11 ]. Kisspeptin expression in the hypothalamus of rodents and nonhuman primates 
was also found to increase at the time of sexual maturation [ 11 ,  12 ], an important 
fi nding since kisspeptin is thought to mediate sex steroid feedback [ 12 – 17 ], estrous 
cycle regulation [ 17 ,  18 ], seasonal breeding [ 19 – 25 ], and to convey information 
about the energy status of the organism [ 26 ,  27 ]. Thus, relatively quickly, kisspeptin 
was found to be a key gatekeeper for the activation of the GnRH axis.  

    Central Themes for Patients Carrying Mutations 
in the Kisspeptin Signaling Pathway 

 Once  KISS1R  was added to the roster of genes for GnRH defi ciency, several groups 
began to search for mutations in the kisspeptin signaling pathway in patients with 
hypogonadotropic hypogonadism. However, mutations in the coding sequence of 
 KISS1R  have proven to be relatively rare, particularly in comparison with many other 
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genes for GnRH defi ciency; for example,  KAL1  has been reported to harbor mutations 
in 5–14% of GnRH-defi cient patients [ 28 – 30 ], considerably higher than the 1% 
frequency of mutations in  KISS1R  [ 28 ]. It is unclear why the prevalence of mutations 
in the kisspeptin signaling pathway is relatively low, but it is possible that kisspeptin’s 
role in trophoblast invasion [ 31 ,  32 ] or metastasis suppression [ 33 ,  34 ] creates nega-
tive selection pressure against the promulgation of mutations in families. 

 Reported biallelic mutations of  KISS1R  include a homozygous 155 base pair 
deletion [ 3 ], a homozygous frameshift (c.1001_1002insC) [ 35 ], a homozygous 
splice acceptor site mutation [ 36 ], homozygous p.L102P [ 37 ], p.L148S [ 4 ,  38 ,  39 ] 
and p.F272S missense mutations [ 40 ], and the compound heterozygous mutations 
p.R331X/p.X399R [ 4 ,  39 ] and p.R297L/p.C223R [ 41 ]. Thus, mutations in this G 
protein-coupled receptor are variable in type (large deletion, frameshift, splice site, 
nonsense, nonstop, and missense) and occur throughout the receptor. 

 Typically, patients carrying biallelic complete loss-of-function mutations serve 
as the “phenotypic bookends” of the most extreme clinical presentation that can be 
associated with loss of a particular gene. In general, complete loss of kisspeptin 
signaling is associated with normosmic GnRH defi ciency, but, as noted earlier, the 
abnormalities in GnRH secretion may be partial. For example, an affected female 
carrying a homozygous 155 base pair deletion in  KISS1R  (that if translated, would 
lead to a truncated G protein-coupled receptor unable to stimulate the transduction 
pathway) presented with some partial breast development and one episode of uter-
ine bleeding [ 3 ]. Although her sexual maturation was clearly abnormal, her breast 
development and uterine bleeding suggest her endogenous estradiol levels were 
above pre-pubertal values. Another female, this time carrying a homozygous L102P 
mutation, demonstrated a robust LH level in response to a 100 μg GnRH stimulation 
test (peak approximately 32 IU/L) at initial evaluation [ 37 ]. During 6 h of frequent 
blood sampling, she manifested low-amplitude LH pulses occurring approximately 
once per hour. These clinical clues all suggest the presence of some degree of enfee-
bled endogenous GnRH secretion. 

 To date, patients with biallelic mutations in  KISS1R  lack the syndromic features that 
can be found in anosmic forms of this disorder (Kallmann syndrome), including cleft 
lip and palate, synkinesia, and renal agenesis. This is likely due to the fact that muta-
tions in the kisspeptin signaling pathway do not affect olfactory bulb development and 
by extension, GnRH neuronal migration, a hypothesis supported by studies of  Kiss1r   − /−  
mice, which have normal GnRH hypothalamic content and preserved anatomy [ 4 ,  55 , 
 56 ]. However, because GnRH defi ciency can be an oligogenic disease [ 28 ], it is pos-
sible that patients with Kallmann syndrome carry mutations in genes that affect not 
only GnRH neuronal migration but also kisspeptin signaling [ 42 ].  

    Discovery of Mutations in Closely Related Pathways 

 Kisspeptin is now appreciated to be co-expressed with other neuropeptides that are 
likely to work in a cooperative fashion to regulate the hypothalamic control of repro-
duction. Kisspeptin neurons in the ARC co-express the neuropeptides neurokinin B 
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(NKB) and dynorphin, giving rise to the term KNDY neurons ( K isspeptin- N eurokinin  
B- Dy norphin); this co-localization has been observed in several mammalian species, 
including humans [ 43 – 45 ]. About 5 years after the discovery of mutations in the 
 kisspeptin pathway, loss-of-function mutations in the genes encoding neurokinin B 
( TAC3 ) and its receptor ( TACR3 ) in patients with normosmic isolated hypogonado-
tropic hypogonadism (IHH) and pubertal failure were discovered [ 46 ]. Patients with 
mutations in  KISS1R  have a relatively straightforward phenotype without syndromic 
features, although there can be evidence of residual GnRH activity [ 3 ,  4 ,  37 ]. Patients 
bearing mutations in the neurokinin B signaling pathway also lack anosmia, renal 
agenesis, and bony abnormalities, but their neuroendocrine phenotype is more 
 complex. A large proportion of patients with mutations in either  TAC3  or  TACR3  
have undergone reversal of their hypogonadotropism [ 47 ], a phenomenon in which 
patients undergo spontaneous recovery of their hypothalamic- pituitary-gonadal cas-
cade.  Tacr3  −/−  mice have numerous reproductive defects (including abnormal estrous 
cycles, reduced corpora lutea, decreased uterine weights), but mutant female mice 
are able to achieve fertility when mated, demonstrating that these mice are more 
similar to the patients with  TAC3 / TACR3  mutations than previously appreciated [ 48 ]. 
While reversible GnRH defi ciency is not exclusively associated with  TAC3 / TACR3  
[ 49 – 54 ], none of the patients bearing biallelic mutations in the kisspeptin signaling 
pathway have yet to be reported with this clinical sub-phenotype. While the triggers 
to reversal remain poorly understood, these clinical observations appear to be pro-
viding important clues as to the physiologic hierarchy and relative infl uence of neu-
rokinin B and kisspeptin in modulating GnRH release. In fact, the possibility that 
the actions of neurokinin B are proximal to those of kisspeptin is supported by the 
observation of increased LH pulse frequency during kisspeptin infusion to patients 
with neurokinin B signaling defi ciencies [ 55 ].  

    Fertility Phenotypes 

 Although fertility data is available for only a subset of patients, mutations in  KISS1R  
do not appear to impact fertility potential. Despite bilateral cryptorchidism and mild 
hypospadius, a male patient carrying a homozygous  KISS1R  c.1001_1002insC 
mutation responded to exogenous pulsatile GnRH, normalizing testosterone levels 
and inducing spermatogenesis [ 35 ]. Because his semen analysis showed oligoasthe-
nozoospermia, pregnancy, albeit achieved with assisted reproduction, was possible. 
The male proband harboring p.R331X/p.X399R also received pulsatile GnRH and 
experienced steady increases in testicular volume and the appearance of normal 
spermatogenesis, resulting in fertility [ 39 ]. A homozygous p.L148S female had (1) 
intact responses to exogenous GnRH and gonadotropins, (2) multiple conceptions 
using the aforementioned therapies as well as IVF, and (3) two uncomplicated preg-
nancies [ 39 ]. While details are not available regarding the quality of her follicular 
response, mutations in  KISS1R  do not appear to preclude steroidogenesis and 
gametogenesis.  
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    The Missing Link of KISS1 

 In GnRH defi ciency, the discovery of loss-of-function mutations in genes encoding 
cell membrane-associated receptors has always preceded or accompanied the dis-
covery of disabling mutations in the genes encoding their ligands. Initially, it 
appeared that  KISS1  was going to escape this genetic tradition, as no mutations in 
 KISS1  were reported for 8 years after the discovery of mutations in  KISS1R . 
However, mutations in  KISS1  are now clearly associated with GnRH defi ciency. 

 In 2011, 15 probands with GnRH defi ciency were found to harbor 10 heterozy-
gous rare sequence variants in  KISS1  [ 56 ]; in silico, in vitro, and in vivo studies 
were performed to explore the functional consequences of these variants. p.F117L 
was found to reduce inositol phosphate generation in vitro. p.G35S and p.C53R 
were predicted in silico to be deleterious. Lying outside the coding region, the vari-
ant g.1-3659C→T was found to impair transcription in vitro while another variant, 
c.1-7C→T, was noted to sit within the consensus Kozak sequence. Because these 
variants were monoallelic, and not biallelic, an examination of reproductive pheno-
types in heterozygous and double-heterozygous  Kiss1  and  Kiss1r  mice was also 
performed. Heterozygous  Kiss1  mutations produced reproductive phenotypes in 
mutant mice and these phenotypes were further accentuated when accompanied by 
heterozygous mutations in  Kiss1r  [ 56 ]. 

 As over 1,000 probands were screened to identify these nucleotide changes, dis-
abling genetic variation in  KISS1  is clearly as rare, if not more so, than that of 
 KISS1R . However, a homozygous loss-of-function mutation in  KISS1  was eventu-
ally discovered in affected siblings from a consanguineous Kurdish pedigree with 
normosmic GnRH defi ciency (c.345C→G; p.N115K) [ 57 ]. The mutant kisspeptin 
was signifi cantly less potent than wild type kisspeptin in activating GnRH neurons. 
Thus, both  KISS1R  and  KISS1  are clearly genetic determinants of the timing of 
sexual maturation in the human.  

    Insights Garnered from Kiss1 −/−  and Kiss1r −/−  Mice 

 In general,  Kiss1  −/−  and  Kiss1r  −/−  mice are phenocopies of humans bearing  KISS1R  
mutations. Both  Kiss1  −/−  and  Kiss1r  −/−  mice have small gonads, low gonadotropins, 
and abnormal gametogenesis, and infertility [ 4 ,  9 ,  58 ,  59 ]. GnRH neuronal migra-
tion into the hypothalamus is normal in  Kiss1  −/−  animals, along with appropriate 
axonal connections to the median eminence and total GnRH content [ 58 ]. 

 Despite their infertility,  Kiss1  −/−  female mice can develop follicles, up to the pre- 
ovulatory level, although no spontaneous ovulations are observed [ 8 ]. Both  Kiss1  −/−  
and  Kiss1r  −/−  females alternate between periods of prolonged diestrus and prolonged 
estrus. These transitions increase in frequency with increasing age and are not asso-
ciated with changes in hypothalamic  Gnrh1  mRNA expression. Administration of 
the competitive GnRH antagonist acyline disrupts the estrus exhibited by  Kiss1  −/−  
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and  Kiss1r  −/−  female mice, demonstrating that this estrus is due to GnRH activity. 
The low-amplitude LH pulsations observed in multiple patients with  KISS1R  muta-
tions appears to be echoed in the persistent GnRH activity documented in  Kiss1  −/−  
and  Kiss1r  −/−  mice. Kisspeptin-independent GnRH activity, whether in mice or men, 
could be due to low level constitutive activity of GnRH neurons or could be induced 
by other neuroendocrine pathways that modulate GnRH neuronal secretion. 

 Surprisingly, mice with targeted ablation of kisspeptin or kisspeptin receptor 
expressing  cells  (as opposed to deletion of the  Kiss1  and  Kiss1r genes ) are almost 
entirely reproductively normal suggesting, at initial interpretation, that kisspeptin 
signaling is not required for puberty and fertility [ 60 ]. However, the residual kiss-
peptin and GnRH neurons present in each of these cellular ablation mouse models, 
while quite small in number, may in fact be suffi cient for sexual maturation and 
fertility, as initially suggested by preoptic area brain grafts in hypogonadal ( hpg ) 
mice [ 61 ,  62 ] and a more recent mouse model ( Kiss   Cre / Cre  ) with markedly reduced 
expression of  Kiss1  [ 63 ].  

    From Loss-of-Function to Gain-of-Function 
in the Kisspeptin Signaling Pathway 

 While GnRH defi ciency presents with delayed pubertal development, central preco-
cious puberty (CPP) results from early activation of hypothalamic GnRH secreting 
neurons resulting in precocious pubertal development in childhood [ 64 ,  65 ]. 
Affected children present with premature development of secondary sexual charac-
teristics, acceleration of linear growth, and progressive skeletal maturation, result-
ing in premature epiphyseal closure and, consequently, short adult height in untreated 
cases [ 66 ]. CPP has remarkable female gender predominance and most cases are 
considered idiopathic, with normal central nervous system (CNS) magnetic reso-
nance imaging (MRI) [ 64 – 68 ]. However, up to 75% of boys with CPP have a detect-
able CNS lesion, mainly hypothalamic hamartomas [ 64 – 67 ]. Familial occurrence 
has been reported in 20–25% of CPP cases, suggesting a role for genetic factors in 
its pathogenesis [ 69 ,  70 ]. Segregation analysis of these families suggested an auto-
somal dominant transmission with incomplete sex-dependent penetrance [ 69 ]. 

 In 2008, the kisspeptin signaling pathway was implicated in the pathogenesis of 
CPP. The fi rst heterozygous activating mutation of the KISS1R (p.R386P) was 
described in an adopted Brazilian girl with CPP [ 71 ]. She presented with slowly 
progressive thelarche from birth; accelerated growth, skeletal maturation, and pro-
gression of breast development were noticed at 7 years of age. She had pubertal 
estradiol levels and borderline-pubertal LH stimulated levels [ 71 ]. In vitro studies 
demonstrated that the R386P mutation, located in the carboxy terminal tail of the 
receptor, led to prolonged activation of intracellular signaling pathways in response 
to kisspeptin [ 71 ]. Therefore, in contrast to gain-of-function mutations in many G 
protein-coupled receptors, which cause constitutive receptor activation, the p.R386P 
mutation appeared to reduce the rate of desensitization of the mutant KISS1R at the 

9 Kisspeptin and Clinical Disorders



194

cell surface after ligand-binding and signaling. Indeed, the p.R386P mutation 
appears to decrease KISS1R degradation, resulting in a net increase of the receptor 
on the plasma membrane [ 72 ]. 

 Given the description of an activating mutation in  KISS1R  causing premature 
activation of the gonadotropic axis,  KISS1  was another obvious natural candidate 
gene for precocious puberty. One rare kisspeptin variant, p.P74S, was identifi ed in 
one child with sporadic CPP [ 70 ]. The p.P74S mutation was identifi ed in the hetero-
zygous state in a boy who developed CPP at 1 year of age with remarkably high 
levels of basal LH and testosterone [ 70 ]. Although the majority of boys with CPP, 
especially younger than 4 years old, have an underlying CNS abnormality [ 66 – 68 ], 
this boy had no CNS lesions. His mother and maternal grandmother, who had nor-
mal pubertal development, also carried the p.P74S mutation in heterozygous state, 
suggesting incomplete sex-dependent penetrance. After pre-incubating the mutant 
kisspeptin in human serum to more closely mimic in vivo conditions, the capacity 
to stimulate signal transduction was signifi cantly greater for p.P74S compared to 
the wild type, suggesting that this variant might be more resistant to degradation, 
resulting in greater kisspeptin bioavailability [ 70 ]. 

 The patients with  KISS1R  or  KISS1  mutations described above demonstrated ade-
quate response to conventional treatment with GnRH agonists [ 70 ,  71 ]. Depot GnRH 
agonist treatment resulted in the regression or stabilization of pubertal symptoms in 
the two patients with activating mutations of  KISS1R  or  KISS1  genes. As expected, a 
decrease in the release of LH, FSH, and consequently normal pre- pubertal sexual 
steroids was achieved in these cases. In addition, the discontinuation of depot GnRH 
agonists treatment at the age higher than 11 years was associated with the reactiva-
tion of the reproductive axis in both cases, suggesting that the clinical and hormonal 
features of patients with activating mutations of the  KISS1R  and  KISS1  gene were not 
different from children with idiopathic or organic causes of CPP. 

 Although these case reports expand the genotype–phenotype correlations for the 
kisspeptin pathway, no other CPP cases with activating  KISS1R  or  KISS1  mutations 
have been reported, suggesting that these genetic abnormalities are very rare. Other 
cohorts have been screened, but no mutations have been identifi ed in the  KISS1  gene 
[ 73 ,  74 ]. Considering the low incidence of mutations in these genes in relation to the 
frequency of familial CPP, it is possible that other genes involved in GnRH regula-
tion also will bear activating or inactivating mutations. Indeed, loss-of-function 
mutations affecting repressor genes of the GnRH gene might play a role in the 
pathogenesis of nonorganic CPP in the future.  

    Kisspeptin Expression in Organic Central Precocious Puberty 

 Hypothalamic hamartomas are the most common identifi able cause of CPP. Certain 
characteristics of anatomy and neuropeptide expression have been proposed to be 
associated with CPP. The expression of GnRH, GnRH receptor, TGFalpha, KISS1, 
KISS1R, and GRM1A was investigated in hamartomas associated with or without 
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precocious sexual development [ 75 ]. Hypothalamic hamartomas associated with 
CPP were larger than those not associated with CPP and were more likely to contact 
the infundibulum or tuber cinereum. However, the expression of  KISS1  and  KISS1R  
was similar in both groups, demonstrating that expression of this signaling pathway 
does not differentiate between hamartomas associated with precocity vs. hamarto-
mas that are identifi ed in the setting of normal pubertal development [ 75 ].  

    Conclusions 

 Mutations in genes associated with IHH have been identifi ed in approximately 
30–40% of the patients with GnRH defi ciency. Although mutations in  KISS1 / KISS1R  
are not a common cause of hypogonadotropism or CPP, the discovery of defects in 
this pathway in IHH as well as in CPP has shed some light on the mechanisms 
involved in GnRH secretion regulation, revealing the critical role played by the 
 kisspeptin signaling pathway in pubertal initiation and reproductive function. 

 Considering the low incidence of mutations in these genes in precocious puberty 
so far, other genes involved in the HPG axis modulation, particularly factors 
upstream from, the  KISS1 / KiSS1R  systems, might be involved in CPP pathogenesis. 
New methodologies, such as next generation sequencing and comparative genomic 
hybridization (CGH), will provide a more comprehensive assessment of genomic 
abnormalities and allow new genes to be uncovered.      
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    Abstract     Circulating oxytocin is critical for normal birth and lactation. Oxytocin 
is synthesised by hypothalamic supraoptic and paraventricular neurons and is 
released from the posterior pituitary gland into the circulation. Oxytocin secretion 
depends on action potentials initiated at the cell body, and we have shown that 
intravenous (IV) administration of kisspeptin-10 transiently increases the fi ring rate 
of supraoptic nucleus oxytocin neurons in anaesthetised, non-pregnant, pregnant 
and lactating rats. This peripheral effect is likely via vagal afferent input, because 
disruption of vagal afferents prevented the excitation. In our initial studies, 
intracerebroventricular (icv) administration of kisspeptin-10 did not alter the fi ring 
rate of oxytocin neurons in non-pregnant rats. Remarkably, we have now gathered 
unpublished observations showing that icv kisspeptin-10 transiently excites oxyto-
cin neurons in late pregnancy and during lactation, suggesting that a central kiss-
peptin excitation of oxytocin neurons emerges at the end of pregnancy, when 
increased oxytocin secretion is required for delivery of the fetus and for milk let-
down after delivery.  

        Introduction 

 This chapter considers a newly emerging area of investigation in the kisspeptin 
fi eld: the effects of kisspeptin on reproduction outside the hypothalamic-pituitary-
gonadal axis. When the endogenous ligand for the orphan GPR54 receptor (now 
commonly known as Kiss1r in rodents and KISS1R in humans) was identifi ed as 
kisspeptin, its possible role in modulating secretion of the hormone oxytocin was 
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highlighted because intravenous (IV) administration of kisspeptin-10 increased 
plasma levels of oxytocin in non-pregnant female rats [ 1 ]. However, this result was 
quickly overshadowed by the discovery of the role of Kiss1r/KISS1R and kiss-
peptin neurons in fertility through actions on GnRH neurons. 

 In 2011, the possibility of an important role for kisspeptin in the regulation of the 
oxytocin system was again brought to light by our fi nding that intravenous kisspeptin-
 10 increases the fi ring rate of oxytocin-secreting neurons [ 2 ]. Here, we will give an 
overview of that work and our more recent fi ndings that suggest that central kiss-
peptin excitation of oxytocin neurons emerges over the course of pregnancy, which 
might have important implications for successful delivery of the offspring at birth 
and successful delivery of milk during lactation.  

    Pregnancy and Lactation 

 Reproduction is the process by which new offspring are produced and is a funda-
mental process of life. The hypothalamic-pituitary-gonadal axis, including the 
kisspeptin neurons, is a critical part of reproduction, but fertility is only the fi rst step 
in successful reproduction. Reproduction also requires successful pregnancy, partu-
rition and, in mammals, lactation. In all mammals, there are complex interactions of 
neural, endocrine and behavioural processes that enable a female to successfully 
meet the challenge of pregnancy and lactation. Elucidating these different mecha-
nisms and pathways is important for understanding the transient physiological states 
of pregnancy and lactation. The mechanisms that are recruited during these states 
refl ect profound changes in brain neurochemistry and morphology, and this includes 
the oxytocin system. 

 The hormone oxytocin has recently come to prominence as an important modu-
lator of various behaviours, including social recognition, pair bonding, anxiety and 
maternal behaviours [ 3 ]. However, oxytocin is best known for its role in parturition 
and lactation [ 4 ]. The word oxytocin comes from the Greek ‘quick birth’, and oxy-
tocin facilitates mammalian reproduction through uterine contractions during labour 
(parturition) and milk ejection in response to suckling during lactation [ 5 ]. 
Circulating oxytocin concentrations rise progressively over the course of pregnancy 
[ 6 ,  7 ], but only induce uterine contraction when specifi c oxytocin receptors (OTRs) 
are up-regulated in the uterus immediately prior to birth [ 8 ,  9 ]. The contracting 
uterus provides positive feedback to induce further oxytocin secretion (‘the Ferguson 
refl ex’, Fig.  10.1 ) [ 10 ].

   Oxytocin is the strongest uterotonic substance known and is widely used to 
induce labour in humans, yet oxytocin-defi cient mice successfully complete parturi-
tion [ 11 ]. This suggests that oxytocin secretion is not essential for birth. However, 
the importance of oxytocin for the initiation and maintenance of labour, and for 
delivery, remains controversial. Oxytocin plays a vital role in timing of delivery, 
because oxytocin-defi cient mice give birth at random times following a circadian 
clock reset [ 12 ]. Furthermore, OTR antagonists administered prior to labour delay 
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the onset of delivery, and when given early in delivery, they increase the time 
between the deliveries of each pup [ 13 ]. Additionally, selective oxytocin agonists 
given centrally accelerate birth, as well as the onset of maternal behaviour [ 14 ,  15 ]. 
This suggests that, at least in rats, oxytocin is important for the initiation and the 
maintenance of parturition [ 13 ]. 

 While it might be controversial as to whether oxytocin plays an indispensable 
role in parturition, the critical role that oxytocin plays in milk let-down during lacta-
tion is not disputed. The release of milk is mediated by secretion of oxytocin from 
the posterior pituitary gland, and oxytocin’s action at OTR in the mammary gland 
induces a rise in intra-mammary pressure and release of milk: an oxytocin-mediated 
refl ex upon suckling [ 16 ]. The oxytocin knockout mice fail to deliver milk to their 

  Fig. 10.1    A schematic representation of oxytocin regulation of parturition. Oxytocin cells fi re 
in bursts similar to those seen during lactation but which are superimposed upon a higher base-
line activity ( left hand side ). This pattern of activity results in pulsatile secretion of oxytocin 
from the posterior pituitary gland which acts on myometrial oxytocin receptors to induce uterine 
contractions and cause fetal expulsion. The uterine contractions feedback to the supraoptic 
nucleus (SON) via the nucleus tractus solitarii (NTS) in the brainstem ( right hand side ) to fur-
ther enhance oxytocin cell activity and thus maintain parturition. Each burst of activity precedes 
the birth of a pup       
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offspring, resulting in the death of the pups. These mice have normal milk production, 
as well as normal ductal/glandular epithelium in the mammary gland, and the pups 
latch and suckle the nipples but, unlike wild type animals, this fails to induce milk 
ejection. Exogenous oxytocin administration in these mice can produce suffi cient 
milk let-down to release milk and keep pups alive [ 11 ], highlighting the essential 
role for oxytocin in the milk-ejection refl ex.  

    The Magnocellular Neurosecretory System 

 Oxytocin is principally synthesised in magnocellular neurons of the supraoptic 
nucleus (SON) and paraventricular nucleus (PVN) of the hypothalamus and released 
from the posterior pituitary gland to act in the periphery. The PVN contains magno-
cellular neurons that synthesise either oxytocin, or the closely related peptide vaso-
pressin, and parvocellular neurons that contain a range of other peptide hormones 
and project to the median eminence to control anterior pituitary hormone secretion, 
as well as to other brain regions. By contrast to the PVN, the SON contains only 
magnocellular oxytocin and vasopressin neurons, which project a single axon cau-
dally and medially to collect in the hypothalamo-neurohypophysial tract. These 
axons travel through the internal zone of the median eminence to the posterior pitu-
itary gland (the neurohypophysis), where they end in several thousand neurosecre-
tory axon swellings and terminals, fi lled with dense-core granules (neurosecretory 
vesicles) containing oxytocin (or vasopressin) [ 17 ]. Exocytosis of the neurosecre-
tory vesicles occurs in response to invasion from action potentials, and once released 
into the extracellular space, oxytocin enters the general circulation by diffusion 
through fenestrated capillaries in the posterior pituitary gland [ 18 ]. The axon termi-
nals in the posterior pituitary gland cannot maintain intrinsic repetitive fi ring [ 19 ], 
and so hormone secretion is principally determined by the frequency and pattern of 
action potentials initiated at the cell bodies. Nevertheless, various factors can modu-
late the release from magnocellular neuron terminals, including ionic conditions 
[ 20 ], purines [ 21 ] and neuropeptides [ 22 ].  

    Firing Patterns of Oxytocin Neurons 

 The profi le of oxytocin secretion from the posterior pituitary gland is co-ordinated 
by the pattern of action potential discharge at the oxytocin cell bodies [ 23 ]. 
Nevertheless, the axon terminals in the posterior pituitary gland actively modulate 
the secretory response to action potential invasion by increasing the effi ciency of 
stimulus-secretion coupling at higher fi ring rates so that each action potential 
releases more oxytocin per action potential at high action potential frequencies than at 
low frequencies [ 24 ]. As a result, when oxytocin neurons respond to stimulation with 
a linear increase in fi ring rate, the hormone output from the posterior pituitary gland is 
facilitated as the frequency of stimulation increases [ 24 ]. This frequency- facilitation 
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results, in part, from increased calcium entry into the axon terminals through 
voltage-gated channels to enhance exocytosis. Frequency-facilitation of oxytocin 
release is most marked between ~5 and 25 Hz, but continues to increase (albeit at a 
slower rate) beyond ~50 Hz. By contrast, as a consequence of frequency- facilitation, 
oxytocin neurons fi ring at less than ~4 Hz release little or no oxytocin to the poste-
rior pituitary gland in vivo [ 25 ]. Hormone secretion is not sustained upon continu-
ous stimulation and there is ‘fatigue’ in facilitation over time (although this is more 
pronounced in vasopressin release), which is rapidly reversed when stimulation is 
stopped for a few tens of seconds [ 26 ]. This frequency-facilitation of oxytocin 
release is of particular importance during parturition and lactation. 

 Under normal physiological conditions, oxytocin neuron fi ring rate is highly 
variable between neurons, and the neurons fi re action potentials in a slow continu-
ous or irregular pattern. Generally, the mean fi ring rate of oxytocin neurons is 
approximately 3–5 Hz, with intervals of at least 30 ms between consecutive action 
potentials [ 27 ,  28 ]. However, during parturition and suckling, co-ordinated intermit-
tent high-frequency bursts are superimposed upon this slow/irregular fi ring 
(Fig.  10.1 ) [ 29 ,  30 ]. Each burst lasts just 1 or 2 s but the action potential activity is 
intense, often with 100 action potentials per burst in each neuron [ 31 – 33 ]. During 
one of these milk-ejection bursts, the intervals between consecutive action poten-
tials are between 6 and 10 ms [ 34 ]. After a burst, each oxytocin neuron typically 
falls silent for a few tens of seconds (allowing the recovery from frequency- 
facilitation fatigue). 

 Remarkably, these milk-ejection bursts are co-ordinated across the population of 
oxytocin neurons [ 30 ]. Because of the co-ordination of bursts between oxytocin 
neurons and frequency-facilitation of secretion in each oxytocin neuron, oxytocin is 
released into the circulation in high concentrations for short periods. This pattern of 
secretion underpins the episodic contraction of the milk ducts for milk ejection, and 
similar pattern of activity causes rhythmic contraction of the uterus during parturi-
tion [ 35 ,  36 ]. Because these bursts occur every few minutes and last for only a 
couple of seconds, the net increase in fi ring rate only averages about one to two 
action potentials per minute for each oxytocin neuron. 

 Bursting activity occurs in oxytocin neurons only during parturition and lacta-
tion. Other stimuli that excite oxytocin neurons simply increase the continuous fi r-
ing rate of the neurons, which rarely exceeds about 15 action potentials per second 
[ 27 ,  28 ]. Additionally, during lactation, oxytocin neurons will only fi re in bursts in 
response to suckling and continue to respond to other stimuli in a similar way to 
virgin rats [ 37 ]; indeed stimuli that increase the background fi ring rate can actually 
inhibit burst fi ring [ 38 ]. Therefore, the emergence of bursting behaviour at the end 
of pregnancy does not result simply from changes in the structure or intrinsic prop-
erties of oxytocin neurons that fundamentally alter the way in which they respond 
to excitatory inputs. Rather, it is the nature of the stimulus that determines whether 
bursts will be triggered, and our recent work suggests the possibility that the emer-
gence of a central kisspeptin projection to oxytocin neurons over the course of preg-
nancy might fulfi l this role. Uniquely, milk-ejection bursts, and bursts during 
parturition, are synchronised throughout all the magnocellular oxytocin neurons, 
with neurons in both the SON and PVN fi ring at the same time [ 39 ,  40 ].  
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    Central Effects of Oxytocin 

 In addition to release into the circulation, oxytocin is also released into the brain 
from centrally projecting neurons, as well as from the dendrites of magnocellular 
oxytocin neurons [ 41 ]. While centrally projecting oxytocin neurons have important 
functions, the oxytocin release into the brain from magnocellular neuron dendrites 
appears most important for regulating peripheral secretion, particularly secretion 
underpinned by bursts of action potentials [ 42 ]; blocking the effects of dendritically 
released oxytocin by administration of an OTR antagonist SON delays birth [ 14 ]. 
Therefore, oxytocin release from dendrites might contribute to pulsatile oxytocin 
secretion needed for parturition and lactation by facilitating the occurrence and syn-
chronisation of action potential bursts in oxytocin neurons [ 43 ].  

    Afferent Inputs to Oxytocin Neurons 

 Like all other neurons, oxytocin neurons receive afferent inputs from many different 
peripheral and central sources. The relay of sensory information from the uterus and 
nipples is, of course, particularly important in allowing for the Ferguson refl ex (dur-
ing parturition) and milk-ejection refl ex (during lactation). The vagus nerve pro-
vides a major route of sensory input from the periphery to the brainstem and in 
particular the nucleus of the solitary tract (NTS) [ 44 ]. In turn, the NTS and the 
ventrolateral medulla (VLM) within the medulla oblongata of the brainstem provide 
afferent input to the SON and PVN [ 45 ]. Therefore, vagal afferent fi bres provide a 
pathway by which factors in the periphery can relay information to the SON to 
modulate the secretion of oxytocin. Electrical stimulation of vagal afferents 
increases the fi ring rate of some magnocellular neurons [ 46 ] and disrupting the 
vagal pathway reduces oxytocin secretion in response to peripheral modulators 
[ 47 ]. Brainstem projections are mainly noradrenergic from the A1 group of the 
VLM and the A2 group of noradrenergic neurons in the NTS to the SON [ 48 ], and 
excitation of A2 noradrenergic neurons excites oxytocin neurons in the SON [ 49 ]. 
Over half the projections from the brainstem neurons to the SON are activated dur-
ing parturition [ 50 ], and many of these are noradrenergic. During parturition, the 
excited A2 neurons release noradrenaline in the SON [ 51 ], contributing to the exci-
tation of oxytocin neurons. This is unlikely to be the only link in the Ferguson refl ex 
afferent pathway, but to date the A2 neurons are the only identifi ed population with 
a demonstrated role in directly exciting oxytocin neurons during parturition. 

 Peptides secreted in the periphery also excite oxytocin neurons indirectly, via 
vagal afferents to the NTS and subsequent excitatory noradrenergic input to the 
SON. Cholecystokinin (CCK) is a peptide hormone that is released from the stom-
ach following food intake and, in addition to inhibiting feeding [ 47 ], CCK increases 
the fi ring rate of oxytocin neurons [ 52 ], resulting in the secretion of oxytocin into 
the circulation [ 47 ]. The effects of CCK on food intake and oxytocin secretion are 
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mediated though CCKA receptors located on peripheral vagal endings [ 53 ], which 
signal through the NTS in the brainstem to the oxytocin neurons in the hypothala-
mus [ 28 ]. Recently, another gastric peptide hormone, secretin, has also been shown 
to increase the activity and secretion of oxytocin neurons. This effect appears to also 
be mediated by the noradrenergic pathway, because intracerebroventricular (icv) 
injection of the α1 adrenergic antagonist, benoxathian, blocked the increase in 
fi ring rate of oxytocin (and vasopressin) neurons [ 54 ]. Hence, visceral inputs to 
oxytocin neurons (including those active in parturition and lactation) converge on 
the noradrenergic inputs via the vagus nerve. 

 The SON and PVN also receive prominent inputs from several forebrain areas, 
including areas in the anteroventral region of the third ventricle (AV3V): the subfor-
nical organ (SFO), the organum vasculosum of the lamina terminalis (OVLT) and 
the median preoptic nucleus (MnPO) [ 45 ]. The SFO and OVLT are located outside 
the blood brain barrier and so peripheral stimuli can stimulate oxytocin secretion by 
acting on AV3V inputs. These projections from the AV3V are best characterised as 
mediating osmoregulation, and lesions of this region reduces oxytocin secretion and 
consequently impairs sodium excretion, but does not affect the milk-ejection refl ex 
or parturition [ 55 ]. In addition to the above afferent inputs that have been exten-
sively studied, the SON and PVN also receive numerous afferent inputs that have 
been less well characterised and whose physiological function is not well- 
established. These inputs include (but are not limited to): arcuate nucleus, bed 
nucleus of the stria terminalis, diagonal band of Broca, raphe nuclei, tuberomam-
millary nucleus and suprachiasmatic nucleus. 

 Up to this point, we have provided a brief background of the oxytocin system and 
its importance in pregnancy, parturition and lactation. There is remarkable plasticity 
in the activity of oxytocin neurons that emerges at the end of pregnancy to facilitate 
delivery of the offspring and delivery of milk to the offspring. This emergent behav-
iour requires afferent input for its expression, and so any afferent input that exhibits 
plasticity over the course of pregnancy is a likely candidate to be involved in the 
processes that underpin this change in behaviour at a cellular level. Our recent 
results suggest that kisspeptin might be an important newly discovered player in the 
regulation of oxytocin neurons in pregnancy and lactation. The remainder of this 
chapter focuses on how kisspeptin affects the oxytocin neurons and highlights new 
data that indicates that central kisspeptin regulation of oxytocin neurons emerges 
towards the end of pregnancy.  

    Circulating Kisspeptin Concentrations in Pregnancy 
and Lactation 

 Investigations of kisspeptin regulation of fertility have focussed on central interac-
tions with GnRH neurons [ 56 ]. However, our initial interest was in the effects of 
circulating kisspeptin on oxytocin neurons because IV kisspeptin administration 
increases plasma oxytocin levels in non-pregnant female rats [ 1 ], and the plasma 
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concentration of kisspeptin in woman has been reported to increase hugely over the 
course of pregnancy, with a 900-fold rise in the fi rst trimester that further increases 
to over 7,000-fold in the third trimester. While the circulating kisspeptin that is 
found at low concentrations in non-pregnant women (and in men) is likely to be 
from either vascular endothelial cells [ 57 ] or adipose tissue [ 58 ], the main source of 
circulating kisspeptin during pregnancy is likely to be the placenta, because  KISS1  
mRNA and kisspeptin protein are detectable in syncytiotrophoblasts in the placental 
wall [ 59 ]. The physiological function of elevated kisspeptin during human preg-
nancy is unknown; while it is possible that kisspeptin regulates trophoblast invasion, 
a process that is important for embryonic development [ 60 ], we hypothesised that 
such elevations in circulating kisspeptin might signal the oxytocin neurons to 
prepare for birth and lactation. 

    Activation of Oxytocin Neurons by Peripheral Kisspeptin 
in Non- pregnant Rats 

 To determine whether circulating kisspeptin might signal the oxytocin neurons to 
prepare for birth and lactation, we used an in vivo electrophysiology preparation to 
record spontaneous activity from the neurons in the SON of anaesthetised rats. This 
preparation causes the least disruption to whole animal physiology, allowing us to 
record near-normal neuron activity that can be altered by their intact peripheral and 
central inputs. Our work using this preparation was the fi rst to show that neurons in 
the SON increase their fi ring rate following IV administration of kisspeptin-10 [ 2 ]. 

 First, extracellular single-unit recordings of action potential fi ring rate were 
made from oxytocin neurons in non-pregnant rats across all stages of the estrous 
cycle. Intravenous administration of 25 μg kisspeptin-10 (which should achieve 
similar circulating concentrations of kisspeptin reported at the end of human preg-
nancy [ 57 ]) increases plasma oxytocin levels in the blood of virgin female rats [ 1 ], 
and so we administered 25 μg IV kisspeptin-10 to investigate whether changes in 
oxytocin neuron activity underpin the increased plasma hormone concentration; we 
found that this IV dose of kisspeptin-10 caused a robust, short-lived (~5 min) 
increase in the fi ring rate of every single oxytocin neuron tested (Fig.  10.2 ). The 
increase in fi ring rate following the peripheral kisspeptin injection was rapid, with a 
clear increase in fi ring rate within 30 s of administration and the peak rate within 
60 s. The majority of the neurons showed a return to basal levels between 5 and 
10 min following the injection. Hence, we were able to show that oxytocin neurons 
are able to rapidly respond to fl uctuations in circulating kisspeptin, at least in non- 
pregnant rats. Importantly, repeated IV injections of kisspeptin-10 every few min-
utes caused a similar increase in fi ring rate, showing that the oxytocin neuron 
response does not desensitise over the time course expected for milk-ejection bursts. 
Given the short duration of excitation, and the lack of down-regulation of the 
response, it is likely that breakdown of kisspeptin (rather than a long deactivation or 
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down-regulation of Kiss1r) is the limiting factor in the duration of the oxytocin 
neuron response to a bolus IV injection of kisspeptin-10.

   To further characterise the response of oxytocin neurons to IV kisspeptin, we com-
pleted dose-ranging studies that showed a clear dose-dependent increase in oxytocin 
neuron fi ring rate to IV kisspeptin. Even at the lowest dose that we tested (5 μg), IV 
kisspeptin elicited a small but consistent increase in fi ring rate of  oxytocin neurons. 

 Kisspeptin-10 is known to have comparable, if not greater, biological potency to 
that of the full length peptide [ 61 ,  62 ], but to eliminate the possibility that our 
observed responses were specifi c to kisspeptin-10, we also completed a small num-
ber of experiments where we used kisspeptin-54 (the full length peptide). As 
expected, IV kisspeptin-54 caused a similar increase in oxytocin neuron fi ring rate 
to that seen with kisspeptin-10. 

  Fig. 10.2    ( a ) Representative ratemeter record (in 30 s bins) showing an increase in fi ring rate of 
an oxytocin neuron (identifi ed by a transient excitation following IV CCK) in response to 25 μg IV 
kisspeptin-10 in a urethane-anaesthetised virgin female rat. ( b ) Representative ratemeter record (in 
30 s bins) showing a dose-dependent increase in fi ring rate of an oxytocin neuron (identifi ed by a 
transient excitation following IV CCK, not shown) in response to IV kisspeptin-10 in a urethane- 
anaesthetised virgin female rat       
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 As explained earlier, the basal fi ring rates of individual oxytocin neurons are 
highly variable, but the responses of oxytocin neurons to IV kisspeptin were com-
pletely independent of basal fi ring rate. This observation, combined with the consis-
tent increase in fi ring rate evident in every oxytocin neuron challenged with IV 
kisspeptin-10, makes it probable that, when circulating kisspeptin rises, every single 
oxytocin neuron increases its fi ring rate. Hence, circulating kisspeptin is a potential 
mechanism that could co-ordinate activity across the population of oxytocin neu-
rons; such co-ordinated oxytocin neuron activity is a pre-requisite for successful 
milk ejection during lactation.  

    Vagal Mediation of Oxytocin Neuron Activation
by Peripheral Kisspeptin 

 As described earlier, information is relayed to the oxytocin neurons via various affer-
ent input pathways, including noradrenergic pathways from the brainstem that relay 
vagal signals. This pathway is implicated in the co-ordination of neuroendocrine 
changes occurring at birth and is well-established as completing the positive feedback 
loop from the uterus to the oxytocin system in birth and lactation. Hence, we hypoth-
esised that circulating kisspeptin-10 might also converge on this pathway to act on the 
SON, because Kiss1r are expressed in peripheral tissues, including the stomach and 
small intestine [ 1 ], that are known to be innervated by the vagus nerve. 

 To test this hypothesis, we repeated our experiments after desensitisation of 
vagal sensory fi bres using the sensory neurotoxin, capsaicin (8-methyl- N -vanillyl-
6-nonenamide). Capsaicin is a compound found in capsicums and hot chilli peppers 
that creates a perception of burning in mammals via activation of the transient 
receptor potential channel-vanilloid receptor subtype 1 (TRPV-1; capsaicin recep-
tor). While capsaicin initially excites thin primary afferent c-fi bres expressing 
TRPV-1, when it is administered in large and/or repeated doses it results in the 
desensitisation and defunctionalisation of the neurons [ 63 ]. TRPV-1 is expressed on 
gastric primary vagal afferent fi bres [ 64 ], and capsaicin can act on these fi bres to 
effectively block the vagal pathway into the brain with the advantage that efferent 
vagal pathways are left intact. 

 We found that pre-treatment with intraperitoneal (IP) capsaicin completely elim-
inated the increase in fi ring rate of oxytocin neurons induced by IV kisspeptin-10, 
as well as that induced by IV CCK (which is known to be mediated by vagal inputs 
to the NTS [ 47 ]). Thus, it appears that in non-pregnant rats, IV kisspeptin-10 does 
not directly excite oxytocin neurons, but acts as a hormone on peripheral targets 
with projections to the SON relayed by vagal afferent fi bres. While we do not yet 
have direct evidence to support the involvement of the NTS, or of noradrenergic 
neurons, it is likely that NTS relays the vagal input to the SON through noradrener-
gic input. Of course, further work is still required to fully establish the pathway 
from the vagus to the SON, which will involve retrograde-labelling from the SON 
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combined with immunohistochemistry for neuronal activation in the retrogradely 
labelled neurons after IV administration of kisspeptin. 

 While we have clearly established that peripheral administration of exogenous 
kisspeptin-10 consistently increases the fi ring rate of oxytocin neurons in non- 
pregnant rats [ 2 ], the physiological signifi cance of this excitation remains to be 
established and this has been a focus of our more recent unpublished work.  

    Activation of Oxytocin Neurons by Peripheral Kisspeptin 
in Pregnancy and Lactation 

 We have begun to repeat our experiments by administering IV kisspeptin while 
recording oxytocin neuron fi ring rate in rats anaesthetised at various times over 
pregnancy and lactation. While still preliminary, our results to date show that the 
excitation of oxytocin neurons by IV kisspeptin is evident throughout pregnancy 
and into lactation. Superfi cially, these observations might seem straightforward, 
but they are diffi cult to reconcile with the published observations of markedly 
increased kisspeptin levels over the course of pregnancy, particularly in the third 
trimester [ 59 ]. In the face of hugely increased endogenous kisspeptin levels, one 
might expect occlusion, or desensitisation to the effects of exogenous kisspeptin. 
Furthermore, one would expect the endogenous kisspeptin to drive a steady increase 
in fi ring rate of oxytocin neurons over the course of pregnancy. We have seen no 
diminution in the effectiveness of exogenous kisspeptin in pregnant rats, but the 
progressive rise in circulating oxytocin concentrations over the course of human 
pregnancy [ 6 ,  7 ] is very much more modest than the increase reported for kiss-
peptin in humans [ 59 ]. 

 However, the published data on circulating kisspeptin levels in pregnancy and 
lactation are from humans and our experimental model is rats. It appears likely that 
humans (and possibly higher primates) are the only species in which plasma kiss-
peptin levels might increase during pregnancy, because kisspeptin does not appear 
to increase during pregnancy across many non-primate species, including rodents, 
sheep and horses (Alain Caraty, personal communication). Thus, if the published 
data on humans genuinely refl ect a species difference rather than a lack of specifi c-
ity of kisspeptin antibodies used in the early studies, the rat might not be the model 
of choice for kisspeptin regulation of human pregnancy. Notwithstanding any spe-
cies differences, it appears that kisspeptin probably excites oxytocin neurons in 
pregnant and lactating rats, and if the placental secretion of kisspeptin is pulsatile at 
parturition, this might add another level of control for the co-ordination of oxytocin 
neuron bursts during parturition. Of course, this idea is highly speculative and 
requires further investigation using peripheral administration of kisspeptin receptor 
antagonists to determine whether these can disrupt delivery of the offspring (and/or 
delivery of milk to the new-born).   
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    Activation of Oxytocin Neurons by Central Kisspeptin 
in Pregnancy and Lactation 

 Several electrophysiology studies have shown that kisspeptin directly excites various 
neuronal populations: GnRH neurons, arcuate nucleus neurons, pro- opiomelanocortin 
neurons and hippocampal neurons are all excited by direct application of kisspeptin 
to brain slices [ 65 – 68 ]. So, we administered icv kisspeptin- 10 in the expectation that 
we would localise the site of action of IV kisspeptin- 10 to the brain. However, to our 
surprise, we did not fi nd any effect of icv kisspeptin on the fi ring rate of oxytocin 
neurons in non-pregnant rats. In fact, in marked contrast to the robust and repeatable 
excitation following IV kisspeptin, there was no change in fi ring rate following icv 
injection at 2 μg or at 40 μg (both in a 2 μL volume) in any oxytocin neuron tested 
(Fig.  10.3 ), even in those neurons that were excited by IV kisspeptin-10. The higher 
dose of icv kisspeptin-10 that we used (40 μg) has been published as inducing a very 
robust response in the GnRH system to markedly increase circulating luteinising 
hormone levels [ 69 ], so it is very unlikely that the failure of icv kisspeptin-10 to 
excite oxytocin neurons in non- pregnant rats was due to a failure to deliver suffi cient 
kisspeptin. The unexpected lack of response of oxytocin neurons to icv kiss-
peptin-10, combined with a robust response to IV kisspeptin, suggests that 
kisspeptin-10 might not cross the blood brain barrier to act directly on oxytocin 
neurons, or on Kiss1r that might be expressed by any central inputs to the SON. 
Consistent with our observed lack of effect of icv kisspeptin-10 on oxytocin neurons 
in non-pregnant rats, a recent mapping study has shown the presence of only a few 
kisspeptin fi bres in the locality of the SON and it is not known whether they termi-
nate in or form synapses in the area [ 70 ]. Additionally, there is no clear indication as 
to whether the Kiss1r is expressed in the SON [ 71 ].

   Notwithstanding the lack of effect of icv kisspeptin on oxytocin neurons in non- 
pregnant rats, we continued to administer icv kisspeptin during our more recent stud-
ies into the effects of IV kisspeptin in pregnancy and lactation. The preliminary data 
that we have generated make the lack of effect of icv kisspeptin on oxytocin neurons 
in non-pregnant animals even more intriguing because our unpublished observations 
suggest that a central kisspeptin excitation of oxytocin neurons might emerge over the 
course of pregnancy in rats and that this is sustained during lactation. 

 In our latest experiments, we made in vivo extracellular single-unit recordings 
from oxytocin neurons in rats on different days of pregnancy (day 15–21). As 
described above, the response of oxytocin neurons to peripheral kisspeptin-10 was 
maintained throughout pregnancy, with IV injections of kisspeptin-10 continuing to 
cause a short (~5 min) increase in the fi ring rate of oxytocin neurons recorded from 
pregnant rats. This excitation was indistinguishable from the response seen in non- 
pregnant rats (Fig.  10.2 ), with the increase in fi ring rate following the peripheral 
injection occurring within 30 s and returning to basal levels 5–10 min later. 

 By contrast to the consistent responses to IV kisspeptin, there appears to be a 
marked change in the response of oxytocin neurons to icv kisspeptin-10 that arises 
over the course of pregnancy. In all oxytocin neurons recorded from animals on day 
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  Fig. 10.3    ( a ) Representative ratemeter record (in 30 s bins) of an oxytocin neuron, showing an 
increase in fi ring rate after IV kisspeptin-10 but no response to icv kisspeptin-10, in a urethane- 
anaesthetised virgin female rat. ( b ) Representative ratemeter record (in 30 s bins) of an oxytocin 
neuron, showing a prolonged increase in fi ring rate after IV kisspeptin-10 and a rapid ~5 min 
excitation after icv kisspeptin-10, in a urethane-anaesthetised day 20 pregnant rat. 
( c ) Representative ratemeter record (in 30 s bins) of an oxytocin neuron, showing an increase in 
fi ring rate after icv kisspeptin-10 in a urethane-anaesthetised day 7 lactating rat       
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18–21 of pregnancy, icv kisspeptin-10 caused an immediate, robust increase in oxy-
tocin neuron fi ring rate following the injection. Unlike the response to peripheral 
kisspeptin-10, the increase in fi ring rate seen with central administration appeared 
substantially different between neurons, with some neurons showing a return to 
basal fi ring within 10 min, while others showed a sustained shift to a higher fi ring 
rate that lasted tens of minutes, somewhat reminiscent of the initial observations of 
kisspeptin excitation of GnRH neurons in vitro [ 65 ]. The most remarkable aspect of 
this response to icv kisspeptin-10 is that it only becomes apparent during 
pregnancy. 

 We have no knowledge of the functional consequences of the emergence of this 
sensitivity of oxytocin neurons to central kisspeptin during pregnancy, but it is 
tempting to speculate that it might be involved in driving, or facilitating, bursting 
behaviour of oxytocin neurons during parturition. Consistent with this speculation, 
the excitation of oxytocin neurons seen in response to icv kisspeptin-10 in late- 
pregnant rats was also evident in the one oxytocin neuron that we have recorded 
from a lactating rat, the only other time in a mammal’s life that oxytocin neurons are 
known to exhibit high-frequency co-ordinated bursts of action potentials to release 
a bolus of oxytocin into the bloodstream. 

 Not only do we not know the function of central kisspeptin excitation of oxytocin 
neurons in late pregnancy, we also do not know the mechanisms that underpin the 
emergence of this excitation. One possibility is an increased accessibility of kiss-
peptin to Kiss1r that leads to the excitation of oxytocin neurons by icv kisspeptin. 
In addition, there might be up-regulation of Kiss1r expression in oxytocin neurons 
(or their afferent inputs), the laying down of a new kisspeptin projection to oxytocin 
neurons, and/or the up-regulation of kisspeptin expression in an existing projection 
to oxytocin neurons. These possibilities are a focus of current work in our 
laboratory.  

    Conclusion 

 Kisspeptin and its receptor, Kiss1r (in rodents), have been described as an essential 
gatekeeper of reproductive function [ 72 ]. Our recent work has expanded our knowl-
edge of the critical role that kisspeptin plays in reproductive function via excitation 
of oxytocin neurons. During pregnancy and lactation, dynamic and transient changes 
occur within the oxytocin system. The synthesis, dendritic release and peripheral 
secretion are all modifi ed in order to facilitate and synchronise the function of oxy-
tocin neurons in labour, birth and lactation, as well as in maternal behaviour. We 
have shown that circulating kisspeptin excites oxytocin neurons throughout life, 
which might become important when the placenta secretes kisspeptin during preg-
nancy. Possibly of more importance for successful reproduction, we have also 
shown that the excitation of oxytocin neurons by central administration of kiss-
peptin appears to be dramatically changed over the course of pregnancy, emerging 
only in late pregnancy. The mechanisms behind this change have yet to be established 
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but may underlie an important new role for kisspeptin in reproduction, the activation 
and modifi cation of the oxytocin system during pregnancy, parturition and 
lactation.      
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    Abstract     The neuropeptide kisspeptin, encoded by the  Kiss1  gene, is required for 
mammalian puberty and fertility. Examining the development of the kisspeptin sys-
tem contributes to our understanding of pubertal progression and adult reproduction 
and sheds light on possible mechanisms underlying the development of reproduc-
tive disorders, such as precocious puberty or hypogonadotropic hypogonadism. 
Recent work, primarily in rodent models, has begun to study the development of 
kisspeptin neurons and their regulation by sex steroids and other factors at early life 
stages. In the brain, kisspeptin is predominantly expressed in two areas of the hypo-
thalamus, the anteroventral periventricular nucleus and neighboring periventricular 
nucleus (pre-optic area in some species) and the arcuate nucleus. Kisspeptin neu-
rons in these two hypothalamic regions are differentially regulated by testosterone 
and estradiol, both in development and in adulthood, and also display differences in 
their degree of sexual dimorphism. In this chapter, we discuss what is currently 
known and not known about the ontogeny, maturation, and sexual differentiation of 
kisspeptin neurons, as well as their regulation by sex steroids and other factors dur-
ing development.  

        Introduction 

 The status of the neuroendocrine reproductive axis is in fl ux during various stages of 
perinatal and pubertal development, ranging from being entirely quiescent to fully 
active. Additionally, the neuroendocrine reproductive system is anatomically and 
physiologically differentiated between males and females, and these sex  differences 
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originate during key stages of development. Sex differences are also seen in several 
reproductive health disorders, such as idiopathic hypogonadotropic hypogonadism, 
constitutional delayed puberty, and precocious puberty [ 1 – 5 ]. Many of these repro-
ductive health disorders have been attributed to known, or in many cases, unknown 
developmental defects in the brain. Specifi c neuronal circuits located in the fore-
brain and hypothalamus have been implicated as control centers responsible for 
proper development of reproductive physiology, converging on neurons that release 
gonadotropin releasing hormone (GnRH). GnRH stimulates the release of luteiniz-
ing hormone (LH) and follicle stimulating hormone (FSH) from the pituitary, 
thereby driving the maturation and activation of the gonads. How and when the 
developmental changes in the neuroendocrine axis are induced is not completely 
known, but gaining a clearer understanding may help pinpoint the cause and timing 
of defects in reproductive maturation. 

 One of the key upstream hypothalamic circuits involved in the control of GnRH 
secretion consists of neurons expressing the  Kiss1  gene and its protein product, kis-
speptin. Kisspeptin signaling has been implicated as an essential regulator of fertil-
ity and puberty in numerous mammalian species, including humans [ 6 – 8 ]. 
Alterations in the expression of  Kiss1  or kisspeptin over development, along with 
differences in expression between the sexes, especially during key developmental 
periods, may be a critical driving force in the maturation of the neuroendocrine 
reproductive system. Indeed, changes in the  Kiss1  system likely contribute to the 
timing of puberty onset, sex differences in LH secretion, and other facets of repro-
ductive physiology. It is therefore essential to understand how kisspeptin neurons 
develop, when and how  Kiss1  gene and protein expression are modifi ed during 
development, and what possible regulatory mechanisms govern the development of 
the kisspeptin system. This chapter discusses the current knowledge for these topics 
in mammals and also pinpoints several important unanswered questions involving 
the development of kisspeptin neuronal circuits.  

     Kiss1  and Kisspeptin Expression in the Adult Brain 

 In order to study the development of the kisspeptin system, it is essential to fi rst 
understand the localization and phenotype of kisspeptin neurons in the adult state. 
Until the recent generation of transgenic mice, which label kisspeptin cells with 
markers such as GFP [ 9 – 11 ], three techniques were used to examine the localization 
of kisspeptin neurons in the brain: reverse transcriptase PCR (RT-PCR)/quantitative 
PCR (qPCR), in situ hybridization (ISH), and immunohistochemistry (IHC). 
RT-PCR was used in early studies to identify high  Kiss1  mRNA expression in large 
regions of the brain, such as the hypothalamus [ 12 ]. However, this technique was 
weakened by an inability to specifi cally visualize and separately analyze discrete 
 Kiss1  populations within these large brain areas. This issue was resolved through 
the subsequent use of ISH and IHC, which allow for precise neuroanatomical map-
ping of  Kiss1 - and kisspeptin-synthesizing neurons, respectively. However, in  earlier 
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IHC studies, some kisspeptin antibodies were not very specifi c, as they were shown 
to cross react with other RFamide family members [ 13 ]. The recent use of more 
specifi c kisspeptin antibodies has allowed for more precise detection of kisspeptin 
immunoreactivity in the brain [ 14 – 19 ]. Utilizing these various methods, many stud-
ies have confi rmed that in adult rodents,  Kiss1  (or kisspeptin) is expressed in just a 
few discrete brain regions, including a small population in the medial amygdala 
(MeA) [ 20 ] and two larger hypothalamic populations in the anteroventral periven-
tricular nucleus and neighboring periventricular nucleus (AVPV/PeN) and the arcu-
ate nucleus (ARC) [ 21 – 23 ]. In non-rodent species, such as sheep and non- human 
primates,  Kiss1  gene expression and kisspeptin immunoreactivity have, for the most 
part, a similar distribution as in rodents, with expression localized to the pre-optic 
area (POA) and the ARC/infundibular nucleus (INF) [ 19 ,  24 – 27 ]. Expression of 
 Kiss1  or kisspeptin in the MeA of non-rodent species has not yet been examined. 

 In contrast to  Kiss1 /kisspeptin cell bodies, which are found in just a few discrete 
brain regions, kisspeptin-immunoreactive (ir) fi bers are scattered throughout the 
brain (discussed in detail in Chap.   3    ). In adult rodents and sheep, terminals of kiss-
peptin fi bers are found within the POA (and regions containing GnRH neurons), the 
ARC and medial basal hypothalamus, the paraventricular nucleus, and the median 
eminence (perhaps targeting GnRH axons/terminals) [ 14 ,  15 ,  28 ]. In mice, addi-
tional regions have been identifi ed containing kisspeptin fi bers, including the lateral 
septum, dorsal-medial nucleus of the hypothalamus, bed nucleus of the stria termi-
nalis (BNST), and the MeA [ 14 ]. It also appears that ARC and AVPV/PeN  Kiss1  
neurons send a number of projections to one another, perhaps allowing these two 
populations to directly communicate [ 29 ], although currently there is no evidence 
that  Kiss1  neurons themselves express  Kiss1r  [ 30 ]. 

 In adult rodents, the AVPV/PeN region displays sex differences in various mor-
phological parameters [ 31 ,  32 ] and is considered the main anatomical site that drives 
the sexually dimorphic preovulatory luteinizing hormone (LH) surge that occurs in 
adult females [ 33 ]. Mounting evidence supports a critical involvement of AVPV/
PeN kisspeptin neurons in the sexually differentiated LH surge. For example, 
Estradiol (E

2
) dramatically stimulates  Kiss1  expression in the AVPV/PeN, and  Kiss1  

neurons in this region co-express sex steroid receptors, including ERα [ 34 ]. 
Moreover,  Kiss1  neuronal activity (as measured by  cfos  induction) in the AVPV/PeN 
is upregulated in a circadian pattern in complete synchrony with the circadian timing 
of the LH surge [ 35 ]. Additionally, as will be discussed in more detail later, the 
AVPV/PeN  Kiss1  population itself is sexually differentiated, just like the preovula-
tory LH surge, with females expressing greater  Kiss1  and kisspeptin expression in 
this region than males [ 36 ]. It is also worth noting that the AVPV/PeN region con-
tains several other sexually dimorphic subpopulations that have been implicated in 
regulating reproduction, such as dopaminergic neurons, which express the tyrosine 
hydroxylase (TH) enzyme [ 37 ,  38 ], and cells expressing both GABA and glutamate 
[ 39 ]. Interestingly, most  Kiss1  neurons in the AVPV/PeN co-express TH [ 40 ,  41 ], 
though the functional signifi cance of such co-expression has yet to be determined. 

 Kisspeptin neurons in the ARC comprise the largest kisspeptin population in the 
brain [ 15 ,  24 ,  25 ,  34 ,  36 ,  42 ,  43 ]. In contrast to the AVPV/PeN population,  Kiss1  
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cells in the ARC are not highly sexually dimorphic in adult rodents, especially when 
the adulthood sex steroid milieu is similar between the sexes [ 36 ,  44 ]. However, 
there are sex differences in the regulation of  Kiss1  expression in the ARC that are 
present in mice during the prepubertal period, an intriguing fi nding that will be 
discussed more below [ 44 ]. Moreover, some species, such as sheep, exhibit sex dif-
ferences in ARC  Kiss1  neurons in adulthood, which may refl ect slightly different 
roles of these ARC kisspeptin neurons between species. While  Kiss1  expression is 
upregulated in the AVPV/PeN by E 

2
  and testosterone (T), the opposite is true in the 

ARC: sex steroids potently inhibit ARC  Kiss1  expression [ 22 ,  34 ,  36 ,  45 ], and  Kiss1  
neurons in this region have a high degree of colocalization with ERα, androgen 
receptor, progesterone receptor, and to a lesser degree, ERβ [ 15 ,  22 ,  24 ,  46 – 49 ]. 
It is suggested that the inhibition of  Kiss1  expression in the ARC by sex steroids 
refl ects the involvement of ARC kisspeptin neurons in the negative feedback effects 
of sex steroids on pulsatile GnRH secretion in both sexes [ 6 ,  50 ,  51 ]. Additionally, 
ARC  Kiss1  cells co-express several other regulatory neuropeptides, neurokinin B 
(NKB) and dynorphin (DYN), which appear to also play a role in regulating GnRH/
LH secretion [ 52 – 57 ]. Moreover, ARC kisspeptin neurons have been shown to have 
abundant reciprocal connections with each other [ 58 – 60 ] and to highly express the 
NKB receptor (NK3R) [ 16 ,  55 ,  58 ,  60 ], which may allow these neurons to commu-
nicate and synchronize with each other [ 55 ,  60 ] (discussed more in Chap.   15    ).  

    The Development of the AVPV/PeN  Kiss1  Population 

    Ontogeny of  Kiss1  Expression in the AVPV/PeN 

 In adulthood,  Kiss1  is highly expressed in the hypothalamic AVPV/PeN and ARC 
regions, but this is not always the case earlier in development. In rodents,  Kiss1  
expression is present in the embryonic brain but is limited to the ARC region [ 61 ], 
with no detectable AVPV/PeN  Kiss1  expression at this age. Rather,  Kiss1  mRNA 
and kisspeptin protein expression in the AVPV/PeN of rodents fi rst occurs later in 
postnatal life. The developmental timing of AVPV/PeN  Kiss1  expression has been 
studied in both mice and rats. However, different studies describing the development 
of  Kiss1  (or kisspeptin) expression sometimes use different nomenclature to describe 
age of birth: some studies defi ne the day of birth as postnatal day 1 (PND 1), 
others as PND 0 or P0. For consistency, and to permit for direct comparison between 
studies, in this chapter the day of birth will be denoted as PND 1; if the day of birth 
used in the original paper was noted as P0 or PND 0, it will be changed to PND 1 
and subsequent ages modifi ed accordingly. 

 Neither  Kiss1  mRNA nor kisspeptin protein expression has been detected in the 
AVPV/PeN of mice or rats on the day of birth. The earliest documented AVPV/PeN 
 Kiss1  expression in mice was recently shown, using ISH, to be ~PND 10 [ 40 ], though 
this expression was of very low magnitude compared to the next several days exam-
ined, PND 12, and PND 14, when moderately higher levels were observed (Fig.  11.1 ). 
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Another developmental study of kisspeptin protein expression in female mice found 
no kisspeptin-immunoreactive (ir) cells in the AVPV/PeN at PND 10 and only a 
small number of kisspeptin cells at PND 15, which was the next chronological age 
examined [ 62 ]. Whether the absence of detectable kisspeptin-ir cells at PND 10 
refl ects differences in the sensitivities of the techniques used (IHC vs. ISH) or a 
developmental difference at the level of either post- transcriptional processing or 
translation is currently unknown.

   Looking beyond the fi rst 2 weeks of life, kisspeptin-ir cell number was found to 
steadily increase in the mouse AVPV/PeN from PND 15 to adulthood (assessed 
every 5 days of age) [ 62 ]. Extending this protein data, our lab recently performed a 
detailed, day-by-day analysis of  Kiss1  mRNA expression in prepubertal and puber-
tal female mice and found that  Kiss1  cell number in the AVPV/PeN steadily and 
continually increases from PND 15 through PND 28, at which point it resembles 
adulthood levels [ 63 ]. In rats, like mice, AVPV/PeN kisspeptin expression is not 
detectable on PND 4 or PND 8, but is noticeably present by the next age examined, 
PND 22 [ 64 ]. Developmental changes in  Kiss1  mRNA expression have also been 
documented in the POA of ewes [ 65 ] at 25, 30, and 35 weeks of age, and an increase 
in POA  Kiss1  cell number was observed at 30 weeks, corresponding to the time of 
puberty, with no further increase detectable at 35 weeks [ 65 ]. In non-human pri-
mates,  KISS1  expression also increases in the hypothalamus during puberty, but this 
was attributed to kisspeptin neurons in the medial basal hypothalamic region 
(i.e., the ARC) rather than the POA population [ 25 ]. 

  Fig. 11.1    Development of the  Kiss1  sex difference in the anteroventral periventricular nucleus and 
neighboring periventricular nucleus (AVPV/PeN) of mice. Mean number of  Kiss1  neurons in the 
AVPV/PeN of female and male mice over the course of early postnatal development.  Kiss1  cells 
were fi rst detected in each sex on PND 10. The number of  Kiss1  neurons was signifi cantly higher 
in females than males on PND 12 and later. *Signifi cantly different from males of same age. 
Modifi ed from Semaan SJ, Murray EK, Poling MC, Dhamija S, Forger NG, Kauffman AS 2010 
BAX-dependent and BAX-independent regulation of Kiss1 neuron development in mice. 
Endocrinology 151:5807–5817       
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 In addition to developmental changes in AVPV/PeN kisspeptin cell number, the 
development of kisspeptin fi bers apposing GnRH neurons has been reported to 
change over development [ 28 ]. Detectable kisspeptin fi ber appositions to GnRH 
neurons were absent in female mice younger than PND 25, but such appositions 
were present on PND 25 and further increased in numbers by PND 31 [ 28 ]. The 
authors postulated that many of these GnRH-apposing kisspeptin fi bers were 
derived from the AVPV/PeN region, though this was not experimentally deter-
mined. However, if this assumption is true, then the appearance and subsequent 
pubertal increase in kisspeptin-GnRH appositions may be a function of the known 
increase in kisspeptin synthesis in the AVPV/PeN during this age, increasing the 
visibility and detection of the fi bers. Alternatively, it is also possible that a physical 
increase in the degree of kisspeptin fi ber innervation of GnRH neurons occurs peri- 
pubertally, perhaps affecting GnRH activation around puberty onset.  

    Sexual Differentiation of AVPV/PeN  Kiss1  Expression 
During Development 

 A few years ago, it was discovered that  Kiss1- expressing neurons in the adult rat 
AVPV/PeN are sexually differentiated, with adult females possessing more  Kiss1  
mRNA (and detectable  Kiss1  cells) than males (Fig.  11.2 ) [ 36 ]. Similar observations 
have now been reported for  Kiss1  mRNA levels in mice [ 40 ] and kisspeptin protein 
levels in mice and rats [ 28 ,  66 ]. No documented  Kiss1  sex differences have yet been 
reported in the POA of the ewe or monkey, although a sex difference is observed in 
the ARC  Kiss1  population of sheep [ 67 ] and is discussed later in further detail.

  Fig. 11.2    Sex differences in AVPV  Kiss1  cells are organized early in development by perinatal 
hormones and are unaffected by the activational effects of adult hormones. Representative photo-
micrographs showing  Kiss1  mRNA-expressing cells in the AVPV of adult male, female, and neo-
natally androgenized female rats. All animals were treated in adulthood with E 

2
 .  3V  third ventricle; 

 Cast  castrated;  OVX  ovariectomized. Modifi ed from Kauffman AS, Gottsch ML, Roa J, Byquist AC, 
Crown A, Clifton DK, Hoffman GE, Steiner RA, Tena-Sempere M 2007 Sexual differentiation of 
Kiss1 gene expression in the brain of the rat. Endocrinology 148:1774–1783. With permission 
from The Endocrine Society       
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   Although activational effects of sex steroids play a role in transiently increasing 
AVPV/PeN  Kiss1  expression levels in adulthood [ 22 ], the adult sex steroid milieu does 
not account for the observed sex differences in AVPV/PeN  Kiss1  expression [ 36 ]. 
This is evidenced by the fact that male and female rats that are gonadectomized as 
adults and treated with identical E 

2
  levels still display sexually dimorphic  Kiss1  

expression in the AVPV/PeN [ 36 ,  42 ]. In fact, the AVPV/PeN  Kiss1  sex difference 
appears to be permanently organized by sex steroid signaling early in postnatal 
development. In the postnatal “critical period,” which is typically the fi rst week of 
postnatal life in rodents, males normally secrete elevated gonadal T, whereas females 
secrete little sex steroids at this time. Experiments manipulating the postnatal sex 
steroid milieu of rodents support the model that the presence of elevated levels of 
postnatal sex steroids determines whether many sexually dimorphic traits develop to 
be male-like in adulthood. Thus, in newborn males, elevated sex steroids act to orga-
nize neural circuits to permanently develop a male-like phenotype [ 68 ]. In contrast, 
newborn females are not exposed to suffi cient levels of sex steroids, and therefore 
their brains permanently develop to be female-like [ 32 ,  37 ]. Supporting this “orga-
nizational” model of sexual differentiation, castration of newborn males, to remove 
high postnatal T, results in the permanent development of feminized neural popula-
tions. Conversely, sex steroid treatment to newborn females, mimicking elevated T 
secretion in postnatal males, results in the permanent development of masculinized 
brain circuitry (reviewed in ref. [ 6 ]). 

 A number of studies have determined that the AVPV/PeN  Kiss1  system is orga-
nized postnatally by sex steroids. For example, castrating male rats at birth causes a 
permanent feminization of the developing AVPV/PeN  Kiss1  system (Fig.  11.3 ) [ 66 ]. 
Conversely, neonatal female rats treated once with T or E 

2
  exhibit a permanent 

reduction of  Kiss1-  or kisspeptin-expressing cells in the AVPV/PeN in adulthood, 
similar to what is exhibited in normal males (Figs.  11.2  and  11.3 ) [ 36 ,  66 ,  69 ]. The 
fact that postnatal E 

2
  treatment can, like T, permanently alter the development of the 

AVPV/PeN  Kiss1  system suggests that postnatal masculinization of this system is 
likely mediated via aromatization of T to E 

2
 . In rats, the effects of postnatal E 

2
  on 

 Kiss1  sexual differentiation are likely mediated by ERα and not ERβ, because neo-
natal treatment with the ERα agonist, PPT, caused a reduction in female AVPV/PeN 
kisspeptin levels [ 70 ], while neonatal administration of the ERβ agonist, DPN, had 
no signifi cant effect on adulthood  Kiss1  levels [ 71 ]. In these experiments, however, 
males and females were not compared, and further studies are needed to determine 
if PPT can completely masculinize the female  Kiss1  AVPV/PeN population to male 
levels. Additionally, the reduction of AVPV/PeN  Kiss1  expression in female rats 
that were treated neonatally with sex steroids correlates with the inability of these 
females to generate an E 

2
 -mediated LH surge as adults [ 66 ], linking the sexually 

dimorphic AVPV/PeN  Kiss1  system and the sexually dimorphic LH surge event.
   As discussed earlier,  Kiss1  mRNA is expressed in the AVPV/PeN as early as 

PND 10 in mice of both sexes. However, there are no sex differences in AVPV/PeN 
 Kiss1  neuron number or  Kiss1  mRNA levels/neuron at this age, even though both of 
these parameters are well-established sex differences in adulthood [ 40 ]. The sex dif-
ference in  Kiss1  cell number, however, is evident by PND 12 and becomes even 
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more robust on PND 14 and 16 (Fig.  11.1 ) [ 40 ]. Semi-quantitative analysis of  Kiss1  
mRNA levels/cell revealed a signifi cant sex difference only beginning around PND 
16 [ 40 ]. Thus, AVPV/PeN  Kiss1  mRNA expression fi rst arises at the same time in 
both sexes (~PND 10), but the sex difference in both cell number and mRNA 
 expression/cell takes several more days to develop, at least as assessed via ISH in 
mice. As mentioned above, in other rodent studies utilizing IHC, neither sex displays 

  Fig. 11.3     Kiss1  mRNA and kisspeptin expression in the AVPV of adult rats. Mean level of  Kiss1  
mRNA expression ( a ) and kisspeptin immunoreactivity ( b ) in the AVPV of male and female rats 
that were either neonatally castrated (Neo Cast), neonatally treated with estradiol benzoate 
(Neo EB), or untreated. All animals were gonadectomized and treated with E 

2
  or without E 

2
  as 

adults to equalize hormone levels. Values with same letters are not signifi cantly different within the 
group with the same adult E 

2
  treatment. Values with asterisks are signifi cantly different from cor-

responding animals without adult E 
2
  treatment. The number in or on each column indicates the 

number of animals used. Values are means ± SEM. Modifi ed from Homma T, Sakakibara M, 
Yamada S, Kinoshita M, Iwata K, Tomikawa J, Kanazawa T, Matsui H, Takatsu Y, Ohtaki T, 
Matsumoto H, Uenoyama Y, Maeda K-i, Tsukamura H 2009 Signifi cance of Neonatal Testicular 
Sex Steroids to Defeminize Anteroventral Periventricular Kisspeptin Neurons and the GnRH/LH 
Surge System in Male Rats. Biology of Reproduction 81:1216–1225. With permission from The 
Society for the Study of Reproduction       
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detectable kisspeptin-ir cells in the AVPV/PeN on or before PND 10 [ 28 ,  64 ]. 
Currently, kisspeptin protein levels have not been directly compared between sexes 
from PND 11 through PND 21, but the sex difference in kisspeptin-ir cell number 
was readily apparent in mice on PND 25 [ 28 ] and in rats on PND 21 [ 64 ].  

    Possible Mechanisms of Steroid-Mediated Sexual 
Differentiation of AVPV/PeN  Kiss1  Neurons 

 Sexual differentiation of the AVPV/Pen  Kiss1  system is dependent on the postnatal sex 
steroid milieu, but it is unclear exactly how E 

2
  (aromatized from T) directs this devel-

opmental process. Several sex steroid-dependent mechanisms, such as differential neu-
rogenesis, migration, epigenetics, and apoptosis, have been implicated in the sexual 
differentiation and development of other neuronal populations (Fig.  11.4 ) [ 32 ,  72 – 74 ]. 
E 

2
 , for example, can promote neurogenesis in the olfactory bulb and dentate gyrus of 

the adult rat hippocampus, leading to more newly formed neurons in females [ 32 ]. 

  Fig. 11.4    Schematic of the development of sexually dimorphic AVPV/PeN  Kiss1  neurons. Males 
secrete elevated testosterone (T) at birth, while newborn females secrete negligible levels of sex 
steroids. Postnatal T converted to estradiol infl uences the development of neural circuits, leading 
to their masculinization in adulthood. AVPV/PeN  Kiss1  neurons are more abundant in adult 
females than males. It is currently unknown how the perinatal sex steroid milieu organizes the 
sexual differentiation of  Kiss1  neurons, although the AVPV as a whole is differentiated through 
 Bax -dependent apoptotic mechanisms. However, the sexual differentiation of  Kiss1  neurons is 
likely not due to  Bax -dependent apoptosis [ 40 ], though other apoptotic mechanisms have not been 
ruled out. Current data indicate that the  Kiss1  gene may be more transcriptionally active in females, 
pointing to epigenetic alterations as a putative mechanism       
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Likewise, in the developing rat hippocampus, higher levels of postnatal sex steroids in 
males increase the number of new cells, leading to more neurons present in males than 
in females [ 75 ]. However, because the AVPV/PeN as a whole does not undergo dif-
ferential neurogenesis during the postnatal critical period [ 32 ], differential neurogen-
esis between males and females may not be a major contributor to the sexual 
differentiation of specifi c subpopulations within the AVPV/PeN, such as the kisspeptin 
neurons. However, this assertion has not yet been directly tested.

   One of the primary mechanisms implicated in the sexual differentiation of a num-
ber of sexually dimorphic brain populations is programmed cell death (apoptosis) 
[ 76 – 78 ]. In fact, in rodents, sex differences in the overall size and total cell number 
of the AVPV region, as well as other brain regions such as the BNST, are induced 
by apoptosis. Most of these apoptosis-induced sex differences are dependent on the 
pro-apoptotic gene,  Bax  [ 77 – 79 ]. BAX is a protein located primarily in the cytosol 
in a healthy cell. In response to cell death signals, BAX translocates to the mito-
chondria where it precipitates the release of cytochrome c, thereby triggering cas-
pase pathways that culminate in cell death [ 80 ]. Interestingly, in the developing rat 
AVPV, postnatal males have higher  Bax  expression than postnatal females, which 
possibly initiates more cell death in the former sex [ 81 ]. Higher  Bax  expression in 
postnatal males than females therefore correlates with the presence of fewer AVPV 
cells in adult males. The sexually dimorphic postnatal  Bax  levels also coincide with 
higher sex steroid levels in postnatal males than females, suggesting that sex ste-
roids might affect postnatal  Bax  expression [ 81 ]. Supporting this prediction, E 

2
  

treatment of neonatal female rats increases the number of apoptotic AVPV neurons 
[ 82 ]. Importantly, a recent study determined that the sex difference in total number 
of AVPV neurons is eliminated in  Bax  knockout mice [ 76 ]. Thus, total cell number 
in the AVPV is sexually differentiated via  Bax -dependent apoptotic mechanisms. 
Despite these fi ndings, the sexual differentiation of  Kiss1  neurons in the AVPV/PeN 
is surprisingly unaltered in  Bax  knockout mice [ 40 ]. When  Kiss1  cell numbers are 
compared between adult male and female  Bax  KO mice, the  Kiss1  sex difference 
was still incredibly robust [ 40 ]. Thus, the  Kiss1  population is sexually differentiated 
either by other apoptotic pathways, such as tumor necrosis α-dependent or -inde-
pendent mechanisms (as may be the case for AVPV GABA-ergic neurons [ 78 ]) or, 
by non-apoptosis-related mechanisms (Fig.  11.4 ). 

 It is likely that the sexual differentiation of AVPV/PeN  Kiss1  cells is not induced 
by mechanisms that affect the physical existence of cells (like apoptosis). Rather, 
sex differences in  Kiss1  cell number may be induced by developmental mechanisms 
affecting transcriptional activity of the  Kiss1  gene (Fig.  11.4 ) [ 5 ,  83 ]. In fact, epi-
genetic changes, such as histone modifi cations and DNA methylation, precipitated 
by postnatal sex steroids are emerging as critical contributors to alterations in neu-
ronal cell number and gene expression between the sexes [ 73 ,  84 – 88 ]. Histones are 
proteins that allow for the packaging of DNA into chromatin. When histones are 
modifi ed, such as by acetylation, transcriptional activity is altered [ 89 ]. Histone 
acetylation, which is generally associated with increased transcriptional activity, 
has recently been implicated in the sex steroid-induced sexual differentiation of the 
BNST [ 73 ]. For example, inhibiting histone deacetylase (HDAC) during the early 
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postnatal period in mice blocks the sexual differentiation of the size of the BNST 
and also alters sexually dimorphic vasopressin fi ber projections [ 73 ,  88 ]. Postnatal 
HDAC inhibition also alters the sexual differentiation of male sexual behavior in 
rats [ 87 ]. It is likely that these postnatal alterations in HDAC activity directly or 
indirectly affected apoptosis in the BNST, as sex differences in this region are 
known to be governed specifi cally by  Bax -dependent apoptosis [ 77 ]. Other sexual 
differentiation studies have addressed the role of DNA methylation, which occurs at 
CpG sites or on CpG islands in a gene or its promoter, and which is generally asso-
ciated with the repression of gene expression. Studies investigating the involvement 
of DNA methylation in neural sex differences have found that DNA methylation 
levels in the hypothalamus correlate with sexually differentiated expression of sex 
steroid receptor genes in this region [ 85 ,  86 ]. In addition, the expression of DNA 
methyl transferase 3a (DNMT3a) in newborn rats was found to be sexually dimor-
phic in the amygdala, which is a known sexually dimorphic brain region [ 90 ]. 

 With all the recent evidence implicating the involvement of epigenetics in the 
sexual differentiation of various brain parameters, we investigated whether either 
histone deacetylation and/or DNA methylation contributes to the AVPV/PeN  Kiss1  
sex difference [ 83 ]. We pharmacologically blocked histone deacetylation during the 
postnatal period by administering an HDAC inhibitor, valproic acid (VPA), or vehi-
cle to mice on PND 1 and PND 2 and then analyzed AVPV/PeN  Kiss1  expression in 
adulthood. This postnatal HDAC inhibitor treatment signifi cantly increased the 
number of detectable  Kiss1  cells in the adult AVPV in each sex. However, the sex 
difference in  Kiss1  expression was not eliminated, indicating that histone acetyla-
tion is not a key process for inducing the  Kiss1  sex difference [ 83 ]. Although the sex 
difference was still robust, the fact that overall  Kiss1  levels were higher in mice 
treated with HDAC inhibitor suggests that the level of histone H3 acetylation during 
the critical period may be involved in modulating the development of  Kiss1  neurons 
in the AVPV. 

 Interestingly, we found signifi cant sex differences in the CpG methylation status 
of the AVPV/PeN  Kiss1  gene, predominantly in the putative promoter region 
(Fig.  11.5 ). In all cases, these sexually dimorphic  Kiss1  CpG sites were more meth-
ylated in females than males. Methylation of CpG sites can have multiple modes of 
affecting gene activity. We tested if methyl-CpG binding protein-2 (MeCP2) was 
involved in the sex difference by assessing AVPV/PeN  Kiss1  levels in male and 
female  Mecp2  mutant mice. The AVPV/PeN sex difference was not eliminated in 
 Mecp2  mutant mice, suggesting that if DNA methylation infl uences the AVPV/PeN 
 Kiss1  sex difference, it likely does so via non-Mecp2 mechanisms, possibly by 
blocking the binding of transcriptional repressors [ 83 ]. Although these experiments 
increase our knowledge about the involvement (or lack of involvement) of several 
epigenetic processes in the development of the AVPV/PeN  Kiss1  sex difference, 
more work is needed to elucidate the exact extent that certain processes, like DNA 
methylation, are involved. In fact, the AVPV/PeN  Kiss1  sex difference may be 
induced by several epigenetic processes affected by the postnatal sex steroid milieu, 
causing a silencing of the  Kiss1  gene in males while simultaneously allowing 
increased transcriptional activity in females.
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       Regulation of AVPV/PeN  Kiss1  Neurons by Gonadal 
and Non- gonadal Factors During Peripubertal Development 

 The steady developmental increase in kisspeptin cell number in the female AVPV/
PeN is likely dependent on the presence of ovarian steroids. As mentioned previ-
ously,  Kiss1  gene expression in the AVPV/PeN increases markedly over the puber-
tal transition [ 12 ,  28 ,  62 ,  63 ,  91 ]. In adult animals,  Kiss1  expression levels in the 
AVPV/PeN are transiently increased by elevations in the sex steroid milieu and, 
conversely, decreased by removal of sex steroids [ 22 ,  36 ]. Therefore, it is likely that 
the observed developmental increase in  Kiss1  gene expression during puberty is 
caused by increased ovarian sex steroid secretion at this time. 

 Several studies have addressed the effects of sex steroids or their receptors on the 
developmental increase of kisspeptin cell number in the AVPV/PeN. In one study, 

  Fig. 11.5    CpG methylation analysis of the putative murine  Kiss1  promoter region in the AVPV/
PeN. ( a ) Map of pyrosequenced CpG sites in the putative  Kiss1  promoter region using bisulfi te- 
treated DNA derived from AVPV/PeN micropunches of adult males and females that were E 

2
 - 

treated for 1 week before sacrifi ce. ( b ) Mean percentage of methylation of sexually dimorphic 
CpGs (CpG 1, 7, 9) in the  Kiss1  promoter. *Signifi cantly different than females ( P  < 0.05). 
Modifi ed from Semaan SJ, Dhamija S, Kim J, Ku EC, Kauffman AS 2012 Assessment of epigen-
etic contributions to sexually dimorphic kiss1 expression in the anteroventral periventricular 
nucleus of mice. Endocrinology 153:1875–1886. With permission from The Endocrine Society       
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female mice were either ovariectomized (OVX) or sham treated on PND 15 and 
killed on either PND 30 or PND 60. Mice that were OVX on PND 15 had dramati-
cally reduced levels of kisspeptin in the AVPV/PeN later in adulthood, suggesting 
that the primary cause of the developmental kisspeptin increase is due to ovarian sex 
steroid secretion [ 62 ]. This was supported by the observation that estrogen replace-
ment in OVX animals from either PND 15–30 or PND 22–30 rescues kisspeptin 
expression when examined at PND 30 [ 62 ]. Thus, kisspeptin neurons are sensitive 
to ovarian steroids peri-pubertally, which is not surprising given their robust regula-
tion by sex steroids in adulthood. It is currently unknown if kisspeptin neurons, 
however, are responsive to E 

2 
  at the fi rst time of visible protein expression (PND 15) 

or mRNA expression (PND 10), or if OVX at earlier time periods has a more per-
manent effect on the development of kisspeptin expression. 

 Several studies have used aromatase knockout (ArKO) mice to examine the 
effects of E 

2
  signaling on kisspeptin neuron development. One study reported a 

complete elimination of kisspeptin expression in the AVPV/PeN of adult female 
ArKO mice [ 62 ]. However, E 

2
  was not replaced in these mice prior to sacrifi ce, and 

it was therefore unclear if the absence of AVPV/PeN kisspeptin cells in ArKO 
females mirrored a chronically OVX condition (since removal of E 

2
  via OVX in 

adulthood reduces AVPV/PeN kisspeptin synthesis). More recently, another study 
looked at kisspeptin cells in ArKO mice that were given E 

2
  in adulthood. This study 

found that AVPV/PeN kisspeptin cells were in fact present in adult ArKO mice after 
E 

2
 -treatment. However, surprisingly, the sex difference in kisspeptin cell number 

was eliminated in these E 
2
 -treated ArKO mice [ 92 ]. But, instead of ArKO males 

exhibiting high kisspeptin levels similar to that of wild-type (WT) females, as would 
be predicted due to the lack of E 

2
 -signaling in these males during the postnatal criti-

cal period, AVPV/PeN kisspeptin cell number was instead intermediate in level in 
ArKOs of both sexes, being signifi cantly lower than in normal WT females and 
signifi cantly higher than in normal WT males [ 92 ]. This fi nding suggests that E 

2
  

during development may normally actively contribute to complete feminization of 
the AVPV/PeN kisspeptin system in females, although when and how this would 
occur is unknown. 

 A similar story has emerged concerning the development of the AVPV/PeN kis-
speptin system in hypogonadal ( hpg ) mice. Hypogonadal mice possess a deletion in 
the  Gnrh  gene and therefore do not secrete GnRH or gonadal sex steroids [ 93 ]. In 
female  hpg  mice, AVPV/PeN kisspeptin-ir cell number during development never 
reaches the level of WT females and is similar to that of  hpg  males (i.e., the normal 
kisspeptin sex difference is absent in  hpg  mice) [ 94 ]. Similarly,  Kiss1  mRNA 
expression in pubertal  hpg  females is decreased compared to that of WT females, 
and sexually dimorphic  Kiss1  expression is eliminated in  hpg  mice [ 94 ]. Hormone 
replacement was not compared in pubertal  hpg  females and males in this particular 
study and may be critical to fully interpret the results. Interestingly though, 1 week 
of E 

2
  replacement in adult  hpg  females did  not  increase AVPV/PeN kisspeptin 

 protein levels to WT female levels, suggesting that gonadal sex steroids may be 
required at some time during development in order for AVPV/PeN kisspeptin 
expression to fully mature [ 94 ]. 
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 Finally, in a different study, ERα was specifi cally ablated in kisspeptin neurons 
using cre-lox technology (generating “KERKO” mice) in order to test the role of 
ERα signaling in kisspeptin neurons [ 10 ]. In this model, AVPV/PeN kisspeptin-ir 
was signifi cantly diminished in adult KERKO females compared to WT females, 
further implicating the involvement of E 

2
  and ERα in the development of the AVPV/

PeN kisspeptin population in females [ 10 ]. Likewise, a number of recent studies 
have implicated endocrine disruptors (which often mimic the effects of E 

2
 ) in affect-

ing the development of AVPV/PeN  Kiss1  gene expression [ 69 ,  95 ,  96 ], a topic dis-
cussed in detail in Chap.   21    .   

    The Development of the ARC  Kiss1  Population 

    Ontogeny of  Kiss1  Expression in the ARC 

 The second major population of kisspeptin neurons in the hypothalamus is located 
in the ARC, which is equivalent to the INF in humans [ 7 ,  14 ,  21 ,  62 ]. The ARC is 
the most consistently detected kisspeptin population in mammalian species, 
although its precise distribution and role may vary from species to species [ 15 ,  16 , 
 19 ,  21 ,  22 ]. In general, the developmental pattern of  Kiss1  expression in the ARC, 
and the specifi c factors regulating the development of this neuronal population, are 
not completely understood and are less well-characterized than the AVPV/PeN. 

 Unlike in the AVPV/PeN,  Kiss1  is expressed in the rodent ARC during embryonic 
development. Analysis of both kisspeptin-ir and  Kiss1  mRNA (via qPCR) in embry-
onic rats determined that expression in both sexes begins around E14.5 and increases 
by E18.5, with a sharp drop in levels just prior to birth [ 61 ]. Additionally, double-
labeling of kisspeptin-ir/BrdU-ir demonstrated that kisspeptin cell neurogenesis in 
the ARC begins around E12.5 and peaks several days later [ 97 ]. In other recent stud-
ies, when crossed to reporter mice that permanently mark all cells that ever expressed 
 Kiss1  at any point in development, two  Kiss1 -Cre transgenic mouse lines were 
reported to have “extra” cells in the greater ARC region [ 9 ,  11 ]. One of these reports 
quantifi ed these “extra”  Kiss1  cells to comprise ~25 % of the total cells that have ever 
expressed  Kiss1  in the ARC region at some point during development or adulthood 
[ 11 ]. This suggests that the pattern of ARC kisspeptin expression may differ signifi -
cantly between early developmental and older ages, but it is not clear at what devel-
opmental age these “extra” kisspeptin cells become undetectable. Additionally, both 
male and female adult mice with impaired BAX-mediated apoptosis display “extra” 
 Kiss1  cells in the ARC compared to adult WT mice, particularly in the male, sug-
gesting that the number of ARC  Kiss1  neurons is also regulated in early development 
by apoptosis [ 40 ]. The extra  Kiss1  cells in the ARC of both the  Bax  KO and the 
 Kiss1 -Cre mice show a similar expression pattern that is located dorsally in relation 
to the normal ARC  Kiss1  population (Fig.  11.6 ). The ontogeny, developmental pat-
tern, and role, if any, of these extra kisspeptin neurons remain unknown.

S.J. Semaan et al.

http://dx.doi.org/10.1007/978-1-4614-6199-9_21


235

   In rats, initial studies detected  Kiss1  expression in the whole hypothalamus on 
PND 1 using RT-PCR, but it was not determined which specifi c nuclei (ARC, 
AVPV/PeN, etc.) were responsible for this neonatal  Kiss1  expression [ 12 ]. Based on 
the AVPV/PeN developmental time-course discussed earlier, it is unlikely that the 
source of this PND 1  Kiss1  expression is the AVPV/PeN. Rather, most, if not all, of 
the hypothalamic  Kiss1  detected in PND 1 rats was probably from the ARC popula-
tion. Several recent studies have now provided supporting evidence for this likeli-
hood. Using ISH,  Kiss1  expression in the ARC was readily detected at PND 1 in 
mice [ 98 ] and rats [ 47 ,  99 ], as well as in rats in another study at the fi rst collected 

  Fig. 11.6    Regulation of  Kiss1  expression in the ARC by apoptosis. ( a )  Kiss1  expression in the 
ARC of GDX adult WT and  Bax  KO male mice show extra  Kiss1  cells in the ARC, suggesting that 
ARC  Kiss1  neurons are regulated in early development by apoptosis. The “extra”  Kiss1  cells in the 
ARC show an expression pattern that is located dorsally in relation to the normal ARC  Kiss1  popu-
lation typically found in WT mice.  3V  third ventricle;  mARC  medial ARC. ( b ) Mean number of 
 Kiss1  cells in the ARC of adult female (F) and male (M)  Bax  KO and WT mice that were GDX for 
9 day before sacrifi ce.  Kiss1  gene expression in the ARC was signifi cantly higher in  Bax  KO mice 
than WT mice ( P  < 0.01), especially in males. *Signifi cantly different from female mice of same 
genotype. ( a ,  b ) Modifi ed from Semaan SJ, Murray EK, Poling MC, Dhamija S, Forger NG, 
Kauffman AS 2010 BAX-dependent and BAX-independent regulation of Kiss1 neuron develop-
ment in mice. Endocrinology 151:5807–5817. With permission from The Endocrine Society       
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age of PND 4 [ 64 ]. Poling and Kauffman provided greater temporal resolution of 
expression in PND 1 mice: they found notable  Kiss1  expression in both sexes at 
both 0–4 h and 16–20 h after birth (Fig.  11.7 ), without a signifi cant change in  Kiss1  
levels between these time-points [ 98 ]. Parenthetically, NKB, which is co-expressed 
in ARC  Kiss1  neurons in adulthood, was also readily expressed in the ARC of both 
sexes on PND 1 [ 98 ]. One rat study noted an increase in  Kiss1  expression in the 
ARC between PND 1 and 3 in both sexes [ 47 ], with an additional increase at PND 
8 in females only. Another study noted similar but non-signifi cant trends in both 
males and females [ 64 ].

   The role of  Kiss1  in the ARC during early neonatal life is unknown. Because 
kisspeptin signaling regulates the pubertal and adult reproductive axis, it is possible 
that kisspeptin plays a similar role earlier in neonatal development. However, since 
the reproductive axis is typically quiescent at this time, it is not clear what functional 

  Fig. 11.7     Kiss1  gene expression in the murine ARC on PND 1. ( a ) Representative photomicro-
graphs for  Kiss1  expression in newborn females (F) and males (M) that were 0–4 h old. ( b ) The 
mean number of  Kiss1  neurons in the ARC, as well as the relative level of  Kiss1  mRNA/cell, for 
PND 1 male and female mice that were 0–4 h old. Newborn males had signifi cantly fewer ARC 
 Kiss1  cells and lower mRNA per cell than newborn females ( P  < 0.05).  3V  third ventricle;  GPC  
grains per cell. Modifi ed from Poling MC, Kauffman AS 2012 Sexually dimorphic testosterone 
secretion in prenatal and neonatal mice is independent of kisspeptin-kiss1r and GnRH signaling. 
Endocrinology 153:782–793. With permission from The Endocrine Society       
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signifi cance neonatal kisspeptin signaling would have. The kisspeptin receptor 
(Kiss1r), also known as Gpr54, is already present in some GnRH neurons at birth 
and begins appearing in other areas of the brain by PND 6 [ 100 ], suggesting the 
possibility of a functional kisspeptin neuronal network at early postnatal ages. It is 
possible that neonatal kisspeptin regulates gonadal T secretion, causing the eleva-
tion in T that is seen in newborn males but not females [ 98 ,  101 – 105 ]. Recent evi-
dence has shown that, unlike their WT littermates, newborn  Kiss1r  KO and  hpg  
mice both have undetectable FSH and LH, demonstrating that kisspeptin and GnRH 
signaling are each essential for neonatal gonadotropin secretion [ 98 ]. However, the 
same study found that newborn male  Kiss1r  KO and  hpg  mice both had elevated 
serum T levels at birth that were similar to their WT male littermates, indicating that 
neither GnRH nor kisspeptin signaling is required for neonatal T secretion. These 
results suggest that, while kisspeptin regulates gonadotropin secretion in neonatal 
rodents, the neonatal T surge in males is independent of regulation by gonadotropins 
and kisspeptin.  

    Prepubertal and Pubertal Changes in  Kiss1  
Expression in the ARC 

 Changes in peripubertal  Kiss1  expression have been examined in the ARC of 
rodents, but not as thoroughly as in the AVPV/PeN, and the results are not entirely 
consistent between studies. Early studies in the whole hypothalamus of the rat 
showed that  Kiss1  levels increased between PND 1–20 and PND 30 in females, and 
between PND 1–30 and PND 45 in males, followed by decreased expression in 
adulthood. These studies demonstrated that increases in  Kiss1  levels correlate with 
pubertal timing in males and females [ 12 ]. However, since the whole hypothalamus 
was analyzed, these pubertal changes in  Kiss1  expression could be due to changes 
in AVPV/PeN and/or ARC  Kiss1  levels. To get better spatial resolution of the devel-
opmental changes in kisspeptin/ Kiss1 , more recent studies in rodents have used ISH 
or IHC. Studies using IHC detected kisspeptin-ir in the ARC of juvenile, prepuber-
tal, and peripubertal mice of both sexes, although this kisspeptin-ir was not quanti-
fi ed [ 28 ,  94 ]. An early study using ISH found similar numbers of ARC  Kiss1  cells 
in PND 18 vs. adult male mice [ 106 ], suggesting no difference in ARC  Kiss1  levels 
between juvenile and adult stages; however, peripubertal ages in between PND 18 
and adulthood were not analyzed. This fi nding was mirrored by another recent ISH 
study in female rats that reported no difference in ARC  Kiss1  levels between juve-
nile and late-pubertal animals [ 107 ]. Likewise, in male and female mice,  Kiss1  
expression in the ARC, determined with qPCR, remained virtually unchanged 
 during several stages of postnatal and pubertal development (PND 11–61), and no 
signifi cant sex differences were noted at any of the ages studied [ 94 ]. 

 In contrast to the above studies showing no major peripubertal changes in ARC 
 Kiss1  levels, additional experiments demonstrated increases in ARC  Kiss1  expression 
around the time of early puberty in both female [ 91 ] and male rats [ 108 ], suggesting 
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that increased ARC  Kiss1  expression may be involved in puberty onset. More recently, 
initial elevations in ARC  Kiss1  expression in neonatal/juvenile female rats were 
reportedly followed by a decrease in  Kiss1  levels by 3 weeks of age [ 47 ,  64 ], perhaps 
concurrent with increased sex steroid production (and negative feedback) at this time. 
One study also detected another increase in ARC  Kiss1  of females between weeks 5 
and 8 [ 64 ]. Several studies reported that ARC  Kiss1  levels in male rats remained 
essentially unchanged during the fi rst several weeks of life (up to around 4 weeks of 
age) [ 47 ,  64 ], followed in one case by a small temporary increase in ARC  Kiss1  levels 
around week 5 [ 64 ]. Overall, the current data on rodent ARC  Kiss1  expression during 
development, especially at prepubertal and pubertal stages, is incomplete and fairly 
inconsistent. Thus, full characterization of  Kiss1  expression in the ARC during devel-
opment and puberty is still needed in rodents, as well as other species (see below). 

 Very few studies on developmental changes in ARC kisspeptin neurons have 
been conducted in non-rodent species. One study using agonadal male and intact 
female monkeys described an increase in  Kiss1  expression in the ARC during 
puberty [ 25 ]. In peripubertal female lambs with controlled sex steroid levels, a non- 
signifi cant increase in ARC  Kiss1  cell number was seen over time when comparing 
weeks 25, 30, and 35. When analyzed specifi cally in lambs that showed increased 
LH pulse frequency, the number of  Kiss1  cells in the middle ARC was found to have 
a signifi cant linear increase between weeks 25, 30, and 35, possibly implicating the 
middle ARC in puberty onset [ 65 ]. However, another recent report in sheep found 
that kisspeptin-ir cell number increased in the caudal ARC of females between the 
prepubertal and postpubertal periods [ 109 ]. Thus, the specifi c location(s) within the 
ovine ARC where  Kiss1  might increase during puberty occurs still needs to be 
resolved. Collectively, these initial studies in monkeys and sheep suggest that 
increased levels of  Kiss1  in the ARC of pubertal animals correlate with increased 
activation of the reproductive axis, but these studies surveyed a low resolution of 
ages over development, necessitating additional data on this subject.  

    Sex Differences in ARC Kisspeptin Neurons During Development 

 Most data agree that, unlike the sexually dimorphic AVPV/PeN [ 31 ,  47 ,  70 ], the 
number of ARC  Kiss1  or kisspeptin cells and the quantity of  Kiss1  mRNA per cell 
are not majorly different between sexes in adult rodents, especially when circulating 
sex steroid levels are equalized between the sexes [ 28 ,  36 ,  40 ,  42 ,  44 ,  66 ,  94 ]. In the 
few cases where an ARC  Kiss1  sex difference was observed, it was typically in 
gonadally intact adult animals that have unequal sex steroid levels between the 
sexes. For example, Adachi et al. [ 42 ] reported that intact adult male and female rats 
had equivalent ARC  Kiss1  expression at all stages of the female estrous cycle except 
for at diestrous 2. Moreover, adult males and females exhibit similar increases in 
 Kiss1  levels in the ARC after gonadectomy (GDX) and similar inhibition of ARC 
 Kiss1  expression when treated equivalently with sex steroids [ 36 ,  40 ,  42 ,  44 ]. 
It should be noted that sex differences exist in the ARC in several other parameters, 
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such as the morphology of astroglia, the number of spine and somatic synapses 
[ 110 – 112 ], the expression of growth hormone-releasing hormone, and the axonal 
projections of NKB/Dyn neurons [ 113 – 115 ]. Additionally, the kisspeptin fi bers 
visualized in the ARC by IHC are often denser in adult females, but it is likely that 
some of these fi bers are derived from the sexually dimorphic AVPV/PeN kisspeptin 
population [ 28 ,  29 ,  62 ,  116 ]. The ARC population of  Kiss1  neurons in rodents is 
hypothesized to provide tonic stimulatory input to GnRH neurons and to relay nega-
tive feedback effects of sex steroids to the GnRH axis [ 36 ,  47 ,  117 – 119 ]. These 
processes occur in both sexes, which is consistent with the lack of a major sexual 
dimorphism in these neurons in adult rodents. 

 In contrast to adulthood, recent analysis of  Kiss1  expression in the ARC of 
rodents during development has revealed a different story regarding sexual dimor-
phism. Work in the  Bax  KO mouse suggests that male mice may initially have more 
ARC  Kiss1  neurons (or neurons that have the potential to express  Kiss1  later in 
development) than females prior to birth, which is later offset by a higher rate of 
perinatal apoptosis [ 40 ]. However, a recent report in the rat did not fi nd sex differ-
ences in the number of kisspeptin-ir cells during prenatal development, but did not 
look at sex differences in  Kiss1  expression levels [ 97 ]. A recent study in mice found 
that newborn PND 1 pups exhibit sexual dimorphism in ARC  Kiss1  expression, 
with newborn females having signifi cantly more  Kiss1  and  NKB  cells in the ARC, 
as well as higher cellular expression of these mRNAs, than newborn males [ 98 ]. 
Similarly, male rats also have lower ARC  Kiss1  levels than females at PND 3 [ 47 ] 
and PND 4 [ 64 ]. Studies using both ISH and IHC found that the number of  Kiss1  
neurons in the ARC of rats is still sexually dimorphic between PND 5 and PND 11 
[ 47 ,  64 ,  99 ,  120 ], with juvenile females having approximately 2–4 times as many 
ARC  Kiss1  (or kisspeptin) neurons than juvenile males of the same age. This ARC 
 Kiss1  sex difference begins to diminish with the approach of puberty; while males 
maintain a slight non-signifi cant trend in increasing ARC  Kiss1  cell numbers from 
juvenile life through puberty,  Kiss1  expression in the ARC of females decreases 
around 3 weeks of age to reach levels similar to males [ 44 ,  47 ,  63 ]. 

 The neonatal and juvenile sex differences in  Kiss1  expression in the rodent ARC 
may be a temporary sex difference due to sexual dimorphism in the circulating sex 
steroid milieu: higher levels of circulating sex steroids in young males may provide 
more negative feedback inhibition than in young females, resulting in lower ARC 
 Kiss1  expression in the males. This could certainly be the case in newborn animals, 
in which males secrete elevated T (to drive sexual differentiation) whereas females 
do not [ 98 ]. However, it is not entirely clear what normal sex steroid levels are in 
male and female rodents, especially mice, during each phase of neonatal and juve-
nile development, and most studies that have examined  Kiss1  expression early in 
development have not measured serum sex steroid levels. Moreover, it is also pos-
sible that non-steroidal mechanisms also infl uence the ARC  Kiss1  sexual dimor-
phism, as PND 1 male mice that are 16–20 h old (when circulating T levels are no 
longer different between the sexes) still display sex differences in ARC  Kiss1  levels 
[ 98 ]. Other fi ndings support the role of sex steroid-independent factors in regulating 
 Kiss1 / NKB  expression in the ARC of juvenile mice in a sexually dimorphic manner 
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[ 44 ] (discussed more later). Additionally, the functional signifi cance, if any, of the 
sexual dimorphism in the ARC  Kiss1  neuronal population during neonatal and juve-
nile development is completely unknown, especially since the reproductive axis is 
essentially quiescent at this time. 

 Some non-rodent species, such as the sheep, display clear adulthood sex differ-
ences in kisspeptin cells in the ARC. Ewes display a greater number of  Kiss1  cells 
in the ARC than adult males [ 67 ]; this may be due to differences in the functional 
roles of  Kiss1  cells in the ARC/INF of rodents vs. sheep. However, as of yet, no 
direct comparison has been made between adult ewes and rams with equivalent sex 
steroid levels. Additionally, while prenatal androgen treatment reduced NKB and 
DYN expression in the ARC in adult sheep, this prenatal treatment did not alter 
ARC  Kiss1  expression, which remained sexually dimorphic [ 67 ]. Thus, there may 
be different critical periods for the sexual differentiation of these ARC genes, but it 
is also possible that the ovine ARC  Kiss1  system is not affected by prenatal sex 
steroids. Dissimilarities between species may be due to the difference in the role of 
the ARC; while ARC kisspeptin cells in rodents may mediate negative feedback 
regulation of GnRH secretion, which is not sexually dimorphic [ 6 ,  22 ,  46 ,  51 ,  118 ], 
the same kisspeptin population in sheep appears to be key for  both  negative feed-
back  and  positive feedback (i.e., the preovulatory GnRH surge) [ 51 ,  121 – 124 ]. 
Similar sex differences in kisspeptin expression have been recently reported in 
humans in the INF, as well as the POA, with females showing greater number of 
cells than males in each region [ 125 ]. However, note that in these human studies, 
regulatory factors that are known to alter kisspeptin levels, such as circulating sex 
steroids, metabolic status, stress hormones, and circadian status, were not controlled 
for and could differ dramatically between subjects, thereby confounding the results. 
Whether non-human primates display adult sex differences in ARC/INF kisspeptin 
levels is currently unexamined [ 126 ].  

    Regulation of ARC  Kiss1  Neurons by Gonadal and Non-gonadal 
Factors During Development 

 As noted earlier, under normal developmental conditions, the rodent ARC displays a 
dense network of kisspeptin-ir fi bers that likely originate from both the ARC and the 
AVPV/PeN. Supporting the hypothesis that some of these fi bers are projections from 
the AVPV, data has shown that when gonadal hormones are removed during develop-
ment, whether by GDX or genetically, as in the case of the  hpg  and KERKO mice, 
the number of kisspeptin fi bers detected in the ARC are reduced in adulthood 
[ 10 ,  62 ,  94 ]. These data also suggest that gonadal steroids during development are 
necessary for either the physical development of kisspeptin fi bers (organizational 
effects) or for the transient expression of kisspeptin protein within the cells and fi bers 
(activational effects). Considering that the number of kisspeptin fi bers in the ARC 
was restored in adult  hpg  mice treated with E 

2
 , it seems likely that these kisspeptin 

fi bers develop normally but only contain detectable levels of kisspeptin under the 
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correct adult sex steroidal milieu [ 94 ]. Thus, the reduction of these fi bers in non- E 
2
    

treated  hpg  (and KERKO) mice is likely due to an activational defect (i.e., absence 
of circulating sex steroids). However, caution must be used in interpreting fi ber data 
since the origin of the fi bers cannot always be determined. 

 The  hpg  and KERKO mouse models have recently been utilized to shed more 
light on the role of gonadal sex steroids in the development of ARC  Kiss1  neurons. 
First, kisspeptin cell bodies are more visible in the ARC of adult  hpg  mice than WT 
mice [ 94 ]. This difference in detectable kisspeptin cells is likely due to the lack of 
obstruction by dense kisspeptin fi bers in  hpg  mice, as well as a possible increase in 
ARC kisspeptin synthesis in  hpg  mice lacking steroid negative feedback (Fig.  11.8 ). 
Since differences in ARC kisspeptin-ir expression and cell number were not easily 
measurable by IHC due to the obstructive overlaying fi ber network,  Kiss1  mRNA 
levels were examined instead using ISH. Both the number of  Kiss1  neurons and the 
density of silver grains were increased in the ARC of adult  hpg  mice compared to 
WT littermates, suggesting an increased level of kisspeptin synthesis in  hpg  mice, 
perhaps due to less steroid negative feedback. Interestingly, at PND 11, only a small 
difference in  Kiss1  levels was present between WT and  hpg  littermates (as mea-
sured by RT-PCR), but by PND 31 this difference was much larger, with dramati-
cally higher ARC  Kiss1  expression in  hpg  mice. This indicates that, at PND 11, 
there may be non-gonadal hormone factors inhibiting  Kiss1  in the ARC, but by 
PND 31 this gonadal-independent mechanism is reduced (or absent). These  hpg  
data therefore suggest that changes in gonad-independent factors may induce ARC 
 Kiss1  expression around puberty.

   The robust ARC  Kiss1  expression seen in cell bodies of adult  hpg  and ArKO 
mice may be similar to the hypertrophied  Kiss1  neurons seen in postmenopausal 
women [ 43 ,  127 ]; in all cases, the elevated  Kiss1  levels may refl ect a lack of nega-
tive feedback of sex steroids. Finally, female KERKO mice show decreased kiss-
peptin- ir fi bers in the ARC at PND 16, 26, and 35, similar to  hpg  mice [ 10 ]. 
Surprisingly, unlike  hpg  mice, adult KERKO mice did not display the high- 
expressing kisspeptin-ir cell bodies in the ARC, even though the same kisspeptin 
antibody was used in both studies. However, when mRNA was analyzed by qPCR 
in the mediobasal hypothalamus (which includes the ARC),  Kiss1  levels in KERKO 
mice were in fact increased relative to WT levels, similar to data from  hpg  mice. 
This unexpected difference between protein and mRNA levels in the KERKO mice 
has not yet been explained. 

 Recent work has shown that during the prepubertal period of mice, the  Kiss1  
response to GDX is sexually dimorphic. While prepubertal females display elevated 
 Kiss1  expression in the ARC, along with increased LH levels, several days after 
GDX, prepubertal male mice do not (Fig.  11.9 ). Instead, if prepubertal male mice 
are GDX at PND 14, no increase is seen in ARC  Kiss1  cell number or serum LH 
levels when measured 2–4 days later (PND 16–18) [ 44 ]. Because this prepubertal 
sex difference is only observable after the removal of gonadal hormones (there is no 
sex differences in ARC  Kiss1  cell number at this age in gonadally intact mice), 
these results suggest a sexually dimorphic difference in the  regulation  of ARC  Kiss1  
cells at this point in development:  Kiss1 /LH levels in PND 16–18 females appear to 
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be controlled primarily by gonadal sex steroid feedback, whereas PND 16–18 males 
have an additional mechanism of regulation of their ARC  Kiss1  neurons by unknown 
non-gonadal factors. Whether this divergence between the sexes is due to a unique, 
male-specifi c mechanism not present in similarly aged females or to sex differences 

  Fig. 11.8    Kisspeptin and  Kiss1  expression are increased in the ARC of female and male  hpg  mice. 
( a ) Kisspeptin staining pattern in the ARC of both female and male WT mice ( left  of  dashed line ) 
is dominated by densely stained fi bers that obscure kisspeptin-positive cell bodies ( white arrow-
heads ). In  hpg  mice ( right  of  dashed line ), kisspeptin immunoreactivity shows reduced fi ber stain-
ing and increased clusters of large, darkly stained cell bodies ( black arrowheads ). ( b ) Representative 
dark-fi eld images of silver grain  Kiss1  mRNA signal as measured by ISH in the ARC of pubertal- 
aged WT and  hpg  females (30 days) and males (45 days). Scale bar = 200 mm. Figure modifi ed 
from Gill JC, Wang O, Kakar S, Martinelli E, Carroll RS, Kaiser UB 2010 Reproductive hormone- 
dependent and -independent contributions to developmental changes in kisspeptin in GnRH- 
defi cient hypogonadal mice. PLoS One 5:e11911       
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in the rate of pubertal maturation (females initiate puberty earlier than males) 
remains to be seen. This gonadal hormone-independent regulation of  Kiss1  neurons 
in developing males appears to disappear sometime between PND 18 and 45, as 
male mice GDX at PND 14 exhibit the expected elevation of ARC  Kiss1  and serum 
LH levels when analyzed at PND 45. The exact function of this sex difference still 
needs to be elucidated, though it is possible it relates to the sexually dimorphic tim-
ing of pubertal progression.

        Conclusions and Perspectives 

  Kiss1  neurons are critical for puberty and reproduction, and this chapter is focused 
on the development of these neurons in the hypothalamic AVPV/PeN and ARC 
(Fig.  11.10 ). In terms of the AVPV/PeN  Kiss1  population, which emerges in the 

  Fig. 11.9     Kiss1  expression in the ARC of prepubertal mice under different sex steroid conditions. 
Gonadectomized prepubertal female mice have higher ARC  Kiss1  expression than similarly aged 
gonadectomized males. The absence of elevated  Kiss1  expression in gonadectomized prepubertal 
males suggests that some non-gonadal factor(s) acts to suppress the ARC  Kiss1  system in males at 
this developmental stage.  3V  third ventricle. Figure modifi ed from Kauffman AS 2010 Gonadal 
and non-gonadal regulation of sex differences in hypothalamic Kiss1 neurons. J Neuroendocrinol 
22:682–691 with permission from John Wiley and Sons       
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second postnatal week of life and is sexually dimorphic, it remains to be answered 
how this population becomes sexually differentiated. Recent data suggest that epi-
genetic processes, precipitated by postnatal sex steroid signaling, may induce the 
AVPV/PeN  Kiss1  sex difference [ 5 ], especially because a role for the major neuronal 

  Fig. 11.10    Schematic diagram developmental changes in  Kiss1  expression in the AVPV/PeN 
( a ) and ARC ( b ) of rodents. ( a )  Kiss1  expression in the AVPV/PeN has not been detected on the 
day of birth or during other days of the “critical period” of perinatal development ( light blue shad-
ing ).  Kiss1  mRNA expression is fi rst detected in the AVPV/PeN on postnatal day 10 (PND 10) in 
both males and females. The sex difference emerges by PND 12. Male  Kiss1  gene expression in 
the AVPV/PeN only slightly increases after that time to adulthood, whereas females have a steady 
increase in  Kiss1  expression that reaches adulthood levels around the time of puberty. ( b )  1 Kiss1  
is expressed in the ARC before birth. Analysis of combined male and female embryonic rat brains 
demonstrates increasing levels of  Kiss1  in the ARC throughout prenatal development ( gray shad-
ing ), with a slight drop before birth. Comparative analysis of embryonic  Kiss1  mRNA levels 
between sexes has not yet been determined.  2  During the neonatal period,  Kiss1  expression in the 
rodent ARC is sexually dimorphic, with females expressing more  Kiss1  than males. This may cor-
relate with differences in the circulating sex steroid milieu, but requires further investigation.  3  
Peripubertal  Kiss1  levels in the ARC decrease signifi cantly in females to levels similar to males.  4  
There may be a slight increase in ARC  Kiss1  expression during puberty leading to adulthood lev-
els, though such an increase is controversial at present       
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pathway of apoptosis was ruled out [ 40 ]. This model predicts that the differences in 
sex steroid exposure between male and female rodent brains early in neonatal life 
eventually result in permanent changes in the transcriptional activity of the  Kiss1  
gene in the AVPV/PeN, resulting in greater  Kiss1  silencing in males and greater 
transcriptional activation in females. Supporting this, DNA methylation of the puta-
tive promoter of the  Kiss1  gene in the AVPV/PeN is sexually differentiated [ 83 ], 
though we still do not know when or how in development this  Kiss1  methylation 
difference fi rst occurs.

   Although E 
2
  signaling in males masculinizes the AVPV/PeN  Kiss1  system dur-

ing the neonatal “critical period,” it now appears that exposure to E 
2
  in developing 

females also shapes and promotes the complete feminization of AVPV/PeN  Kiss1  
expression [ 10 ,  62 ,  94 ]. Indeed, several studies in mice have suggested that E 

2
  is 

required at  some time  during development in order for AVPV/PeN kisspeptin 
expression to fully develop a female phenotype [ 10 ,  62 ,  94 ]. However, the mecha-
nism by which this occurs currently remains a mystery and may also involve epi-
genetics, neurogenesis, or a combination of these and other processes. 

 The role of the ARC/INF population of kisspeptin neurons in mediating sex ste-
roid negative feedback in rodents appears to be different than some other mammals, 
such as sheep, in which ARC kisspeptin cells also play a role in positive feedback. 
Recent studies suggest that  Kiss1  is expressed in the ARC of developing rodents 
long before the AVPV/PeN, including prenatally (Fig.  11.10 ). The role of ARC 
 Kiss1  expression during prenatal/neonatal development is currently unknown and 
requires further investigation. In many species, the regulation of ARC kisspeptin 
fi bers and their projections in development remains under-studied, in part because, 
until recently, there has not been a good way to distinguish the anatomical origin of 
kisspeptin-ir fi bers. The recent fi ndings that the ARC  Kiss1  population co-expresses 
 NKB  and  DYN  (in all species examined to date), whereas AVPV/PeN  Kiss1  neurons 
do not, should facilitate future studies characterizing the development of kisspeptin 
neuron projections, as should the use of several newly created transgenic  Kiss1  
mouse models. Additionally, some studies suggest that there may be an increase in 
 Kiss1  expression in the ARC around puberty (Fig.  11.10 ), but the data is incomplete 
and inconsistent between studies, and more experiments looking at pubertal  Kiss1 /
kisspeptin expression with higher temporal resolution are needed, including in non- 
rodent species. 

 While sex differences in ARC  Kiss1  cell number have not been observed by most 
studies examining adult rodents, such sex differences do exist in the ARC of neona-
tal and juvenile rodents (Fig.  11.10 ), as do sex differences in the gonad hormone- 
independent regulation of ARC  Kiss1  neurons in prepubertal life, at least in mice. 
The functional signifi cance of these early ARC  Kiss1  sex differences is unknown, 
as are the specifi c factors controlling  Kiss1  expression in the ARC at early develop-
mental ages. For example, sex steroids may transiently inhibit ARC  Kiss1  neurons 
(activational effects) during prenatal and postnatal development, as occurs in adult-
hood, but this has not been directly tested. Indeed, there is a need for examination 
of normal sex steroid levels in developing rodents, especially mice, during neonatal, 
juvenile, and prepubertal stages. Interestingly, it appears that in the complete 
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absence of gonadal sex steroids during development, ARC  Kiss1  neurons still develop 
normally and have intact hormone responsiveness later in adulthood, suggesting 
that this  Kiss1  population may only be affected by activational effects of sex ste-
roids, rather than by permanent organizational effects that occur in the AVPV/PeN. 

 Overall, the development of kisspeptin circuits appears to be complex, region- 
specifi c, sex-specifi c, and infl uenced by multiple factors. The upstream mechanism(s) 
driving developmental and pubertal changes in kisspeptin neurons in each hypotha-
lamic region, and how gonadal and non-gonadal factors work together to control 
development of the  Kiss1  system, remain important questions whose answers will 
provide a better understanding of the regulation of the reproductive neuroendocrine 
axis at multiple life stages.      
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    Abstract     Since the discovery of the G-protein coupled receptor 54 (kisspeptin 
receptor) and its ligand, kisspeptin, our understanding of the neurobiological mecha-
nisms that govern the pituitary-gonadal axis has evolved dramatically. In this chapter, 
we have reviewed progress regarding the relationship between kisspeptin and puberty, 
and have proposed a novel hypothesis for the role of kisspeptin signaling in the onset 
of this crucial developmental event. According to this hypothesis, although kiss-
peptin neurons in the arcuate nucleus (ARC) are critical for puberty, this is simply 
because these cells are an integral component of the hypothalamic GnRH pulse gen-
erating mechanism that drives intermittent release of the decapeptide, as an increase 
in GnRH is obligatory for the onset of puberty. In our model, ARC kisspeptin neurons 
play no “regulatory” role in controlling the timing of puberty. Rather, as a component 
of the neural network responsible for GnRH pulse generation, they subserve upstream 
regulatory mechanisms that are responsible for the timing of puberty.  

  Abbreviations 

   ARC    Arcuate nucleus   
  AVPV    Anteroventral periventricular nucleus   
  E 

2
     Estradiol   

  ERα    Estrogen receptor alpha   
  GABA    γ-Aminobutyric acid
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IPI Inter-pulse interval   
   KISS1     Kisspeptin gene (primates)   
   Kiss1     Kisspeptin gene (non-primates)   
  KISS1R    Kisspeptin-1 receptor (primates)   
  Kiss1r    Kisspeptin-1 receptor (non-primates)   
  KP    Kisspeptin   
  MBH    Medial basal hypothalamus   
  ME    Median eminence   
  S-ME    Stalk-median eminence   
  NPY    Neuropeptide Y   
  POA    Preoptic area   

          Introduction 

 The discovery, nearly a decade ago, that the G-protein coupled receptor, KISS1R 
(aka GPR54), and its ligand, kisspeptin, encoded by the genes  KISS1R  and  KISS1 , 
respectively, play a major role in regulating the hypothalamic-pituitary-gonadal axis 
has provided a new perspective on the mystery of puberty. As discussed in Chap.   9    , 
Seminara et al. [ 1 ] and de Roux et al. [ 2 ] fi rst described amino acid mutations of 
KISS1R in human patients with a delay in puberty onset or an abnormality in puber-
tal development. Subsequently, several reports also described mutations at different 
sites of the  KISS1R  gene in patients with either an absence of or a delay in puberty 
[ 3 – 7 ] or with precocious puberty [ 8 ]. Moreover, it has been reported that a geneti-
cally targeted deletion of either  Kiss1r  or  Kiss1  in mice results in hypogonadotropic 
hypogonadism, including delayed pubertal maturation [ 1 ,  9 – 11 ]. Most recently, 
impairment of pubertal progression in a human family with a mutation of  KISS1  
was described [ 12 ]. 

 Despite a plethora of reports on kisspeptin and its receptor in relation to puberty 
over the last 10 years, a critical evaluation of the role of kisspeptin signaling in the 
timing of puberty onset is missing. In this review, we will discuss (1) postnatal 
development of kisspeptin neurons and the kisspeptin receptor in relation to parallel 
changes in activity of the GnRH neuronal network, an increase in which is obliga-
tory for puberty onset, (2) recent fi ndings on development of kisspeptin signaling in 
the rhesus monkey, and (3) our conceptualization of the role played by kisspeptin 
signaling in the mechanism that controls the onset and progression of puberty.  

    Developmental Changes in GnRH Release 

 An increase in GnRH release from the hypothalamus triggers puberty. Pulsatile 
infusion of GnRH induces precocious puberty in sexually immature female and 
male monkeys and female guinea pigs [ 13 – 15 ] and increased pubertal release of 
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GnRH and/or gonadotropin has been described in many mammalian species, includ-
ing humans (see [ 16 – 20 ]). In males, an increase in pulsatile GnRH release at puberty 
activates tonic gonadotropin secretion that, in turn, results in the onset of elevated 
levels of testicular testosterone secretion, which in combination with FSH, initiates 
spermatogenesis. Tonic LH secretion is composed of intermittent secretory epi-
sodes of the hormone, which refl ect a corresponding pattern of pulsatile GnRH 
release by the hypothalamus [ 21 ]. In females, an increase in pulsatile GnRH release 
also drives tonic gonadotropin secretion, which is responsible for folliculogenesis 
and estradiol (E 

2
 ) secretion. Ovulation in most mammalian species, however, also 

requires development of the capacity to induce a large surge of GnRH in response 
to the positive feedback action of the rising circulating E 

2
  levels secreted by the 

follicle(s) destined to ovulate at mid cycle [ 22 ]. Currently, the mechanism for these 
two modes of GnRH release (pulsatile vs. surge) is unclear. 

 There are two basic developmental patterns of pulsatile GnRH release from 
birth until the onset of puberty. In highly evolved primates, such as man and 
macaques, GnRH pulsatility is robust during the infantile period after birth, but is 
subsequently dampened during juvenile development (and childhood in humans), 
resulting in a hypogonadotropic state and relative quiescence of the gonad [ 18 ,  20 ]. 
The hiatus in pulsatile GnRH release during the juvenile period may be viewed as 
a consequence of a neurobiological “brake” that holds GnRH release in check until 
the initiation of the onset of puberty [ 15 ]. It is important to note that this is a con-
ceptual brake and may be accounted for by either the imposition of an inhibitory 
input and/or the loss of a stimulatory input to GnRH neurons [ 18 ]. Our current 
viewpoint is that this conceptual brake is an inhibitory neurocircuit in the brain [ 17 ]. 
The juvenile phase of primate development is terminated by release from the 
brake, leading to a  reactivation  of robust GnRH pulsatility [ 15 ]. Because this 
juvenile restraint on pulsatile GnRH release is observed in neonatally castrated 
monkeys [ 23 ,  24 ] and in agonadal humans [ 25 ,  26 ], and because low levels of LH 
and GnRH release during the juvenile period in ovariectomized female monkeys 
are not further suppressed by ovarian steroids [ 27 ], the hiatus of pulsatile GnRH 
release during the juvenile period of primate development is independent of ovarian 
or testicular steroids. 

 This control system may be contrasted to that in non-primate species, in which 
LH release (and presumably GnRH release) immediately after birth is minimal but 
increases before the onset of puberty, with the prepubertal gonad playing a critical 
role in restraining GnRH release prior to puberty. For example, in sheep and rodents, 
gonadotropin secretion (and presumably GnRH release) is suppressed by small 
amounts of gonadal steroid after birth through the juvenile period, but at a time prior 
to puberty, low levels of steroids are no longer inhibitory [ 19 ,  28 ]. Moreover, neo-
natal gonadectomy in sheep, rats, and guinea pigs increases LH levels, and in sheep 
and rats, administration of gonadal steroids suppresses LH levels [ 29 ,  30 ]. Therefore, 
the control system governing reactivation of GnRH release at puberty in primates is 
different from that regulating the postnatal development of pulsatile GnRH release 
in non-primates.  
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    Developmental Changes in the Kisspeptin Neuronal System 

 Kisspeptin neurons in the adult hypothalamus are typically found in both the medial 
basal hypothalamus (MBH) and the preoptic area (POA) (see Chap.   3    ). In the MBH, 
kisspeptin neurons are localized in the arcuate nucleus (ARC, synonymous with 
infundibular nucleus in humans), and in the POA, these cells are found in the antero-
ventral periventricular nucleus (AVPV) in rodents and in similar areas in other spe-
cies. Kisspeptin neurons in the ARC are considered to be an important component 
of the hypothalamic control of tonic gonadotropin secretion in all species, while 
kisspeptin neurons in the AVPV of rodents are critical for surge secretion of GnRH 
and LH, and therefore for ovulation [ 31 ]. 

 Overall expression of  Kiss1  mRNA in the hypothalamus (AVPV and ARC 
combined) is signifi cantly elevated around the time of puberty in both male and 
female rats [ 32 ]. In the ARC,  Kiss1  mRNA levels in female rats at postnatal day 
26 (P26), i.e., 3–4 days before vaginal opening, are over fourfold higher than 
those at P21 [ 33 ], although changes in the number of  Kiss1 -expressing neurons 
from P3 to adulthood are unremarkable [ 34 ]. In male rats,  Kiss1  mRNA levels in 
the ARC at P45 are signifi cantly higher than those at P15 [ 35 ], and the number of 
 Kiss1  neurons increases progressively throughout postnatal development [ 34 ]. In 
male mice, however, a developmental increase in  Kiss1  mRNA levels in the ARC 
has not been observed [ 36 – 38 ]. Moreover, whereas ovariectomy in female mice 
at P14 dramatically increases expression of ARC  Kiss1  mRNA by P16-P18, i.e., 
well before puberty onset, castration at P14 in male mice does not result in 
increased ARC  Kiss1  mRNA or LH release at P18 [ 39 ]. However, expression of 
both the ARC  Kiss1  mRNA and secretion of the gonadotropin were elevated at 
P45 in male mice castrated at P14 [ 39 ]. Interestingly, in both male and female 
mice,  Kiss1  expression is detected in the ARC on P1, and at least in females, kiss-
peptin receptor signaling appears to be driving gonadotropin release at this early 
stage of development [ 40 ]. The absence of a post-castration LH response in pre-
pubertal male mice has been previously reported [ 41 ], and differs from the situa-
tion in rats and guinea pigs where prepubertal orchidectomy elicits a robust 
increase in LH secretion [ 29 ,  30 ,  42 ]. In an alternative paradigm to eliminate the 
confounding effect of testicular steroid feedback on the development of  Kiss1  
expression in mice, Gill et al. [ 38 ] studied the  hpg  mouse, a GnRH defi cient 
hypogonadal animal, and found that ARC  Kiss1  expression increases dramati-
cally between P10 and P30 (as it also did in the  hpg  female). Clearly, the devel-
opmental pattern in  Kiss1  expression in the ARC of the male mouse requires 
further study. 

 In the rhesus monkey, pubertal increases in  KISS1  mRNA in the MBH (presum-
ably in the ARC) in ovarian intact female and agonadal male monkeys have been 
observed [ 43 ]. Although a gonadal steroid-independent pubertal increase in  KISS1  
mRNA expression in female monkeys has not been examined, an ovarian steroid- 
independent increase in kisspeptin release in the region of the ARC-median emi-
nence (ARC-ME) has been observed (see next section). 
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 The developmental pattern of ARC kisspeptin expression as assessed by 
 immunohistochemistry is less clear. Studies in mice describe an increase in inten-
sity of kisspeptin fi bers in the ARC during postnatal development in both males and 
females, but developmental changes in kisspeptin cell number have not been 
reported [ 38 ,  44 ,  45 ]. It is possible that the pubertal increase in kisspeptin fi bers in 
the ARC may refl ect an increased kisspeptin output from kisspeptin cell bodies in 
the AVPV (see below), as direct innervation of the ARC by AVPV kisspeptin neu-
rons has been reported [ 46 ]. In the ewe, the number of kisspeptin neurons in the 
ARC is signifi cantly greater in postpubertal animals compared to prepubertal lambs 
[ 47 ]. In the agonadal male monkey, developmental changes in the number of immu-
nopositive kisspeptin neurons in the ARC parallel changes in pulsatile GnRH 
release, with both infant and pubertal animals exhibiting numerous and intensely 
stained ARC perikarya [ 48 ]. The importance of ARC kisspeptin neuronal network 
for generating pulsatile GnRH release in the infant monkey is consistent with the 
observation that circulating gonadotropin levels were undetectable in a 2-month old 
infantile boy bearing a loss-of-function mutation of  KISS1R  [ 3 ]. 

 In the case of AVPV kisspeptin neurons, it has been clearly shown that the cell 
number in female mice progressively increases until the age of puberty [ 38 ,  39 ,  44 , 
 49 ]. Moreover, the developmental increase in the number of kisspeptin neurons in 
the AVPV in females is dependent on the presence of circulating E 

2
 , as ovariectomy 

of prepubertal mice reduces and/or masks this developmental change [ 49 ]. Similarly, 
in the  hpg  mouse, the prepubertal increase in expression of both kisspeptin and 
 Kiss1  is blunted [ 38 ], and in aromatase knockout mice there is virtually no kiss-
peptin expression [ 49 ]. This action of E 

2
  appears to be exerted directly on the AVPV 

kisspeptin neurons, as conditional knockout of estrogen receptor alpha (ERα) 
resulted in a marked decrease in the number of kisspeptin immunopositive neurons 
in this nucleus [ 50 ]. Kisspeptin- or  KISS1 -expressing neurons have also been 
described in the POA of women and female monkeys [ 51 – 53 ], but developmental 
changes in this particular population of neurons have not been studied in primates. 

 Hypothalamic (POA and ARC combined) levels of  Kiss1r  mRNA increase at the 
age of puberty in both male and female rats [ 32 ]. Specifi cally, in the female,  Kiss1r  
expression in the AVPV increased at the age of puberty [ 33 ]. However, neither the 
neuronal phenotype in the POA/AVPV exhibiting this pubertal increase in  Kiss1r  
expression, nor the gonadal steroid dependency of this phenomenon in rodents, has 
been studied. In ovarian intact female rhesus monkeys,  KISS1R  mRNA in the MBH 
also increases across puberty onset [ 43 ], and functionally, developmental changes 
in GnRH response to KP-10 depend on the pubertal increase in E 

2
  (see next section). 

Thus, it is possible that the pubertal increase in  Kiss1r / KISS1R  mRNA in females is 
due to the increase in estrogens at this stage of development. However, this view 
needs further examination, as  KISS1R  mRNA expression does not change across 
puberty in agonadal male monkeys [ 43 ]. 

 Kiss1r is expressed in approximately 80% of GnRH neurons in cichlid fi sh, and 
in adult mice and rats [ 54 – 56 ]. During the fi rst few days of postnatal life in mice, 
only ~40% of GnRH neurons express  Kiss1r  but this increases to adult levels by P20 
[ 57 ]. Although expression of  KISS1R  in primate GnRH neurons has not been 
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reported, GnRH neurons in both male and female prepubertal monkeys respond to 
exogenous kisspeptin [ 43 ,  58 ,  59 ]. Kiss1r may also be present in embryonic mouse 
GnRH neurons, as they respond to exogenous kisspeptin in vitro [ 60 ]. Embryonic 
primate GnRH neurons, however, do not respond to kisspeptin (Keen and Terasawa, 
unpublished observation), suggesting that GnRH neurons in rhesus monkeys may 
not acquire KISS1R until later in gestation. 

 Taking the foregoing considerations together, it seems reasonable to propose that 
an increase in expression of both kisspeptin mRNA and peptide in the ARC occurs 
in association with the onset of puberty in both sexes of most mammalian species, 
and this is likely correlated with an increase in kisspeptin release in the ARC-ME 
region, as demonstrated for the monkey (see next section). In primates, the postnatal 
pattern in ARC kisspeptin expression is fundamentally dictated by a central inhibi-
tion that is independent of gonadal steroids, rather than by ovarian and testicular 
feedback, as is the case in rats [ 19 ,  42 ]. Additionally, it appears that in female 
rodents an estrogen-dependent developmental increase in kisspeptin peptide and 
mRNA in the AVPV occurs, leading presumably to an increase in the secretory 
activity of this rostral population of kisspeptin neurons.  

    Changes in Kisspeptin Release and KISS1R Responsiveness 
to Kisspeptin During the Pubertal Process 

 As discussed in Chap.   2    , human preprokisspeptin is cleaved to form kisspeptin-54 
and further cleaved to kisspeptin-14, -13, or -10, which are all biologically active 
[ 61 ,  62 ]. To determine the role kisspeptin plays in the pubertal increase in GnRH 
release, it is important to understand (1) the developmental pattern of kisspeptin-54 
release and (2) developmental changes in the function of KISS1R expressed by 
GnRH neurons and/or afferent neurons to the GnRH network. The maturational 
changes in the responsiveness of the GnRH neurosecretory system can be tested by 
the kisspeptin agonist, human kisspeptin-10 (hKP-10), and the synthetic kisspeptin 
antagonist, peptide 234, as described by Roseweir et al. [ 63 ]. Accordingly, 
Terasawa and colleagues conducted a series of studies using a microdialysis 
method, which allows for (1) in vivo measurements of kisspeptin-54 and GnRH 
release in serially collected dialysate samples from the stalk-median eminence 
(S-ME) of monkeys, and (2) for infusion of hKP-10 and peptide 234 through the 
microdialysis probe [ 64 ]. 

 In an initial series of studies, the developmental pattern of kisspeptin-54 release 
was examined in both intact and ovariectomized monkeys. Kissspeptin-54 release 
is pulsatile, and mean kisspeptin-54 release increases along with the pubertal 
increase in mean GnRH release [ 65 ]. Moreover, kisspeptin-54 pulses during the 
prepubertal period are of low amplitude with a long inter-pulse interval (IPI), 
whereas kisspeptin- 54 pulses during the pubertal period have a higher amplitude 
with a shorter IPI [ 66 ]. This pubertal modulation of pulsatile kisspeptin-54 release 
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leads to higher mean levels of the peptide in the S-ME of pubertal animals, which 
is parallel to those seen in GnRH release during the course of puberty in female 
monkeys [ 67 ,  68 ]. 

 As discussed in the previous section, developmental changes in GnRH release in 
the rhesus monkey are independent of circulating gonadal steroids. Similar to ovar-
ian intact females [ 67 ], developmental increases in the pulse frequency and pulse 
amplitude of GnRH release do not occur until the age of puberty in ovariectomized 
monkeys [ 68 ]. Likewise, the pulse frequency and pulse amplitude of kisspeptin-54 
release in ovariectomized monkeys do not increase until the age that puberty would 
have been anticipated had the animals remained intact (Fig.  12.1 ) [ 66 ]. Importantly, 
the IPI of kisspeptin-54 release in ovarian intact and ovariectomized females at the 
prepubertal stage is ~80 min, which is very similar to that of GnRH release [ 67 ,  68 ], 
whereas the IPI of kisspeptin-54 release at the pubertal stage is ~50 min, regardless 
of the presence or absence of the ovary, which is, again, similar to the IPI of GnRH 
release in animals at the same developmental stage (Fig.  12.1 ) [ 67 ,  68 ]. (The role of 
kisspeptin in GnRH pulse generation will be further discussed in a later section.)

   An impact of the ovary on kisspeptin-54 release is only observed in the pubertal 
monkey, where both the pulse amplitude and mean release of kisspeptin-54 is mark-
edly increased by ovariectomy, presumably due to loss of negative feedback from 
the ovarian steroid E 

2
  (Fig.  12.1 ). In fact, administration of E 

2
  can suppress kiss-

peptin- 54 release in pubertal monkeys, whereas kisspeptin-54 release in prepubertal 
monkeys is insensitive to E 

2
  [ 66 ]. This developmental change in ovarian steroid 

regulation of kisspeptin-54 release is similar to that seen with GnRH release [ 27 ]. 
Collectively, these observations indicate that the pubertal increase in kisspeptin-54 
release occurs independently from an ovarian steroid hormone feedback mecha-
nism. Rather, the pubertal increase in pulsatile release of kisspeptin-54 in female 
rhesus monkeys (and presumably male primates) requires a developmental change 
in an upstream neuronal signal to the kisspeptin neuronal network. 

 Because developmental changes in KISS1R may also contribute to the pubertal 
increase in GnRH release, in a second series of studies, Terasawa and colleagues 
examined the developmental changes in GnRH release in response to the kisspeptin 
agonist, hKP-10, and antagonist, peptide 234, administered directly into the S-ME. 
While the GnRH response to hKP-10 is dose dependent in both ovarian intact pre-
pubertal and pubertal monkeys, a smaller response to a 10 nM dose of hKP-10 is 
consistently observed in prepubertal monkeys as compared to pubertal monkeys 
[ 58 ]. Release of GnRH in both prepubertal and pubertal monkeys is also suppressed 
by peptide 234. These results suggest that the pubertal increase in pulsatile GnRH 
release is, in part, due to an increased responsiveness of KISS1R in GnRH neurons 
during the progression of puberty. This view is consistent with studies in transgenic 
mice expressing GFP in GnRH neurons, in which electrical fi ring activity of GnRH 
neurons stimulated by KP-10 increases across male puberty [ 37 ]. 

 To further determine whether the enhanced responses of GnRH neurons to hKP- 
10 in pubertal monkeys are due to higher levels of circulating E 

2 
  at puberty, a similar 

experiment examining the GnRH responsiveness to hKP-10 in ovariectomized 
monkeys was conducted. While ovariectomy in prepubertal monkeys did not 
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modify the GnRH response to hKP-10 nor peptide 234, it completely eliminated 
both the hKP-10-induced stimulation and peptide 234-induced GnRH suppression 
of GnRH release in pubertal monkeys ([ 58 ], also Guerriero and Terasawa, unpub-
lished observation). Moreover, replacement of E 

2
  in OVX pubertal monkeys only 

partially restored the hKP-10-induced GnRH release that was absent in OVX puber-
tal monkeys [ 58 ]. These observations suggest that while, in prepubertal monkeys, 
the response of KISS1R on GnRH neurons is independent of E 

2
 , in pubertal mon-

keys, functional changes in KISS1R occur as a consequence of the exposure to 
increased circulating E 

2
  after puberty onset, such that KISS1R responsiveness is 

enhanced by E 
2
 . Collectively, once the pubertal increase in E 

2
  occurs in the female 

monkey, as a consequence of pubertal activation of the GnRH pulse generating 
mechanism, the presence of E 

2
  appears to enhance the response of GnRH neurons 

to kisspeptin [ 58 ]. Although to date, developmental changes in  KISS1R  mRNA in 
ovariectomized monkeys have not been examined, it will be important to address 
this issue further.  

    Kisspeptin Signaling and GnRH Pulse Generation 

 The hypothesis that kisspeptin neurons are a part of the neurocircuitry underlying 
the GnRH pulse generating mechanism has been proposed by Goodman and col-
leagues, Maeda and colleagues, and Steiner and colleagues [ 69 ,  70 ] (see also Chap. 
  14    ). It is posited that pulsatility originates in ARC kisspeptin neurons containing 
neurokinin B and dynorphin (called KNDy neurons) by reciprocal interactions of 
neurokinin B (stimulatory) and dynorphin (inhibitory), and that an intermittent 
output to the GnRH neuronal network is mediated by kisspeptin. This hypothesis 
is based on several observations. First, periodic increases in multiunit activity 
obtained from electrodes in the MBH are associated with LH pulses in several spe-
cies [ 71 ,  72 ], and specifi cally in the ARC, as shown in the goat [ 73 ]. Second, the 
neurokinin B receptor agonist, senktide, is a potent stimulator of ARC kisspeptin 
neurons (presumably KNDy neurons) in the mouse [ 74 ], and the site of the stimu-
latory action of neurokinin B on GnRH-dependent LH release in the monkey 
appears to be upstream of kisspeptin [ 75 ]. Third, in pubertal monkeys, pulses of 
kisspeptin-54 released in the ARC-ME correlate to GnRH pulses 75% of the time 
[ 65 ]. Fourth, repetitive iv injections of hKP-10 induce trains of GnRH-dependent 
LH pulses in juvenile male monkeys, in which endogenous GnRH pulsatility is 
minimal [ 59 ], presumably by activating KISS1R on GnRH terminals in the ME, as 
kisspeptin and GnRH fi bers are found in extensive and intimate association in the 
ME (Fig.  12.2 ) [ 76 ]. Fifth, intra-ARC, not intra-POA, administration of the kiss-
peptin antagonist, peptide 234, profoundly suppressed LH pulse frequency [ 77 ], 
although again the site of action of the antagonist is likely to be at the ME, as 
recent electrophysiological studies by Alreja and Steiner indicate that kisspeptin is 
unable to stimulate KNDy neurons in the mouse (see Chap.   16    ). The contemporary 
notion regarding the integral role played by KNDy neurons in GnRH pulse generation 

12 Kisspeptin and Puberty in Mammals

http://dx.doi.org/10.1007/978-1-4614-6199-9_14
http://dx.doi.org/10.1007/978-1-4614-6199-9_16


262

is consistent with the classical fi ndings that complete surgical deafferentation of 
the rat and monkey MBH does not eliminate pulsatile LH release [ 78 ,  79 ], and 
that selective lesions of the ARC in female monkeys abolishes pulsatile LH 
release [ 80 ]. It is also consistent with the recent fi nding that selective ablation of 
KNDy neurons in the rat dramatically truncates the ovariectomy-induced increase 
in LH release [ 81 ].

       A Novel View on the Role of Kisspeptin in Puberty Onset 

 As discussed above, the genetic evidence for the view that kisspeptin neurons are 
critical for the onset of puberty is overwhelming. Together with results from com-
pelling physiological and pharmacological studies indicating that kisspeptin is 
the most potent GnRH secretagogue [ 82 ], a dogma has emerged that the genes 
encoding kisspeptin and its receptor regulate puberty, which in turn has led to the 
perception that kisspeptin signaling represents the key neural substrate that controls 
the timing of the onset of puberty. Here, we offer an alternative possibility. Namely, 
while kisspeptin-expressing neurons in ARC are critical for puberty, this is simply 
because these cells comprise an integral component of the hypothalamic GnRH 
pulse generating mechanism that generates intermittent release of the decapeptide, 

  Fig. 12.2    A confocal projection illustrating the relationship between kisspeptin neurons ( green ) 
in the arcuate nucleus (ARC) and GnRH cell bodies and projections ( red ) to the median eminence 
in a coronal section of the mediobasal hypothalamus of a castrated adult male rhesus monkey.  VHT  
ventral hypothalamic tract;  3V  third ventricle;  ME  median eminence. Scale bar, 100 μm. From 
Ramaswamy S, Guerriero KA, Gibbs RB, Plant TM. Structural interactions between kisspeptin 
and GnRH neurons in the mediobasal hypothalamus of the male rhesus monkey ( Macaca mulatta ) 
as revealed by double immunofl uorescence and confocal microscopy. Endocrinology. 2008 
149:4387–95. Reprinted with permission from The Endocrine Society       
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an increase of which is obligatory for the onset of puberty. According to this model, 
kisspeptin neurons in the ARC play no regulatory role in controlling the timing of 
puberty. Rather, as a component of hypothalamic GnRH pulse generation, they 
subserve upstream regulatory mechanisms determining the timing of puberty onset. 
In the case of primates, the upstream control system(s), which is independent of 
gonadal steroids, fi rst suppress pulsatile GnRH release in infancy and, subsequently, 
a reduction in this suppression reactivates pulsatility of GnRH release at the end of 
juvenile development (Fig.  12.3 ). In rodents, the early postnatal ontogeny of pulsa-
tile GnRH release is less clear, but later in prepubertal development,  steroid- dependent 

  Fig. 12.3    A model for the control of the timing of puberty in primates, in which the role of kiss-
peptin (KP,  green ) signaling is posited to be a critical component of the neural machinery essential 
for generation of pulsatile GnRH ( red ) release in the hypothalamus. In this model, the GnRH pulse 
generating mechanism resides in the arcuate nucleus (ARC) and the output of this signaling is 
relayed to GnRH terminals in the median eminence (ME) by KP projections arising from perikarya 
in the ARC. During infancy ( left panel ), ARC GnRH pulse generating activity is robust leading to 
intermittent release of KP in the ME, resulting in a corresponding pattern of GnRH release into the 
portal circulation. This, in turn, drives pulsatile gonadotropin (LH and FSH) secretion. In the tran-
sition from infancy to the juvenile phase of development ( middle panel ), a neurobiological brake 
(central inhibition) holds the ARC GnRH pulse generating mechanism in check and pulsatile 
release of KP in the ME is markedly suppressed. This leads to reduced GnRH release and to a 
hypogonadotropic state in the juvenile period. Puberty is triggered when the brake is removed and 
GnRH pulse generation with robust intermittent release of KP in the ME is reactivated ( right 
panel ). According to this model, the mystery of primate puberty lies in the nature of the neurobio-
logical brake, i.e., the mechanism that times its application during infancy and its release at the 
end of the juvenile phase of development. The thickness of the  blue  (T, testosterone) and  gold  
(E, estradiol)  arrows  indicating negative feedback by the testis and ovary, respectively, refl ect the 
degree of gonadal steroid inhibition exerted on LH secretion at these three stages of primate devel-
opment.  AC  anterior commissure;  AP  anterior pituitary gland;  ARC  arcuate nucleus;  OC  optic 
chiasm;  ME  median eminence;  MMB  mammillary body          
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mechanisms dictate the timing of puberty by suppressing GnRH pulse generation. 
This being the case, loss-of-function mutations in  KISS1 / Kiss1  or  KISS1R / Kiss1r , 
or ablation of neurons expressing either kisspeptin or its receptor, would likely lead 
to a loss or impairment in GnRH pulsatility that secondarily results in delayed or 
absent puberty and infertility, regardless of species. While this is indeed the case in 
situations where the genes have been manipulated either  spontaneously or experi-
mentally [ 1 ,  9 – 11 ,  50 ,  83 ], interestingly, embryonic ablation of kisspeptin cells in 
mice did not dramatically infl uence the timing of puberty or prevent fertility [ 45 ]. It 
should be noted that failure to change the timing of puberty in this study may be due 
to the 5% of kisspeptin neurons in the AVPV that escaped ablation [ 45 ]. In the con-
text of the results of the study employing kisspeptin neuron ablation,  Kiss1  or  Kiss1r  
null mice exhibit some degree of GnRH release as they age [ 83 ]. Therefore, the 
difference in the phenotypes between these two models may be quantitative, and 
perhaps explained by differences in the extent to which the GnRH neuronal network 
is intrinsically able to generate intermittent GnRH release following a genetic or 
ablative insult to the GnRH pulse generating mechanism that normally drives 
gonadotropin secretion in the adult.

   The notion that kisspeptin signaling is necessary for the onset of puberty only 
because of its critical role in GnRH pulse generation may be most readily appreciated 
when the concept is applied to puberty in the male, where initiation of this develop-
mental event requires only robust pulsatile GnRH release to drive tonic LH and FSH 
secretion. In the case of puberty onset in the human female, the validity of the idea that 
 KISS1  may simply be regarded as a “pulse generating” gene is tenable, because the 
preovulatory LH surge is triggered by E 

2
  positive feedback action within the MBH-

pituitary unit to amplify pulsatile GnRH release and/or the response of the pituitary 
gonadotrophs to pulsatile GnRH stimulation [ 22 ]. The situation in the female rodent 
is more complex because the positive feedback action of E 

2
  is exerted, at least in part, 

on kisspeptin neurons in the AVPV [ 31 ]. Nevertheless, as discussed above, the devel-
opment of kisspeptin neurons in the AVPV in female mice is dependent on ovarian E 

2
  

secretion, which, in turn, is dependent on tonic gonadotropin secretion that is driven 
by pulsatile GnRH release. Thus, it seems reasonable to propose that (1) the primary 
role of kisspeptin signaling in the control of puberty across species may be restricted 
to its crucial role in GnRH pulse generation, (2) the time of puberty onset is dictated 
by kisspeptin-independent mechanisms that control the ontogeny of GnRH pulse gen-
eration, and (3)  Kiss1  in the rodent may be viewed as a “surge generating gene,” as 
well as a pulse generating gene (see below for further discussion).  

    Neuronal Substrates of Central Inhibition on GnRH 
in Juvenile Primates 

 According to the model proposed above, the key to the mystery of puberty in pri-
mates is to understand (1) the neural substrate that underlies the gonadal steroid- 
independent reduction in GnRH pulse generation from infancy to puberty, and (2) 
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the signals responsible for timing the application and removal of this central neuro-
biological brake. In this section, we discuss possible neuronal substrates responsible 
for “central inhibition.” 

 Two laboratories have each proposed a different neuronal subtype. First, 
Terasawa and her colleagues have proposed the hypothesis that tonic inhibition by 
γ-amino butyric acid (GABA) neurotransmission is responsible for this central 
inhibition in female rhesus monkeys [ 17 ]. This hypothesis is based on the obser-
vations that (1) GABA levels are higher when GnRH release is low in prepubertal 
monkeys, whereas GABA levels are lower after the onset of puberty when GnRH 
release is elevated [ 84 ], (2) infusion of the GABA 

A
  receptor antagonist, bicucul-

line, into the S-ME stimulates GnRH release to a much greater extent in prepu-
bertal, than in pubertal, monkeys, whereas infusion of GABA is effective in 
suppressing GnRH release in pubertal, but not prepubertal, monkeys, presumably 
because of the reduction in tonic GABA inhibition at the onset of puberty [ 84 ], 
and (3) a long-term infusion of bicuculline into the S-ME of juvenile female pri-
mates results in precocious puberty and fi rst ovulation [ 85 ]. Second, Plant and his 
colleagues have proposed the hypothesis that neuropeptide Y (NPY) neurons are 
responsible for the central inhibition of pulsatile GnRH release during juvenile 
development in male monkeys. This hypothesis is based on the fi nding that mRNA 
and peptide levels of NPY in the MBH are signifi cantly lower during the neonatal 
period compared to those during the juvenile period, whereas mRNA and peptide 
levels of NPY in the MBH decrease, while GnRH mRNA levels increase, across 
puberty in male monkeys [ 86 ]. Presently, whether the sex-differences noted in the 
“juvenile hiatus” in gonadotropin secretion are attributable to central inhibition 
mediated by GABA neurons in females vs. NPY neurons in males is unclear. 
Nonetheless, it is possible that the same population of neurons in the MBH is 
responsible for gonadal steroid-independent central inhibition, as a large number 
of GABA neurons in the rat ARC express NPY [ 87 ,  88 ]. 

 A recent study from Terasawa’s group indicates that bicuculline infusion into 
the S-ME of prepubertal female monkeys stimulates kisspeptin-54 release 
(Fig.  12.4a ) [ 89 ], similar to the bicuculline-induced stimulation of GnRH release 
observed in prepubertal monkeys [ 84 ]. Moreover, the bicuculline-induced GnRH 
release was blocked by simultaneous infusion of the kisspeptin antagonist, pep-
tide 234 (Fig.  12.4b ) [ 89 ]. These latter results are consistent with the view that 
inhibitory GABA neurotransmission is an important component in the upstream 
suppression of the GnRH pulse generating mechanism during juvenile develop-
ment in primates. It is, however, unclear what reduces GABA inhibition prior to 
puberty and whether additional (or alternative) neuronal substrates and somatic 
cues [ 90 – 93 ] are involved in the upstream control of GnRH pulse generation. 
Thus, the most important question of exactly what triggers the onset of puberty 
in primates remains a mystery.
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       Neural Substrate for Steroid Inhibition of GnRH Release 
in Juvenile Rodents 

 As discussed above, in contrast to primates, the prepubertal restraint on the GnRH 
pulse generating mechanism in rodents is gonadal steroid dependent. In this regard, 
studies in sheep and mice indicate that the majority of kisspeptin neurons express 
ERα [ 94 – 96 ], and it is well established in the adult rodent that ovariectomy 
increases, and E 

2
  replacement decreases,  Kiss1  expression in ARC kisspeptin neu-

rons [ 31 ]. As might be expected, therefore, transgenic mice with a conditional 

  Fig. 12.4    ( a ) GABA 
A
  antagonist bicuculline (BM) stimulates KP-54 release in prepubertal female 

monkeys (but not pubertal monkeys, data not shown). An example showing that bicuculline infu-
sion the S-ME ( dark shaded bar ) for 10 min induces an increase KP-54 release, whereas vehicle 
( light shaded bar ) infusion does not. ( b ) Blockade of the bicuculline-induced GnRH release by the 
kisspeptin receptor antagonist, peptide 234 (P234), in a prepubertal monkey. The stimulated GnRH 
release by bicuculline infusion in the S-ME ( dark shaded bars ) is not seen in the presence of P234 
( light shaded bar ). From Kurian JR, Keen KL, Guerriero KA, Terasawa E. Tonic control of kiss-
peptin release in prepubertal monkeys: Implications to the mechanism of puberty onset. 
Endocrinology. 2012 153:3331–6. Modifi ed with permission from The Endocrine Society       
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knockout of  ERα  in kisspeptin neurons exhibit elevated  Kiss1  mRNA levels in ARC 
at a prepubertal age, and this is associated with high circulating concentrations of 
LH (and presumably E 

2
 ) and a dramatic advancement of the age of vaginal opening 

[ 50 ]. Interestingly, in contrast to the mRNA data, kisspeptin immunoreactivity in 
the ARC was greatly reduced in the conditional knockout, suggesting perhaps 
enhanced release of kisspeptin. Thus, in the case of the female mouse, it seems 
reasonable to conclude that the site of the prepubertal ovarian steroid suppression 
on pulsatile GnRH release is on the GnRH pulse generating mechanism itself, and 
specifi cally on kisspeptin (KNDy) neurons in the ARC. This view is consistent with 
the long-standing “differential sensitivity to E 

2
 ” theory, which has been proposed in 

female rats and sheep [ 97 – 100 ]. During the postnatal period through the juvenile 
period, the hypothalamus (presumably the GnRH neurosecretory system) is inhib-
ited by E 

2
 , and, sometime prior to puberty, the GnRH pulse generating mechanism 

in the ARC escapes from suppression by E 
2
 . It has been proposed that this escape is 

the result of an E 
2
 -induced increase in activity of kisspeptin neurons in the AVPV, 

which in turn amplifi es GnRH neuronal activity, leading to puberty onset [ 36 ,  49 , 
 50 ]. The precise mechanism by which the initial prepubertal elevation of E 

2
  is trig-

gered in non-primate species, however, is unknown. (Note that, in women and 
female rhesus monkeys, a similar escape of E 

2
 -dependent inhibition of GnRH 

release occurs well after the initiation of puberty onset, between menarche and fi rst 
ovulation [ 101 – 103 ]).  

    Summary 

 In this chapter, we have reviewed progress regarding the relationship between kiss-
peptin and puberty onset, and have proposed a novel hypothesis for the role of kis-
speptin signaling in controlling the timing of this major event in postnatal 
development. We posit that the profound impact of loss-of-function mutations in the 
genes encoding either kisspeptin or its receptor on the onset and progression of 
puberty in all species can be attributed primarily to the critical role of ARC kiss-
peptin neurons in the generation of pulsatile GnRH release, which is obligatory for 
pubertal activation of the pituitary-gonadal axis. According to this hypothesis, kiss-
peptin neurons do not determine the timing of puberty (see Fig.  12.3 ). Rather, this 
important developmental event is achieved by upstream neuronal mechanisms that 
govern the timing of the pubertal activation (rodents) or reactivation (primates) of 
robust pulsatile GnRH release at the end of the juvenile phase of development. 
Validation of this hypothesis requires future studies.      

  Acknowledgements   Supported by grants R01 HD15433 and R01 HD11355 for ET, R01 HD 
013254 and U54 HD 08160 for TMP, T32 HD041921 for KAG, and P51 0D011106 for WNPRC.  

12 Kisspeptin and Puberty in Mammals



268

      References 

      1.    Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr, Shagoury JK, 
Bo-Abbas Y, Kuohung W, Schwinof KM, Hendrick AG, Zahn D, Dixon J, Kaiser UB, 
Slaugenhaupt SA, Gusella JF, O’Rahilly S, Carlton MB, Crowley WF Jr, Aparicio SA, 
Colledge WH (2003) The GPR54 gene as a regulator of puberty. N Engl J Med 
349:1614–1627  

    2.    de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E (2003) Hypogonadotropic 
hypogonadism due to loss of function of the KiSS1-derived peptide receptor GPR54. Proc 
Natl Acad Sci USA 100:10972–10976  

     3.    Semple RK, Achermann JC, Ellery J, Farooqi IS, Karet FE, Stanhope RG, O’rahilly S, 
Aparicio SA (2005) Novel missense mutations in g protein-coupled receptor 54 in a patient 
with hypogonadotropic hypogonadism. J Clin Endocrinol Metab 90:1849–1855  

   4.    Cerrato F, Shagoury J, Kralickova M, Dwyer A, Falardeau J, Ozata M, Van Vliet G, Bouloux 
P, Hall JE, Hayes FJ, Pitteloud N, Martin KA, Welt C, Seminara SB (2006) Coding sequence 
analysis of GnRHR and GPR54 in patients with congenital and adult onset forms of hypogo-
nadotropic hypogonadism. Eur J Endocrinol 155:S3–S10  

   5.    Tenenbaum-Rakover Y, Commenges-Ducos M, Iovane A, Aumas C, Admoni O, de Roux N 
(2007) Neuroendocrine phenotype analysis in fi ve patients with isolated hypogonadotropic 
hypogonadism due to a L102P inactivating mutation of GPR54. J Clin Endocrinol Metab 
92:1137–1144  

   6.    Nimri R, Lebenthal Y, Lazar L, Chevrier L, Phillip M, Bar M, Hernandez-Mora E, de Roux 
N, Gat-Yablonski G (2011) A novel loss-of-function mutation in GPR54/KISS1R leads to 
hypogonadotropic hypogonadism in a highly consanguineous family. J Clin Endocrinol 
Metab 96:E536–E545  

    7.    Lanfranco F, Gromoll J, von Eckardstein S, Herding EM, Nieschlag E, Simoni M (2005) Role 
of sequence variations of the GnRH receptor and G protein-coupled receptor 54 gene in male 
idiopathic hypogonadotropic hypogonadism. Eur J Endocrinol 153:845–852  

    8.    Teles MG, Bianco SD, Brito VN, Trarbach EB, Kuohung W, Xu S, Seminara SB, Mendonca 
BB, Kaiser UB, Latronico AC (2008) A GPR54-activating mutation in a patient with central 
precocious puberty. N Engl J Med 358:709–715  

     9.    Funes S, Hedrick JA, Vassileva G, Markowitz L, Abbondanzo S, Golovko A, Yang S, 
Monsma FJ, Gustafson EL (2003) The KiSS-1 receptor GPR54 is essential for the develop-
ment of the murine reproductive system. Biochem Biophys Res Commun 312:1357–1363  

   10.    d’Anglemont de Tassigny X, Fagg LA, Dixon JPC, Day K, Leitch HG, Hendrick AG, Zahn 
D, Franceschini I, Caraty A, Carlton MBL, Aparicio SAJR, Colledge WH (2007) 
Hypogonadotropic hypogonadism in mice lacking a functional Kiss1 gene. Proc Natl Acad 
Sci USA 104:10714–10719  

     11.    Lapatto R, Pallais JC, Zhang D, Chan YM, Mahan A, Cerrato F, Le WW, Hoffman GE, 
Seminara SB (2007) Kiss1−/− mice exhibit more variable hypogonadism than Gpr54−/− 
mice. Endocrinology 148:4927–4936  

    12.    Topaloglu AK, Tello JA, Kotan LD, Ozbek MN, Yilmaz MB, Erdogan S, Gurbuz F, Temiz F, 
Millar RP, Yuksel B (2012) Inactivating KISS1 mutation and hypogonadotropic hypogonad-
ism. N Engl J Med 366:629–635  

    13.    Wildt L, Marshall G, Knobil E (1980) Experimental induction of puberty in the infantile 
female rhesus monkey. Science 207:1373–1375  

   14.    Loose MD, Terasawa E (1985) Pulsatile infusion of luteinizing hormone-releasing hormone 
induces precocious puberty (vaginal opening and fi rst ovulation) in the immature female 
guinea pig. Biol Reprod 33:1084–1093  

      15.    Plant TM (2001) Neurobiological bases underlying the control of the onset of puberty in the 
rhesus monkey: a representative higher primate.  Front Neuroendocrinol 22:107–139  

    16.    Grumbach MM, Styne DM (1998) Puberty, ontogeny, neuroendocrinology, physiology, and 
disorders. In: Williams RH, Foster DW, Kroenenberg H, Larsen PR, Zorab R (eds) Williams 
textbook of endocrinology, 9th edn. W.B. Saunders, Philadelphia, PA, pp 1509–1625  

E. Terasawa et al.



269

     17.    Terasawa E, Fernandez DL (2001) Neurobiological mechanisms of the onset of puberty in 
primates. Endocr Rev 22:111–151  

     18.    Plant TM, Witchel SF (2006) Puberty in nonhuman primates and primates. In: Neill J (ed) 
The physiology of reproduction, vol 2, 3rd edn. Academic, San Diego, CA, pp 2177–2230  

     19.    Ojeda SR, Skinner MK (2006) Puberty in the rat. In: Neill J (ed) The physiology of reproduc-
tion, vol 2, 3rd edn. Academic, Elsevier, San Diego, CA, pp 2061–2126  

     20.    Terasawa E, Kurian JR (2012) Neuroendocrine mechanism of puberty. In: Fink G, Pfaff DW, 
Levine JE (eds) Handbook of neuroendocrinology. Academic, Elsevier, London, pp 433–484  

    21.    Plant TM (1986) Gonadal regulation of hypothalamic gonadotropin-releasing hormone 
release in primates. Endocr Rev 7:75–88  

     22.    Plant TM (2012) A comparison of the neuroendocrine mechanisms underlying the initiation 
of the preovulatory LH surge in the human, Old World monkey and rodent. Front 
Neuroendocrinol 33:160–168  

    23.    Plant TM (1985) A study of the role of the postnatal testes in determining the ontogeny of 
gonadotropin secretion in the male rhesus monkey ( Macaca mulatta ). Endocrinology 
116:1341–1350  

    24.    Pohl CR, de Ridder CM, Plant TM (1995) Gonadal and nongonadal mechanisms contribute 
to the prepubertal hiatus in gonadotropin secretion in the female rhesus monkey ( Macaca 
mulatta ). J Clin Endocrinol Metab 80:2094–2101  

    25.    Conte FA, Grumbach MM, Kaplan SL (1975) A diphasic pattern of gonadotropin secretion 
in patients with the syndrome of gonadal dysgenesis. J Clin Endocrinol Metab 40:670–674  

    26.    Ross JL, Loriaux DL, Cutler GB Jr (1983) Developmental changes in neuroendocrine regula-
tion of gonadotropin secretion in gonadal dysgenesis. J Clin Endocrinol Metab 57:288–293  

     27.    Chongthammakun S, Terasawa E (1993) Negative feedback effects of estrogen on luteinizing 
hormone-releasing hormone release occur in pubertal, but not prepubertal, ovariectomized 
female rhesus monkeys. Endocrinology 132:735–743  

    28.    Foster DL, Jackson LM (2006) Puberty in the sheep. In: Neill J (ed) The physiology of repro-
duction, vol 2, 3rd edn. Academic, Elsevier, San Diego, CA, pp 1415–1482  

     29.    Goldman BD, Gorski RA (1971) Effects of gonadal steroids on the secretion of LH and FSH 
in neonatal rats. Endocrinology 89:112–115  

     30.    Fraser MO, Plant TM (1989) Further studies of the role of the gonads in determining the 
ontogeny of gonadotropin secretion in the guinea pig ( Cavia porcelus ). Endocrinology 
125:906–911  

      31.    Oakley AE, Clifton DK, Steiner RA (2009) Kisspeptin signaling in the brain. Endocr Rev 
30:713–743  

     32.    Navarro VM, Castellano JM, Fernandez-Fernandez R, Barreiro ML, Roa J, Sanchez-Criado 
JE, Aguilar E, Dieguez C, Pinilla L, Tena-Sempere M (2004) Developmental and hormonally 
regulated messenger ribonucleic acid expression of KiSS-1 and its putative receptor, GPR54, 
in rat hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 peptide. 
Endocrinology 145:4565–4574  

     33.    Takase K, Uenoyama Y, Inoue N, Matsui H, Yamada S, Shimizu M, Homma T, Tomikawa J, 
Kanda S, Matsumoto H, Oka Y, Tsukamura H, Maeda KI (2009) Possible role of oestrogen 
in pubertal increase of Kiss1/kisspeptin expression in discrete hypothalamic areas of female 
rats. J Neuroendocrinol 21:527–537  

     34.    Takumi K, Iijima N, Ozawa H (2011) Developmental changes in the expression of kisspeptin 
mRNA in rat hypothalamus. J Mol Neurosci 43:138–145  

    35.    Bentsen AH, Ansel L, Simonneaux V, Tena-Sempere M, Juul A, Mikkelsen JD (2010) 
Maturation of kisspeptinergic neurons coincides with puberty onset in male rats. Peptides 
31:275–283  

     36.    Clarkson J, Herbison AE (2011) Dual phenotype kisspeptin-dopamine neurones of the rostral 
periventricular area of the third ventricle project to gonadotrophin-releasing hormone 
 neurones. J Neuroendocrinol 23:293–301  

    37.    Han SK, Gottsch ML, Lee KJ, Popa SM, Smith JT, Jakawich SK, Clifton DK, Steiner RA, 
Herbison AE (2005) Activation of gonadotropin-releasing hormone neurons by kisspeptin as 
a neuroendocrine switch for the onset of puberty. J Neurosci 25:11349–11356  

12 Kisspeptin and Puberty in Mammals



270

        38.    Gill JC, Wang O, Kakar S, Martinelli E, Carroll RS, Kaiser UB (2010) Reproductive 
hormone- dependent and -independent contributions to developmental changes in kisspeptin 
in GnRH-defi cient hypogonadal mice. PLoS One 5:e11911  

      39.    Kauffman AS, Navarro VM, Kim J, Clifton DK, Steiner RA (2009) Sex differences in the 
regulation of Kiss1/NKB neurons in juvenile mice: implications for the timing of puberty. 
Am J Physiol Endocrinol Metab 297:E1212–E1221  

    40.    Poling MC, Kauffman AS (2012) Sexually dimorphic testosterone secretion in prenatal and 
neonatal mice is independent of kisspeptin-Kiss1r and GnRH signaling. Endocrinology 
153:782–793  

    41.    Jean-Faucher C, el Watik N, Berger M, De Turckheim M, Veyssiere G, Jean C (1985) 
Regulation of gonadotrophin secretion in male mice from birth to adulthood. Response to 
LHR injection, castration, and testosterone replacement therapy. Acta Endocrinol (Copenh) 
110:193–199  

     42.   Ojeda SR, Ramirez VD (1973–1974) Short-term steroid treatment on plasma LH and FSH in 
castrated rats from birth to puberty. Neuroendocrinology 13:100–114  

       43.    Shahab M, Mastronardi C, Seminara SB, Crowley WF, Ojeda SR, Plant TM (2005) Increased 
hypothalamic GPR54 signaling: a potential mechanism for initiation of puberty in primates. 
Proc Natl Acad Sci USA 102:2129–2134  

     44.    Clarkson J, Herbison AE (2006) Postnatal development of kisspeptin neurons in mouse hypo-
thalamus; sexual dimorphism and projections to gonadotropin-releasing hormone (GnRH) 
neurons. Endocrinology 147:5817–5825  

      45.    Mayer C, Boehm U (2011) Female reproductive maturation in the absence of kisspeptin/
GPR54 signaling. Nat Neurosci 14:704–710  

    46.    Yeo SH, Herbison AE (2011) Projections of arcuate nucleus and rostral periventricular kiss-
peptin neurons in the adult female mouse brain. Endocrinology 152:2387–2399  

    47.    Nestor CC, Briscoe AM, Davis SM, Valent M, Goodman RL, Hileman SM (2012) Evidence 
of a role for kisspeptin and neurokinin B in puberty of female sheep. Endocrinology 
153:2756–2765  

    48.   Dwarki K, Ramaswamy S, Gibbs R and Plant TM. The arrest of GnRH pulsatility during 
infancy that guarantees the quiescence of the primate gonad during juvenile development is 
correlated with a reduction in immunopositive kisspeptin neurons in the arcuate nucleus of 
the male rhesus monkey ( Macaca mulatta ). In: 93rd Annual Meeting of The Endocrine 
Society, Boston, June 2011, Abstract #P2-262  

       49.    Clarkson J, Boon WC, Simpson ER, Herbison AE (2009) Postnatal development of an 
estradiol- kisspeptin positive feedback mechanism implicated in puberty onset. Endocrinology 
150:3214–3220  

       50.    Mayer C, Acosta-Martinez M, Dubois SL, Wolfe A, Radovick S, Boehm U, Levine JE (2010) 
Timing and completion of puberty in female mice depend on estrogen receptor alpha- 
signaling in kisspeptin neurons. Proc Natl Acad Sci USA 107:22693–22698  

    51.    Rometo AM, Krajewski SJ, Voytko ML, Rance NE (2007) Hypertrophy and increased 
kisspeptin gene expression in the hypothalamic infundibular nucleus of postmenopausal 
women and ovariectomized monkeys. J Clin Endocrinol Metab 92:2744–2750  

   52.    Smith JT, Shahab M, Pereira A, Pau KY, Clarke IJ (2010) Hypothalamic expression of KISS1 
and gonadotropin inhibitory hormone genes during the menstrual cycle of a non-human pri-
mate. Biol Reprod 83:568–577  

    53.    Hrabovszky E, Ciofi  P, Vida B, Horvath MC, Keller E, Caraty A, Bloom SR, Ghatei MA, 
Dhillo WS, Liposits Z, Kallo I (2010) The kisspeptin system of the human hypothalamus: 
sexual dimorphism and relationship with gonadotropin-releasing hormone and neurokinin B 
neurons. Eur J Neurosci 31:1984–1998  

    54.    Parhar IS, Ogawa S, Sakuma Y (2004) Laser-captured single digoxigenin-labeled neurons of 
gonadotropin-releasing hormone types reveal a novel G protein-coupled receptor (Gpr54) 
during maturation in cichlid fi sh. Endocrinology 145:3613–3618  

   55.    Messager S, Chatzidaki EE, Ma D, Hendrick AG, Zahn D, Dixon J, Thresher RR, Malinge I, 
Lomet D, Carlton MB, Colledge WH, Caraty A, Aparicio SA (2005) Kisspeptin directly 

E. Terasawa et al.



271

stimulates gonadotropin-releasing hormone release via G protein-coupled receptor 54. Proc 
Natl Acad Sci USA 102:1761–1766  

    56.    Irwig MS, Fraley GS, Smith JT, Acohido BV, Popa SM, Cunningham MJ, Gottsch ML, 
Clifton DK, Steiner RA (2004) Kisspeptin activation of gonadotropin releasing hormone 
neurons and regulation of KiSS-1 mRNA in the male rat. Neuroendocrinology 80:264–272  

    57.    Herbison AE, de Tassigny X, Doran J, Colledge WH (2010) Distribution and postnatal devel-
opment of Gpr54 gene expression in mouse brain and gonadotropin-releasing hormone neu-
rons. Endocrinology 151:312–321  

        58.    Guerriero KA, Keen KL, Millar RP, Terasawa E (2012) Developmental changes in GnRH 
release in response to kisspeptin agonist and antagonist in female Rhesus monkeys ( Macaca 
mulatta ): Implication for the mechanism of puberty. Endocrinology 153:825–836  

     59.    Plant TM, Ramaswamy S, DiPietro MJ (2006) Repetitive activation of hypothalamic G pro-
tein coupled receptor 54 with intravenous pulses of kisspeptin in the juvenile monkey 
( Macaca mulatta ) elicits a sustained train of gonadotropin-releasing hormone discharges. 
Endocrinology 147:1007–1013  

    60.    Constantin S, Caligioni CS, Stojilkovic S, Wray S (2009) Kisspeptin-10 facilitates a plasma 
membrane-driven calcium oscillator in gonadotropin-releasing hormone-1 neurons. 
Endocrinology 150:1400–1412  

    61.    Ohtaki T, Shintani Y, Honda S, Matsumoto H, Hori A, Kanehashi K, Terao Y, Kumano S, 
Takatsu Y, Masuda Y, Ishibashi Y, Watanabe T, Asada M, Yamada T, Suenaga M, Kitada C, 
Usuki S, Kurokawa T, Onda H, Nishimura O, Fujino M (2001) Metastasis suppressor gene 
KiSS-1 encodes peptide ligand of a G-protein-coupled receptor. Nature 411:613–617  

    62.    Kotani M, Detheux M, Vandenbogaerde A, Communi D, Vanderwinden JM, Le Poul E, 
Brezillon S, Tyldesley R, Suarez-Huerta N, Vandeput F, Blanpain C, Schiffman SN, Vassart 
G, Parmentier M (2001) The metastasis suppressor gene KiSS-1 encodes kisspeptins, the 
natural ligands of the orphan G protein-coupled receptor GPR54. J Biol Chem 
276:34631–34636  

    63.    Roseweir AK, Kauffman AS, Smith JT, Guerriero KA, Morgan K, Pielecka-Fortuna J, Pineda 
R, Gottsch ML, Tena-Sempere M, Moenter SM, Terasawa E, Clarke IJ, Steiner RA, Miller 
RP (2009) Discovery of potent kisspeptin antagonists delineate physiological mechanisms of 
gonadotropin regulation. J Neurosci 29:3920–3929  

    64.    Frost SI, Keen KL, Levine JE, Terasawa E (2008) Microdialysis methods for in vivo neuro-
peptide measurement in the stalk-median eminence in the rhesus monkey. J Neurosci Methods 
168:26–34  

     65.    Keen KL, Wegner FH, Bloom SR, Ghatei MA, Terasawa E (2008) An increase in kisspeptin-
 54 release occurs with the pubertal increase in luteinizing hormone-releasing hormone-1 
release in the stalk-median eminence of female rhesus monkeys in vivo. Endocrinology 
149:4151–4157  

      66.    Guerriero KA, Keen KL, Terasawa E (2012) Developmental increase in kisspeptin-54 in vivo 
is independent of the pubertal increase in estradiol in female rhesus monkeys ( Macaca 
mulatta ). Endocrinology 153:1887–1897  

       67.    Watanabe G, Terasawa E (1989)  In vivo  release of luteinizing hormone releasing hormone 
(LHRH) increases with puberty in the female rhesus monkey. Endocrinology 125:92–99  

       68.    Chongthammakun S, Claypool LE, Terasawa E (1993) Ovariectomy increases  in vivo  LHRH 
release in pubertal, but not prepubertal, female rhesus monkeys. J Neuroendocrinol 5:41–50  

    69.    Goodman RL, Lehman MN, Smith JT, Coolen LM, de Oliveira CV, Jafarzadehshirazi MR, 
Pereira A, Iqbal J, Caraty A, Ciofi  P, Clarke IJ (2007) Kisspeptin neurons in the arcuate 
nucleus of the ewe express both dynorphin A and neurokinin B. Endocrinology 
148:5752–5760  

    70.    Wakabayashi Y, Nakada T, Murata K, Ohkura S, Mogi K, Navarro VM, Clifton DK, Mori Y, 
Tsukamura H, Maeda K, Steiner RA, Okamura H (2010) Neurokinin B and dynorphin A in 
kisspeptin neurons of the arcuate nucleus participate in generation of periodic oscillation of 
neural activity driving pulsatile gonadotropin-releasing hormone secretion in the goat. 
J Neurosci 30:3124–3132  

12 Kisspeptin and Puberty in Mammals



272

    71.    Kawakami M, Uemura T, Hayashi R (1982) Electrophysiological correlates of pulsatile 
gonadotropin release in rats. Neuroendocrinology 35:63–67  

    72.    Wilson RC, Kesner JS, Kaufman JM, Uemura T, Akema T, Knobil E (1984) Central electro-
physiologic correlates of pulsatile luteinizing hormone secretion in the rhesus monkey. 
Neuroendocrinology 39:256–260  

    73.    Ohkura S, Takase K, Matsuyama S, Mogi K, Ichimaru T, Wakabayashi Y, Uenoyama Y, Mori 
Y, Steiner RA, Tsukamura H, Maeda KI, Okamura H (2009) Gonadotrophin-releasing hor-
mone pulse generator activity in the hypothalamus of the goat. J Neuroendocrinol 
21:813–821  

    74.    Navarro VM, Gottsch ML, Wu M, Garcia-Galiano D, Hobbs SJ, Bosch MA, Pinilla L, Clifton 
DK, Dearth A, Ronnekleiv OK, Braun RE, Palmiter RD, Tena-Sempere M, Alreja M, Steiner 
RA (2011) Regulation of NKB pathways and their roles in the control of Kiss1 neurons in the 
arcuate nucleus of the male mouse. Endocrinology 152:4265–4275  

    75.    Ramaswamy S, Seminara SB, Plant TM (2011) Evidence from the agonadal juvenile male 
rhesus monkey ( Macaca mulatta ) for the view that the action of neurokinin B to trigger gonad-
otropin-releasing hormone release is upstream from the kisspeptin receptor. Neuroendocrinology 
94:237–245  

    76.    Ramaswamy S, Guerriero KA, Gibbs RB, Plant TM (2008) Structural interactions between 
kisspeptin and GnRH neurons in the mediobasal hypothalamus of the male rhesus monkey 
( Macaca mulatta ) as revealed by double immunofl uorescence and confocal microscopy. 
Endocrinology 149:4387–4395  

    77.    Li XF, Kinsey-Jones JS, Cheng Y, Knox AM, Lin Y, Petrou NA, Roseweir A, Lightman SL, 
Milligan SR, Millar RP, O’Byrne KT (2009) Kisspeptin signalling in the hypothalamic arcu-
ate nucleus regulates GnRH pulse generator frequency in the rat. PLoS One 4:e8334  

    78.    Blake CA, Sawyer CH (1974) Effects of hypothalamic deafferentation on the pulsatile 
rhythm in plasma concentrations of luteinizing hormone in ovariectomized rats. Endocrinology 
94:730–736  

    79.    Krey LC, Hess DL, Butler WR, Espinosa-Campos J, Lu KH, Piva F, Plant TM, Knobil E 
(1981) Medial basal hypothalamic disconnection and the onset of puberty in the female rhe-
sus monkey. Endocrinology 108:1944–1948  

    80.    Plant TM, Moossy J, Hess DL, Nakai Y, McCormack JT, Knobil E (1979) Further studies on 
the effects of lesions in the rostral hypothalamus on gonadotropin secretion in the female 
rhesus monkey ( Macaca mulatta ). Endocrinology 105:465–473  

    81.    Mittelman-Smith MA, Williams H, Krajewski-Hall SJ, Lai J, Ciofi  P, McMullen NT, Rance 
NE (2012) Arcuate kisspeptin/neurokinin B/dynorphin (KNDy) neurons mediate the estro-
gen suppression of gonadotropin secretion and body weight. Endocrinology 153:2800–2812  

    82.    Clarkson J, Han SK, Liu X, Lee K, Herbison AE (2010) Neurobiological mechanisms 
underlying kisspeptin activation of gonadotropin-releasing hormone (GnRH) neurons at 
puberty. Mol Cell Endocrinol 324:45–50  

     83.    Chan YM, Broder-Fingert S, Wong KM, Seminara SB (2009) Kisspeptin/Gpr54-independent 
gonadotrophin-releasing hormone activity in Kiss1 and Gpr54 mutant mice. J Neuroendocrinol 
21:1015–1023  

      84.    Mitsushima D, Hei DL, Terasawa E (1994) GABA is an inhibitory neurotransmitter restrict-
ing the release of luteinizing hormone-releasing hormone before the onset of puberty. Proc 
Natl Acad Sci USA 91:395–399  

    85.    Keen KL, Burich AJ, Mitsushima D, Kasuya E, Terasawa E (1999) Effects of pulsatile infu-
sion of the GABAA receptor blocker bicuculline on the onset of puberty in female rhesus 
monkeys. Endocrinology 140:5257–5266  

    86.    El Majdoubi M, Sahu A, Ramaswamy S, Plant TM (2000) Neuropeptide Y: a hypothalamic 
brake restraining the onset of puberty in primates. Proc Natl Acad Sci USA 97:6179–6184  

    87.    Horvath TL, Bechmann I, Naftolin F, Kalra SP, Leranth C (1997) Heterogeneity in the neu-
ropeptide Y-containing neurons of the rat arcuate nucleus: GABAergic and non GABAergic 
subpopulations. Brain Res 756:283–286  

E. Terasawa et al.



273

    88.    Vong L, Ye C, Yang Z, Choi B, Chua S Jr, Lowell BB (2011) Leptin action on GABAergic 
neurons prevents obesity and reduces inhibitory tone to POMC neurons. Neuron 
71:142–154  

     89.    Kurian JR, Keen KL, Guerriero KA, Terasawa E (2012) Tonic control of kisspeptin release in 
prepubertal monkeys: implications to the mechanism of puberty onset. Endocrinology 
153:3331–3336  

    90.    Plant TM, Fraser MO, Medhamurthy R, Gay VL (1989) Somatogenic control of GnRH neu-
ronal synchronization during development in primates: a speculation. In: Plant TM, van Rees 
GP, Schoemaker J, Delamarre-van de Waal HA (eds) Control of the onset of puberty III. 
Excerpta Medica, Amsterdam, pp 111–121  

   91.    Wilson ME, Gordon TP, Rudman CG, Tanner JM (1989) Effects of growth hormone on the 
tempo of sexual maturation in female rhesus monkeys. J Clin Endocrinol Metab J68:29–38  

   92.    Mann DR, Plant TM (2010) The role and potential sites of action of thyroid hormone in timing 
the onset of puberty in male primates. Brain Res 1364:175–185  

    93.    Terasawa E, Kurian JR, Keen KL, Shiel NA, Colman RJ, Capuano SV (2012) Body weight 
impact on puberty: effects of high-calorie diet on puberty onset in female rhesus monkeys. 
Endocrinology 153:1696–1705  

    94.    Smith JT, Popa SM, Clifton DK, Hoffman GE, Steiner RA (2006) Kiss1 neurons in the fore-
brain as central processors for generating the preovulatory luteinizing hormone surge. 
J Neurosci 26:6687–6694  

   95.    Cravo RM, Margatho LO, Osborne-Lawrence S, Donato J Jr, Atkin S, Bookout AL, Rovinsky 
S, Frazão R, Lee CE, Gautron L, Zigman JM, Elias CF (2011) Characterization of Kiss1 
neurons using transgenic mouse models. Neuroscience 173:37–56  

    96.    Franceschini I, Lomet D, Cateau M, Delsol G, Tillet Y, Caraty A (2006) Kisspeptin immuno-
reactive cells of the ovine preoptic area and arcuate nucleus co-express estrogen receptor 
alpha. Neurosci Lett 401:225–230  

    97.    Foster DL, Ryan KD (1979) Endocrine mechanisms governing transition into adulthood: 
a marked decrease in inhibitory feedback action of estradiol on tonic secretion of luteinizing 
hormone in the lamb during puberty. Endocrinology 105:896–904  

   98.   Dohrn M, Hohlweg W (1931) Hormonale beziehungen zwischen hypohysenvorderlappen 
und keimdrusen. In: Proceedings of the second International Congress on Sex Research. 
Oliver and Boyd, Edinburgh, pp 436–442  

   99.    Steele RE, Weisz J (1974) Changes in sensitivity of estradiol-LH feedback system with 
puberty in the female rat. Endocrinology 95:513–520  

    100.    Andrews WW, Advis JP, Ojeda SR (1981) The maturation of estradiol-negative feedback in 
female rats: evidence that the resetting of the hypothalamic “gonadostat” does not precede the 
fi rst preovulatory surge of gonadotropins. Endocrinology 109:2022–2031  

    101.    Kulin HE, Grumbach MM, Kaplan SL (1969) Changing sensitivity of the pubertal gonadal 
hypothalamic feedback mechanism in man. Science 166:1012–1013  

   102.    Rapisarda JJ, Bergman KS, Steiner RA, Foster DL (1983) Response to estradiol inhibition of 
tonic luteinizing hormone secretion decreases during the fi nal stage of puberty in the rhesus 
monkey. Endocrinology 112:1172–1179  

    103.    Wilson ME (1995) IGF-1 administration advances the decrease in hypersensitivity to oestra-
diol negative feedback inhibition of serum LH in adolescent female monkeys. J Endocrinol 
145:121–130    

12 Kisspeptin and Puberty in Mammals



275A.S. Kauffman and J.T. Smith (eds.), Kisspeptin Signaling in Reproductive Biology, 
Advances in Experimental Medicine and Biology 784, DOI 10.1007/978-1-4614-6199-9_13, 
© Springer Science+Business Media, LLC 2013

    Abstract     Kisspeptin cells appear to be the “missing link,” bridging the divide 
between levels of gonadal steroids and feedback control of gonadotropin-releasing 
hormone (GnRH) secretion. Kisspeptin neurons are important in the generation of 
both sex steroid negative and estrogen positive feedback signals to GnRH neurons, 
the former being involved in the tonic regulation of GnRH secretion in males and 
females and the latter governing the preovulatory GnRH/luteinizing hormone (LH) 
surge in females. In rodents, kisspeptin-producing cells populate the anteroventral 
periventricular nucleus (AVPV) and the arcuate nucleus (ARC), and estrogen regu-
lation of kisspeptin has been extensively studied in these regions. Kisspeptin cells in 
the ARC appear to receive and forward signals applicable to negative feedback 
regulation of GnRH. In the female rodent AVPV, kisspeptin cells are important for 
positive feedback regulation of GnRH and the preovulatory LH surge. In sheep and 
primates, a rostral population of kisspeptin cells is located in the dorsolateral preop-
tic area (POA) as well as the ARC. Initial studies showed kisspeptin cells in the 
latter were involved in both the positive and negative feedback regulation of GnRH. 
Interestingly, further studies now suggest that kisspeptin cells in the ovine POA may 
also play an important role in generating estrogen positive feedback. This chapter 
discusses the current consensus knowledge regarding the interaction between sex 
steroids and kisspeptin neurons in mammals.  

    Chapter 13   
 Sex Steroid Regulation of Kisspeptin Circuits 
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        Introduction: First Kiss 

 Not since the discovery of gonadotropin-releasing hormone (GnRH) has a neuro-
peptide created such a stir of activity within the fi eld of reproduction. Kisspeptin 
research has been rapid and momentous, and it is undeniable that this peptide is 
critical for many neuroendocrine aspects of fertility (as indicated in this textbook). 
The neuroendocrine reproductive axis is governed through meticulously controlled 
neural and hormonal interactions between the brain, pituitary, and gonads. In the 
brain, the fi nal common factor in the control of this hierarchical system is the 
release of GnRH from neurons extending to the median eminence. GnRH stimu-
lates the pituitary gonadotropes and leads the production of gonadal sex steroids 
(androgens, estrogens, and progestins), which then “feedback” to GnRH neurons to 
control their activity [ 1 ]. In males and females, testosterone, estradiol, and proges-
terone act via tonic negative feedback to suppress GnRH secretion, which is neces-
sary for optimal steroidogenesis and gametogenesis. In females, there is an 
additional switch from negative feedback to acute estrogen positive feedback, 
which precedes and causes the GnRH/LH surge, necessary for ovulation. Although 
GnRH was discovered more than 30 years ago, the precise cellular and molecular 
mechanisms governing sex steroid negative and positive feedback on GnRH secre-
tion have proved far more challenging to uncover. GnRH neurons do not express 
androgen receptor, estrogen receptor α (ERα), or progesterone receptor (PR) [ 2 – 4 ]; 
thus, the feedback effects of sex steroids on GnRH secretion must be transferred by 
other steroid-sensitive neurons. Enter kisspeptins. 

 Produced from the  Kiss1  gene, kisspeptin peptides are robust stimulators of 
GnRH secretion [ 5 ]. Evidence for this now includes (1) the stimulatory effect of 
kisspeptin on gonadotropin secretion is blocked by GnRH antagonists [ 5 – 8 ]; (2) 
injections of kisspeptin directly in to the preoptic area (POA), where GnRH neurons 
reside, stimulate LH secretion [ 9 ]; (3) kisspeptin activates (as determined by fos 
induction) GnRH neurons [ 6 ,  7 ]; (4) kisspeptin directly stimulates the electrophysi-
ological properties of GnRH neurons [ 10 ,  11 ]; (5) kisspeptin-immunoreactive fi bers 
appose GnRH neurons [ 12 – 14 ]; (6) kisspeptin stimulates GnRH release into the 
portal circulation of sheep [ 15 ]; and (7) almost all GnRH neurons express the kiss-
peptin receptor (Kiss1r) [ 6 ,  10 ,  16 ]. Importantly, the effects of kisspeptin are absent 
in Kiss1r knockout mice, showing specifi city to this receptor [ 17 – 19 ].  

    First Clues:  Kiss1  Distribution and Kisspeptin Projections 

 Discrete localization of  Kiss1  mRNA in the brain was fi rst determined in the mouse 
by in situ hybridization and immediately provided clues to the physiological role of 
kisspeptin. Cellular populations were identifi ed primarily in the anteroventral peri-
ventricular nucleus (AVPV), extending to periventricular nucleus (PEN), and the 
arcuate nucleus (ARC) [ 5 ]. Smaller, less dense populations of  Kiss1 -expressing 
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cells were also noted in the anterodorsal POA, the medial amygdala, and the bed 
nucleus of the stria terminalis (Fig.  13.1 ).  Kiss1  mRNA localization in the AVPV 
and ARC was also apparent in rats [ 6 ,  20 ,  21 ] and hamsters [ 22 ,  23 ]. Confi rmation 
of kisspeptin production in the AVPV and ARC was later provided with immuno-
histochemistry studies in mice [ 12 ,  24 ], rats [ 25 ], and hamsters [ 22 ]. In sheep,  Kiss1  
mRNA-expressing cells were shown to be located in the dorsolateral region of the 
POA (perhaps a homologous population to the rodent AVPV/PEN) and the ARC 
[ 26 ,  27 ], with a similar distribution of kisspeptin-immunoreactive cells [ 14 ,  28 ]. 
Populations of kisspeptin cells (mRNA and protein) in the POA and ARC have also 
been reported in both human and nonhuman primates [ 8 ,  29 ,  30 ].

      Kisspeptin Neurons Finding Their Way 

 If kisspeptin cells were critical in the feedback control of GnRH secretion, it would 
be expected that kisspeptin neuronal fi bers make putative contacts with GnRH neuronal 
cell bodies. In mice, kisspeptin-immunoreactive fi bers are located within the ventral 

  Fig. 13.1    The original photomicrographs detailing  Kiss1  mRNA distribution in the hypothalamus. 
Silver grain clusters indicate areas where the labeled riboprobe is concentrated revealing  Kiss1  
mRNA-expressing neurons. Cells were observed in the AVPV ( a ), periventricular nucleus ( b ), 
anterodorsal preoptic nucleus ( c ), the medial amygdala ( d ), and the ARC ( e ,  f ).  3V  third ventricle; 
 AC  anterior commissure;  opt  optic tract;  OX  optic chiasm. Scale bar = 500 μm. Data taken from 
Smith JT, Dungan HM, Stoll EA, Gottsch ML, Braun RE, Eacker SM, Clifton DK, Steiner RA 
2005 Differential regulation of KiSS-1 mRNA expression by sex steroids in the brain of the male 
mouse. Endocrinology 146:2976–2984 with permission from The Endocrine Society       

 

13 Sex Steroid Regulation of Kisspeptin Circuits



278

aspect of the lateral septum and the hypothalamus, running in periventricular and 
ventral retrochiasmatic pathways [ 24 ], with a similar distribution in sheep [ 28 ] and 
monkeys [ 29 ]. Kisspeptin fi bers make connections and close appositions to GnRH 
neurons in mice [ 12 ], rats [ 13 ], sheep [ 14 ], and monkeys [ 29 ]. Despite this, the ana-
tomical origins of kisspeptinergic inputs to GnRH neurons are yet to be fully deter-
mined in any species. In mice, evidence suggests that direct input to GnRH cell 
bodies is from AVPV kisspeptin cells, but unlikely to be from kisspeptin cells origi-
nating in the ARC [ 31 ]. However, more recent studies from this group indicate ARC 
kisspeptin cells do project to the POA [ 32 ], and a small percentage (<20%) do appose 
GnRH neurons [ 33 ]. A similar phenomenon may exist in sheep, because ARC kiss-
peptin cells do not provide substantial input to GnRH cells in the ventromedial POA, 
whereas POA kisspeptin cells do [ 34 ]. It was suggested (at least in sheep) that kiss-
peptin cells in the POA could form an interneuronal bridge linking ARC kisspeptin 
cells to GnRH cell bodies; this may be particularly relevant in terms of estrogen posi-
tive feedback regulation, but now appears unlikely because no kisspeptin neurons 
express Kiss1r [ 15 ]. Alternatively, it is now proposed that the majority of ARC kiss-
peptin neurons fi nd their way to GnRH neurons through terminal- to-terminal com-
munication at the median eminence. Evidence for this stems from in vitro cultures of 
mediobasal hypothalamic explants challenged with kisspeptin [ 35 ]. Similar data also 
show direct stimulation of GnRH release from the isolated ovine median eminence 
[ 15 ]. Kisspeptin fi bers are abundant in the external zone of the median eminence of 
sheep [ 36 ] and monkeys [ 29 ] where they appear to appose GnRH terminals. However, 
the distribution of kisspeptin fi bers in the median eminence of mice (12, 24) and rats 
(12, 24, 25) appears to be less abundant. Whether these kisspeptin terminals are 
apposed to GnRH terminals remains to be determined.   

    Kisspeptin, the “Missing Link” in Sex Steroid Control 
of GnRH Secretion 

 In rodent species, sex steroid-sensitive neurons projecting from the ARC have been 
implicated in the negative feedback control of GnRH secretion by estrogen [ 37 – 41 ]. 
Alternatively, the rodent AVPV/PEN region is a sexually dimorphic nucleus and is 
recognized to play an important role in mediating positive feedback effects of estro-
gen to induce the preovulatory surge of GnRH and LH [ 31 ,  42 – 44 ]. Kisspeptin cells 
in the ARC and AVPV are ideally placed in rodents to mediate these feedback 
effects. Moreover, like the LH surge itself,  Kiss1  mRNA expression in the AVPV is 
sexually dimorphic, with the female AVPV harboring far more  Kiss1 -positive cells 
than the male [ 12 ,  20 ]. 

 In sheep, key differences are apparent in feedback regulation of GnRH compared 
to rodents. Estrogen-sensitive cells in the ARC appear central for  both  the negative 
feedback regulation of GnRH and the positive feedback response to estradiol that 
causes the preovulatory GnRH/LH surge [ 45 ,  46 ]. Again, kisspeptin cells located in 
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the ARC are prime candidates to mediate these feedback effects. Importantly, in the 
ovine species, kisspeptin-expressing cells in the ARC are more abundant in females 
than males [ 47 ], which likely relates to a role in positive feedback. In primates, clas-
sical studies in rhesus monkeys where the mediobasal hypothalamus was surgically 
isolated from the rest of the brain show no interference in either estrogen negative 
or positive feedback [ 48 – 50 ]. While such data convey the likely importance of ARC 
kisspeptin cells and potentially eliminate a critical role for the POA kisspeptin cells, 
in sex steroid feedback, an active role for the POA cannot be ruled out. Bilateral 
lesions to the POA in monkeys compromised positive feedback [ 51 ]. Similar results 
were also noted after separation of the anterior hypothalamus and mediobasal hypo-
thalamus [ 52 ]. Thus, in the primate, the anterior hypothalamic nuclei (potentially 
kisspeptin cells in the POA) may play a role in mediating some aspects of sex ste-
roid feedback control. Whether there is a sex difference in kisspeptin expression in 
primates has yet to be determined.  

    Sex Steroid Regulation of  Kiss1  in Females 

 Estradiol robustly and differentially regulates the expression of  Kiss1  mRNA in a 
site-specifi c manner. These data were uncovered using in situ hybridization, which 
allows both quantifi cation and histological mapping of  Kiss1  mRNA. In the ARC, 
ovariectomized (OVX) female mice show a pronounced upregulation in the number 
of  Kiss1  mRNA-expressing cells, which is prevented by estradiol replacement 
(Fig.  13.2 ) [ 53 ]. In striking contrast, in the AVPV, OVX mice show reduced expres-
sion of  Kiss1  mRNA, and estradiol replacement stimulated its expression (Fig.  13.2 ) 
[ 53 ]. Similar data were subsequently forthcoming in female rats [ 21 ]. These fi nd-
ings led to the hypothesis that kisspeptin neurons in the ARC transmit signals to 
GnRH neurons pertinent to estrogen negative feedback, while kisspeptin cells in the 
AVPV relay estradiol signals for positive feedback.

   In rodents, virtually all kisspeptin cells in the ARC and AVPV express ERα [ 21 , 
 53 ], and the importance of ERα expression on kisspeptin neurons in females is 
unquestionable. Unlike female wild-type mice, female ERα knockout mice are 
unable to regulate AVPV or ARC  Kiss1  mRNA expression in the face of OVX and 
estradiol replacement (Fig.  13.3 ) [ 53 ]. Similarly, in female rats, the selective ERα 
agonist, propyl pyrazole triol, is able to suppress hypothalamic  Kiss1  mRNA expres-
sion, as determined by RTPCR (however, this data lack anatomical specifi city) [ 54 ]. 
Interestingly, the selective ERβ agonist, diarylpropionitrile, was unable to inhibit 
the post-OVX rise in  Kiss1  mRNA [ 54 ], and so the role of this estrogen receptor 
subtype for kisspeptin regulation is questionable. Despite this, a surprisingly signifi -
cant proportion, but not the majority, of ARC and AVPV kisspeptin neurons express 
ERβ [ 53 ]. However, in ERβ knockout mice, the ability of OVX and estradiol 
replacement to regulate  Kiss1  mRNA expression is maintained [ 53 ]. These data 
reinforce the notion that ERβ does not play a signifi cant role in estrogen feedback 
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regulation of GnRH neurons. Alternatively, ERβ may play some other role in kiss-
peptin neurons, perhaps independent of  Kiss1  gene regulation.

   In sheep, OVX stimulates  Kiss1  mRNA expression in the ARC, and estradiol 
replacement prevents this effect [ 14 ,  27 ], similar to that seen in rodents. In sheep, 
progesterone replacement has also been shown to inhibit  Kiss1  expression in the 
ARC, albeit to a lesser extent than estradiol [ 27 ]. Given the pronounced role for 
progesterone in negative feedback in this species, this result is somewhat surprising 
and may indicate a lesser role for progesterone in  Kiss1  regulation (few studies have 

  Fig. 13.2    Differential estradiol regulation of  Kiss1  mRNA in the anteroventral periventricular 
nucleus (AVPV) and arcuate nucleus (ARC) of the female mouse. ( a ) Photomicrographs show 
 Kiss1  mRNA-expressing cells in representative sections of the AVPV and ARC from ovary-intact, 
ovariectomized (OVX), and OVX + estradiol-treated (E2) mice.  3V  third ventricle. Scale 
bars = 100 μm. ( b ) Quantifi cation of the data appears below. Values (mean ± SEM) without com-
mon notations (a, b, c) differ signifi cantly ( P  < 0.01). Data taken from Smith JT, Cunningham MJ, 
Rissman EF, Clifton DK, Steiner RA 2005 Regulation of Kiss1 gene expression in the brain of the 
female mouse. Endocrinology 146:3686–3692 with permission from The Endocrine Society       
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sought to determine the independent role of progesterone on kisspeptin neurons), or 
be more likely due to reduced progesterone receptor expression in the absence of 
estradiol in OVX ewes [ 55 ]. Not surprisingly, all kisspeptin neurons in the ovine 
ARC express ERα [ 28 ], as well as progesterone receptor [ 27 ] (determined in ovary- 
intact animals during the luteal phase), but a much smaller proportion of kisspeptin 
cells in the POA appears to do so [ 28 ]. In the ovine POA, estradiol treatment 
increases  Kiss1  mRNA expression [ 27 ], as it does in the rodent AVPV, and so the 
differential regulation of kisspeptin persists in this animal model, again suggesting 
different regions controlling negative (ARC) and positive feedback (POA). In this 
species, however, an additional layer of complexity exists (as described earlier) in that 
estradiol-induced positive feedback is generated from the mediobasal hypothalamus 

  Fig. 13.3    In females, estradiol (E2) regulation of  Kiss1  in the anteroventral periventricular nucleus 
(AVPV) and arcuate nucleus (ARC) is mediated via estrogen receptor α (ERα) signaling. ( a ) Data 
show the effects of ovariectomy (OVX) with or without estradiol (E2) replacement on  Kiss1  
mRNA in the AVPV and ARC of wild-type (WT) and ERα knockout (ERαKO) mice. Note the 
lack of effect in ERαKO mice.  Asterisk ,  P  < 0.05. Data taken from Smith JT, Cunningham MJ, 
Rissman EF, Clifton DK, Steiner RA 2005 Regulation of Kiss1 gene expression in the brain of 
the female mouse. Endocrinology 146:3686–3692 with permission from The Endocrine Society. 
( b ) Schematic diagram demonstrating the likely pathways leading to  Kiss1  regulation by E2 in the 
female.  ERα  estrogen receptor α       
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(containing the ARC), not the POA [ 45 ,  46 ]. Thus, it appears in this species that 
kisspeptin neurons in the ARC are additionally able to respond in a manner appro-
priate for positive feedback (see below). 

 In humans,  KISS1  mRNA expression is increased in the ARC of postmenopausal 
women to a similar degree to that seen in OVX cynomolgus macaques [ 30 ]. Given 
that menopause results from ovarian failure, the model may be regarded as similar 
to chronic OVX. These data then suggest that kisspeptin neurons in the ARC medi-
ate estrogen negative feedback in humans, as they appear to do in rodents and sheep. 
Interestingly, kisspeptin neurons also populate the POA in humans [ 30 ]; however 
there have been no reports of this population’s regulation via estradiol or change in 
postmenopausal women.  

    Sex Steroid Regulation of  Kiss1  in Males 

 Testosterone regulates the expression of  Kiss1  mRNA in the male hypothalamus. 
Similar to estradiol regulation in females, testosterone inhibits the post-castration 
rise of  Kiss1  mRNA in the ARC of mice [ 56 ]. Consistent data are also apparent in 
male rats [ 6 ]. Interestingly, in the male AVPV, castration reduces  Kiss1  mRNA and 
testosterone stimulates its expression [ 56 ]. Thus, kisspeptin neurons in the ARC can 
again be assigned the task of relaying steroid (in this case, testosterone) negative 
feedback. Kisspeptin cells in the male AVPV respond similarly to the female AVPV, 
but we are left to ponder what physiological role they play (males normally do not 
generate sex steroid positive feedback). There is a signifi cant sex difference in the 
abundance of kisspeptin neurons in the AVPV, with females harboring far more 
 Kiss1 -positive cells in the AVPV than males [ 12 ,  20 ] (discussed in greater detail in 
Chap.   11    ). Nevertheless, kisspeptin cells in the male AVPV are clearly different 
than those in the ARC, especially in their regulation by sex steroids, and may play 
a role in other testosterone-mediated processes. 

 The majority of kisspeptin neurons in the male AVPV and ARC co-express 
ERα and AR [ 56 ,  57 ]. Unlike females, the signaling mechanisms mediating the 
actions of testosterone appear to be different in the two populations of kisspeptin 
cells. In the AVPV, the effects of testosterone appear to be mediated by ERα or 
ERβ, because estradiol treatment is able to fully mimic the effect of testosterone 
(Fig.  13.4 ) [ 56 ]. Treatment with the non-aromatizable dihydrotestosterone (DHT) 
had no effect, indicating no action via the androgen receptor [ 56 ]. Using ERα 
knockout mice, the effect of testosterone on kisspeptin regulation in the AVPV was 
maintained [ 56 ], indicating ERα did not mediate this effect and it was therefore 
possibly due to ERβ. In the male ARC, both DHT and estradiol were able to mimic 
the inhibitory effect of testosterone, indicating the regulation of  Kiss1  here is 
mediated by both estrogen receptor (most likely ERα) and androgen receptor 
(Fig.  13.4 ) [ 56 ]. Not surprising then was that in male mice lacking ERα or complete 
functional androgen receptor, there was no disturbance in testosterone-mediated 
inhibition of  Kiss1  in the ARC (with one receptor compensating for the absence of 
the other) [ 56 ].
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   Recent data show sex steroids also regulate kisspeptin expression outside the 
hypothalamus.  Kiss1  mRNA expression in the medial nucleus of the amygdala, a 
region implicated in various aspects of reproduction, including social and emotional 
behaviors, appears greater in males than in females [ 58 ]. Moreover, the expression 
appears to be upregulated by testosterone and/or estradiol. Testosterone’s inductive 
effect on  Kiss1  expression in the male amygdala most likely occurs through estro-
gen receptor-dependent pathways, not through the androgen receptor, because DHT 
treatment had no affect on amygdala  Kiss1  levels. The precise role for kisspeptin in 
the amygdala is not yet known. Sexual behavior is an obvious candidate, but it 
should be noted that male Kiss1r knockout mice display normal sexual behaviors 
when adequate sex steroid levels are provided [ 18 ].  

  Fig. 13.4    In male mice, testosterone regulation of  Kiss1  in the anteroventral periventricular 
nucleus (AVPV) is mediated via estrogen signaling while in the arcuate nucleus (ARC), testoster-
one acts through both androgen and estrogen signaling. ( a ) Data show the effects of castration 
(Cast) and dyhydrotestosterone (DHT) or estradiol (E2) treatment on  Kiss1  mRNA in the AVPV 
and ARC. Values (mean ± SEM) without common notation (a, b, c) differ signifi cantly ( P  < 0.05). 
Data taken from Smith JT, Dungan HM, Stoll EA, Gottsch ML, Braun RE, Eacker SM, Clifton 
DK, Steiner RA 2005 Differential regulation of KiSS-1 mRNA expression by sex steroids in the 
brain of the male mouse. Endocrinology 146:2976–2984 with permission from The Endocrine 
Society. ( b ) Schematic diagram demonstrating the likely pathways leading to  Kiss1  regulation by 
testosterone (T) in the male.  AR  androgen receptor;  ERα  estrogen receptor α       
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    Kisspeptin Controls Negative Feedback Regulation 
of GnRH Secretion 

 Sex steroids clearly inhibit kisspeptin cells in the ARC in numerous species. Paired 
with the aforementioned data linking cells in the ARC to negative feedback, kiss-
peptin cells are well placed to be central to this process. Consistent with negative 
feedback, the post-gonadectomy rise in  Kiss1  expression is paired with a corre-
sponding rise in LH secretion, in an attempt to increase sex steroid production [ 53 , 
 56 ]. In Kiss1r knockout mice, gonadectomy and sex steroid replacement are able to 
regulate  Kiss1  mRNA expression appropriately, but in these mice, the subsequent 
stimulation of LH release was not evident [ 17 ], even after the withdrawal of sex 
steroid treatment [ 59 ] (although a modest response in FSH secretion was detect-
able), indicating the importance of kisspeptin signaling in relaying negative feed-
back. Consistent with this, LH secretion in gonadectomized rats and mice, and 
pulsatile LH secretion in female monkeys and OVX sheep, is inhibited by central 
administration of a selective kisspeptin antagonist [ 60 ]. These data again demon-
strate that the stimulation of GnRH/LH after gonadectomy—via removal of nega-
tive feedback regulation—is dependent on kisspeptin signaling. 

 Alternatively, in mice with a targeted deletion of ERα only in kisspeptin neurons 
(termed “KERKO” mice), gonadotropin secretion is high [ 61 ]. Indeed, in female 
KERKOs, abnormally high gonadotropins cause a precocious puberty-like model 
where the external markers of puberty arise 15–16 days earlier than wild-type coun-
terparts. In this model, it appears there is a chronic absence of negative feedback 
causing unrestrained gonadotropin release. Importantly, in these animals the num-
ber of identifi able kisspeptin cells in the AVPV is low, but in the ARC, the number 
of identifi able kisspeptin cells and the expression of  Kiss1  mRNA are elevated [ 61 ], 
refl ecting the absence of sex steroid feedback to these populations. These mice 
illustrate both the critical role of ARC kisspeptin cells in negative feedback and the 
importance of ERα signaling on kisspeptin neurons for this process. 

 In goats, evidence suggests that the intrinsic GnRH pulse generator (controlled 
by negative feedback) is located in the caudal ARC, where kisspeptin cell bodies are 
located [ 62 ] (discussed in greater detail within this textbook). Growing evidence 
also suggests ARC kisspeptin cells drive pulsatile GnRH secretion via the autosyn-
aptic activity of the neuropeptides neurokinin B (NKB) and dynorphin, which are 
co-expressed in virtually all ARC kisspeptin expression neurons [ 63 ]. Neurokinin B 
(stimulatory) and dynorphin (inhibitory) are proposed to coordinate the pulsatile 
discharge/release of kisspeptin from the ARC [ 47 ,  64 ,  65 ] (discussed in greater 
detail within this textbook). Thus, kisspeptin cells in the ARC are geared to receive 
estrogen negative feedback signals and modulate their activity appropriately, which 
in turn regulates the stimulatory control of GnRH neurons to maintain the  tonic/
pulsatile secretion of GnRH and LH.  
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    Kisspeptins Are Critical for the Positive Feedback 
Preovulatory GnRH/LH Surge 

    A Case for the AVPV in Rodent Species 

 In mice and rats, estradiol stimulates  Kiss1  expression in the AVPV [ 21 ,  25 ,  53 ,  56 ]. 
In these species, the GnRH/LH surge is generated by estrogen-sensitive cells in 
the AVPV [ 31 ,  42 – 44 ]. Moreover, lesions of the AVPV can block the surge in 
rats [ 66 ]. This and other evidence strongly suggest the sexually differentiated 
population of  Kiss1  cells in the AVPV provides the conduit for positive feedback 
signals to reach GnRH neurons in rodent species. At the time of the preovulatory 
GnRH/LH surge (the evening of proestrus),  Kiss1  expression in the AVPV of 
mice and rats is upregulated, and these cells also become transcriptionally acti-
vated (showing an induction of Fos) (Fig.  13.5 ) [ 21 ,  25 ,  67 ]. Moreover, recent 
data show that the GnRH/LH surge can be blocked in rats with a central infusion 
of a kisspeptin antagonist [ 68 ], and Kiss1R knockout mice are unable to mount 
an LH surge in response to estradiol treatment designed to induce positive feed-
back [ 67 ].    Similarly, in mice with targeted deletions of ERα only in kisspeptin 
cells (KERKO mice), no LH surges are apparent in “postpubertal” females [ 61 ], 
showing kisspeptin cells, and specifi cally ERα signaling in these cells is critical 
for the surge.

   It appears that a rise in  Kiss1  expression in the AVPV in response to estradiol 
does not always predicate a GnRH/LH surge. OVX mice treated with chronic 
estradiol have elevated  Kiss1  mRNA in the AVPV, but “for the most part” have 
suppressed levels of LH [ 53 ]. Given that a rise in AVPV  Kiss1  expression from 
the morning to the evening of proestrus in rats is seen in the face of relatively 
constant levels of estradiol [ 21 ], it is hypothesized that other inputs, namely, cir-
cadian signals, also regulate AVPV  Kiss1  expression (discussed in greater detail 
in Chap.   18    ). Projections from the suprachiasmatic nucleus (SCN) to the AVPV 
are known to constrain the GnRH/LH surge to a circadian onset [ 69 ,  70 ]. Not 
surprising then,  Kiss1  expression and activation in the AVPV of estradiol treated 
mice also show a circadian pattern in synchrony to the timing of the GnRH/LH 
surge [ 71 ]. In hamsters, it has been shown that the SCN targets AVPV kisspeptin 
neurons via vasopressinergic projections [ 72 ], and recent data in rats show it is 
the dorsomedial SCN that times  Kiss1  expression in the AVPV to be in phase 
with the LH surge [ 73 ,  74 ]. This circadian activation of  Kiss1  in the AVPV also 
appears to be estrogen dependent [ 71 ]. Overall, it is clear that kisspeptin neurons 
within the AVPV region of the mouse and rat are stimulated by estradiol and well 
placed to provide critical inputs to GnRH neurons to stimulate the preovulatory 
GnRH/LH surge.  
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    A Case for the ARC and POA in Ovine Species 

 In sheep, kisspeptin administration is able to synchronize preovulatory LH surges in 
ovary-intact cycling ewes and also stimulate the surge in seasonally acyclic ewes 
[ 75 ,  76 ]. Conversely, kisspeptin antagonist administration is able to inhibit the 
estradiol- induced LH surge [ 15 ]. In this species, there are three types of estrogen 
feedback important for the control of GnRH secretion: short-term negative feed-
back, long-term negative feedback, and acute positive feedback [ 77 ]. As is the case 

  Fig. 13.5    Schematic diagram 
demonstrating  Kiss1  
upregulation during the 
GnRH/LH surge in female 
rodents and sheep. In rodents, 
 Kiss1  mRNA ( red dots ) 
increases in the anteroventral 
periventricular nucleus 
(AVPV) at the time of the 
preovulatory GnRH/LH surge 
(Proestrus PM). In the arcuate 
nucleus (ARC),  Kiss1  mRNA 
is reduced at this time. In 
sheep,  Kiss1  mRNA is 
stimulated in the caudal ARC 
and preoptic area (POA) 
immediately prior to the 
GnRH/LH surge (late 
follicular)       
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for negative feedback, cells within the mediobasal hypothalamus are thought to be 
crucial in mediating estrogen positive feedback effects on GnRH secretion [ 45 ,  46 ]. 
Consistent with this,  Kiss1  expression is greatest in the caudal region of the ovine 
ARC immediately prior to the GnRH/LH surge [ 16 ,  26 ]. Moreover, transcriptional 
activation of kisspeptin cells increases in the mid- and caudal ARC of OVX ewes 
when treated with a positive feedback-inducing estradiol stimulus [ 16 ]. Thus, it 
appears kisspeptin cells in the ARC are important for both estrogen negative 
(as discussed above) and positive feedback effects (Fig.  13.5 ). The discriminating 
factor here being kisspeptin cells in the mid- to caudal region of the ARC are 
involved in the estrogen positive feedback GnRH/LH surge, while kisspeptin cells 
across the whole ARC appear responsive to chronic estrogen negative feedback 
regulation. It is possible that discrete regions of the ARC distinguish different estrogen 
stimuli (acute rise in estradiol vs. chronic levels) and transmit negative or positive 
regulation of GnRH secretion. Alternatively, the same kisspeptin cells in the caudal 
ARC may respond to both negative and positive feedback stimuli, possibly involv-
ing classical and nonclassical estrogen signaling pathways, as discussed below [ 78 ]. 
In this regard, it is pertinent to note that acute (surge-inducing) estradiol treatment 
induced Fos expression in the vast majority of caudal ARC kisspeptin cells in sheep, 
while after OVX, approximately half of the kisspeptin cells in the same region had 
induced Fos expression [ 16 ]. Thus, it is probable that some kisspeptin cells are 
responding to both positive and negative estrogen feedback signals, at least in sheep. 

 Similar to data in the caudal ARC,  Kiss1  expression in the ovine POA was also 
greater just prior to the preovulatory GnRH/LH surge (Fig.  13.5 ) [ 16 ]. More recent 
data show transcriptional activation of kisspeptin cells in the POA during the surge 
[ 79 ]. Because estradiol treatment appears to increase  Kiss1  expression in the ovine 
POA [ 14 ], with similar reports in the pig [ 80 ], a parallel is drawn between the 
ovine POA and the rodent AVPV. Moreover, these data implicate kisspeptin cells 
in both the caudal ARC and the POA as central processors of the feedback effects 
of estradiol that cause the GnRH/LH surge in the ovine species (Fig.  13.5 ). Data 
also show upregulation of  Kiss1  in the rhesus monkey ARC and POA at the time of 
the GnRH/LH surge, suggesting both populations are involved in the preovulatory 
GnRH/LH surge of nonhuman primates [ 81 ]. It is unclear exactly how POA kiss-
peptin neurons in the sheep participate in the estradiol-induced GnRH/LH surge. 
Unlike the ARC or the rodent AVPV, fewer (~50%)  Kiss1  cells in the ovine POA 
express ERα [ 28 ]. It is entirely possible that estrogen can activate these neurons 
directly, but one alternative possibility is that kisspeptin cells in the POA are acti-
vated indirectly by estrogen positive feedback.   

    Mechanism for Differential Regulation 

 The mechanism for differential regulation of  Kiss1  expression in the ARC and 
AVPV is not entirely known. Clues may arise through the search for phenotypical 
differences between kisspeptin cells in the ARC and AVPV. In mice, between 50 and 
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80% of the kisspeptin neurons in the AVPV also express tyrosine hydroxylase 
(indicating the sexually differentiated population of dopaminergic neurons), whereas 
no tyrosine hydroxylase co-expression is noted in the ARC [ 33 ,  74 ]. However, lower 
 Kiss1 -TH co-expression is seen in the AVPV of other species. In the female rat, 
kisspeptin neurons in the AVPV and ARC are virtually distinct from TH neurons in 
these regions (5–30% of  Kiss1  co-express tyrosine hydroxylase in the rat AVPV) 
[ 20 ]. Similar data are also apparent in the POA and ARC of sheep ( Smith JT ,  unpub-
lished observation ). The distribution of galanin, neurotensin, met- enkephalin 
(mENK), and cholecystokinin (CCK)-immunoreactive cells was recently deter-
mined within the AVPV of female mice [ 82 ]. A small proportion (<10%) of kiss-
peptin cells in the AVPV express galanin whereas a larger percentage (30–40%) 
expressed mENK. Interestingly, kisspeptin cells in the ARC had a similar degree of 
galanin co-expression but did not co-express mENK [ 82 ]. Virtually all kisspeptin 
neurons in the ARC co-express the NKB and dynorphin, but no kisspeptin neurons 
in the AVPV (or POA) do so [ 63 ,  64 ,  83 ]. Importantly, ARC kisspeptin cells also 
express genes for the NKB receptor (NK3) and the dynorphin receptor [the kappa 
opioid receptor (KOR)]. Expression of dynorphin, NKB, KOR, and NK3 is inhibited 
by estradiol in the ARC [ 64 ]. From this, a model whereby NKB and dynorphin act 
autosynaptically on kisspeptin neurons in the ARC to potentially shape pulsatile 
expression and secretion of kisspeptin has been proposed. This is then thought to 
drive the pulsatile release of GnRH from fi bers in the median eminence. 

 Within kisspeptin neurons, the response to ERα may be regulated by the actions 
of SP transcription factor protein complexes. In GT1-7 cells, estradiol increases 
 Kiss1  promoter activity through the Sp1 binding site at the proximal promoter region 
[ 84 ]. Sp1 and ERα form a complex resulting in estrogen-induced activation of the 
 Kiss1  promoter; however, decreasing the Sp1 to Sp3 ratio negatively regulates  Kiss1  
promoter activity [ 84 ]. A differing Sp1 to Sp3 ratio between the ARC and the AVPV 
could potentially explain the differential regulation of  Kiss1  in response to estrogen, 
but this remains to be determined. On the other hand, GT1-7 cells are dedifferenti-
ated GnRH cells, so one should be cautious interpreting the relevance of this data. 
The presence of  Kiss1  expression in these cells does not match animal data (GnRH 
cells do not express  Kiss1  in vivo). Thus, it is possible that aspects of  Kiss1  expres-
sion and regulation in GT1-7 cells do not relate to normal in vivo physiology. 

 In vivo data suggest it may be differences in estrogen signaling pathways that 
defi nes the regulation of kisspeptin. Estrogen can act via ERα through multiple 
signaling pathways, the major pathways being grouped into classical vs. nonclas-
sical estrogen signaling. Classical signaling involves the translocation of ERα into 
the nucleus, where it recruits cofactors to the estrogen response element (ERE) 
regulatory sites to alter gene transcription, while for nonclassical signaling, the 
ERα employ ERE-independent genomic pathways that entail interactions with tran-
scription factors. Data from a mouse model, permitting only nonclassical estrogen 
signaling, demonstrate that the inhibition of  Kiss1  mRNA in the ARC is mediated 
by an ERE-independent ERα signaling mechanism—nonclassical estrogen signal-
ing (Fig.  13.6 ) [ 78 ]. Conversely, the stimulation of  Kiss1  in the AVPV is likely to 
occur through classical, but not nonclassical, signaling pathways (Fig.  13.6 ) [ 78 ]. 
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This is consistent with a report showing the positive feedback effects of estradiol 
require classical signaling, whereas negative feedback involves nonclassical signaling 
mechanisms [ 85 ].

       Sex Steroid Regulation of Kisspeptin Sensitivity 

 It is clear that kisspeptin “output” from specifi c hypothalamic nuclei is increased at 
the time of the preovulatory GnRH/LH surge. In addition to this, the sensitivity of the 
hypothalamic–pituitary–gonadal axis to kisspeptin varies across different reproduc-
tive states. In humans, the LH response to kisspeptin treatment appears to be highest 
during the preovulatory phase of the menstrual cycle in women [ 86 ], with similar data 
in sheep [ 15 ,  87 ] and rats [ 88 ]. At face value, these data suggest that the GnRH/LH 
surge is stimulated by kisspeptin in a “two-step mechanism” consisting of increased 
kisspeptin output from the hypothalamus and increased kisspeptin sensitivity at the 
GnRH neuron. Moreover, these data support a role for sex steroids in the modulation 
of LH responses to kisspeptin. In rats, maximal LH and FSH responses to kisspeptin 
require replacement of estradiol and progesterone in an OVX model [ 88 ]. In terms of 
estrogen action, subsequent studies indicate the LH response to kisspeptin is modu-
lated by ERα, with blockade in female rats blunting the LH response, which could 
alternatively be increased after selective activation of ERα [ 89 ]. In contrast, antago-
nism of ERβ augmented acute LH responses to kisspeptin [ 89 ]. Alternatively, antago-
nism of ERα or ERβ equally blunted the FSH response to kisspeptin [ 90 ]. 

 Any effects of sex steroids on the gonadotropin response to kisspeptin are likely 
to be mediated by effects on Kiss1r expression on GnRH neurons. Data demonstrating 

  Fig. 13.6    Schematic diagram demonstrating the likely pathways resulting in differential regula-
tion of  Kiss1  in the anteroventral periventricular nucleus (AVPV) and arcuate nucleus (ARC) of 
female mice. In the AVPV, the stimulation of  Kiss1  is likely to occur through classical and not 
nonclassical signaling pathways. Conversely, in the ARC, the inhibition of  Kiss1  mRNA is medi-
ated by a nonclassical ERE-independent ERα signaling mechanism possibly involving interactions 
with transcription factors (TF)—nonclassical estrogen signaling [ 5 ]       
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a link between estrogen and Kiss1r remain mixed, with studies showing estrogen 
inhibition [ 54 ] and others showing no effect [ 91 ]. Both these studies utilized RTPCR 
and subsequently lack the specifi city of observing Kiss1r expression on GnRH 
neurons. However, recent data in sheep to this end failed to observe any change 
in Kiss1r expression on GnRH neurons between OVX and OVX + E animals [ 92 ]. 
An alternative possibility for estrogen regulation of GnRH response may relate to 
the indirect effects of afferent inputs to GnRH neurons that are estrogen sensitive. 
In electrophysiological recordings of GnRH neurons, blockade of ionotropic gamma-
aminobutyric acid and glutamate receptors prevented the estrogen- potentiated GnRH 
response in OVX + E mice [ 11 ]. Thus, kisspeptin activation of GnRH neurons can 
be gated by transsynaptic mechanisms.  

    Conclusions 

 Since 2003, kisspeptin has been cast to the forefront of neuroendocrine research, 
and remarkable advances in our understanding of the reproductive axis have been 
made. It is clear that kisspeptin signaling is fundamental to the reproductive system. 
Specifi cally, kisspeptin cells in the hypothalamus are strong candidates to act as key 
conduits providing the “missing link” in the sex steroid feedback control of GnRH 
secretion. We now know that kisspeptin cells in the ARC are well placed to drive the 
estrogen negative feedback signals that control the tonic pulsatile release of GnRH. 
This appears to be true for multiple species. Concerning estrogen positive feedback, 
which drives the preovulatory GnRH/LH surge, more rostral hypothalamic popula-
tions of kisspeptin cells in the AVPV are implicated in rodent species. In sheep and 
primates, kisspeptin cells in the ARC are also poised to play key roles in the positive 
feedback regulation of GnRH. Importantly, it remains to be determined if it is the 
same kisspeptin cells that show both estrogen negative feedback and estrogen posi-
tive feedback responses. Growing evidence suggests the rostral POA populations in 
these species may also play a role in the estrogen positive feedback process (draw-
ing comparisons to rodent species). It is still unclear exactly how kisspeptin neurons 
appear to be differentially regulated by essentially the same hormonal stimulus 
(estradiol). Evidence shows that classical and nonclassical estrogen signaling path-
ways are involved, but it is still unknown how the divergent pathways arise. These 
and other challenges in the kisspeptin fi eld remain for future studies.      
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    Abstract     The reproductive neuropeptide gonadotropin-releasing hormone (GnRH) 
has two modes of secretion. Besides the surge mode, which induces ovulation in 
females, the pulse mode of GnRH release is essential to cause various reproductive 
events in both sexes, such as spermatogenesis, follicular development, and sex ste-
roid synthesis. Some environmental cues control gonadal activities through modu-
lating GnRH pulse frequency. Researchers have looked for the anatomical location 
of the mechanism generating GnRH pulses, the GnRH pulse generator, in the brain, 
because an artifi cial manipulation of GnRH pulse frequency is of therapeutic impor-
tance to stimulate or suppress gonadal activity. Discoveries of kisspeptin and, con-
sequently, KNDy (kisspeptin/neurokinin B/dynorphin) neurons in the hypothalamus 
have provided a clue to the possible location of the GnRH pulse generator. Our 
analyses of hypothalamic multiple-unit activity revealed that KNDy neurons located 
in the hypothalamic arcuate nucleus might play a central role in the generation of 
GnRH pulses in goats, and perhaps other mammalian species. This chapter further 
discusses the possible mechanisms for GnRH pulse generation.  
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        Introduction 

 There are two modes of gonadotropin-releasing hormone (GnRH) and luteinizing 
hormone (LH) secretion: one mode is the surge, necessary for ovulation in females, 
and the other is the pulse, required for the tonic support of reproductive function in 
both sexes. For example, GnRH pulses are needed to initiate the process of repro-
ductive cycles, such as estrous cycles, in females. Follicular development is stimu-
lated by the increase in frequency of GnRH/LH pulses, resulting in a surge-like 
secretion of estrogen from the mature follicles. The increased estrogen acts in the 
brain to cause the GnRH surge to induce ovulation in females. In contrast, males do 
not generate GnRH surges, and therefore only have the pulse mode of GnRH secre-
tion, to maintain testicular activities such as spermatogenesis and steroidogenesis. 
Therefore, manipulation of the activity of the GnRH pulse generator is of therapeu-
tic potential in both sexes, and the GnRH pulse generator is a good target for the 
development of drugs that might control fertility. This chapter focuses on the 
involvement of kisspeptin, and other related peptides, in the generation of GnRH 
pulses in mammals.  

    Discovery of Pulsatile LH Secretion 

 Pulsatile secretion of LH was fi rst described, in monkeys, in 1970 by Knobil [ 1 ]. 
This was only a few years after the establishment of a radioimmunoassay for LH in 
the blood [ 2 ]. Knobil had noticed that the concentration of LH in the blood fl uctu-
ated signifi cantly from assay to assay, or from time to time, in monkeys. He then 
utilized frequent blood collections in monkeys to determine the cause of these fl uc-
tuations. The resultant data exposed a beautiful series of plasma LH concentrations 
displaying repetitive abrupt increases in LH followed by an exponential decrease, 
the distinguishing feature of pulses [ 1 ]. 

 The discovery of LH pulses changed the concept of hormone actions, because 
gonadal activity was subsequently shown in rhesus macaques to be controlled by 
the “frequency” of LH pulses [ 3 – 5 ]. The greater the LH pulse frequency, the greater 
the resultant gonadal activity. Knobil’s experiments elegantly proved that gonadal 
activity is completely dependent on the pulse frequency of LH release. After the 
discovery of pulsatile LH secretion in monkeys, reproductive endocrinologists 
began to reveal the pulsatile nature of LH secretion in various other mammalian 
species, including rats [ 6 ], sheep [ 7 ], cows [ 8 ], pigs [ 9 ], and horses [ 10 ], although 
frequent blood sampling was sometimes diffi cult in some species under no anesthesia 
and freely moving conditions. These data reiterated the importance of LH pulse 
frequency for the regulation of gonadal activities. Consistent across species, more 
frequent LH pulses are found during the follicular phase, whereas the pulse frequency 
is lower during luteal phase [ 8 ,  11 ,  12 ]. In seasonal animals, such as sheep, LH 
pulses are more frequent during the breeding season and less frequent in the nonbreeding 
season [ 13 ]. Interestingly, the frequency of the pulse is negatively correlated with 
the size of the body [ 14 ].  
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    Discovery of Gonadotropin-Releasing Hormone 
Pulses and Surges 

 There is little doubt that the pulsatile nature of pituitary LH secretion is caused by 
the pulsatile release of GnRH from nerve terminals located in the median eminence, 
because GnRH is considered to be the single hypothalamic releasing factor stimu-
lating pituitary LH secretion. Initially, however, this was only a belief and not based 
on solid evidence. The pulsatile nature of GnRH secretion was fi rst seen in 1982 in 
a landmark study by Clarke and Cummins [ 15 ] and later examined in greater detail 
by Moenter et al. in the early 1990s. Both groups used a skillful technique of portal 
cannulation in sheep and very frequent portal blood collections (e.g., 30-s inter-
vals!) to demonstrate beautiful GnRH pulses, each of which corresponded to simul-
taneous LH pulses [ 16 ]. The width of GnRH pulses was found to be narrower than 
LH pulses, suggesting that the half-life of GnRH in the portal blood is much shorter 
than the half-life of LH in the peripheral circulation [ 16 ]. This pioneering work 
demonstrated the clear relationship between GnRH and LH secretion, and sup-
ported the earlier studies by Knobil’s group demonstrating that when pulses of 
GnRH were infused to monkeys bearing hypothalamic lesions and abolished pulsa-
tile LH secretion, LH secretion was restored in a pulsatile fashion, with each LH 
pulse corresponding beautifully to each experimental GnRH pulse [ 17 ]. Additionally, 
artifi cial pulsatile infusion of GnRH, with 1-h intervals, stimulated the ovary to 
produce complete menstrual cycles [ 3 ], whereas monkeys exposed to less frequent 
GnRH pulses showed no sign of ovarian activity [ 18 ]. 

 In addition to identifying GnRH pulses in their sheep portal samples, Moenter 
et al. also observed robust periodic GnRH surges [ 19 ]. The discovery of GnRH 
surges leads to a dramatic turnaround in the theory of the LH surge formation, 
because researchers had previously believed that a high frequency of LH pulses 
during the preovulatory period caused a surge. This model held that when the 
frequency of LH pulses was too high to be effectively cleared from the circulation, 
the blood LH concentration would not decline and would keep increasing (i.e., a 
surge) until pulse frequency eventually drops. However, this idea was rejected after 
the discovery that a huge amount of GnRH is released just prior to LH surges, and 
the GnRH surge release continues even after the end of LH surges [ 19 ]. Currently, 
researchers believe that the GnRH and LH surges are generated by a mechanism 
different from that generating GnRH/LH pulses.  

    Anatomical Location of the GnRH Pulse Generator 

 The anatomical location of the GnRH pulse-generating mechanism has always been 
a big puzzle for reproductive endocrinologists. The fi rst work describing the possi-
ble location of the center for pulsatile GnRH secretion was conducted by Halasz and 
Pupp [ 20 ], who utilized a micro “Halasz” knife in rats to isolate specifi c brain 
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regions from the rest of the brain. They found that isolating the mediobasal hypo-
thalamus (MBH), including the pituitary, abolishes ovulation but not follicular 
development [ 20 ]. This was confi rmed later by Blake and Sawyer [ 21 ], who demon-
strated that complete hypothalamic deafferentation spares LH pulses in ovariecto-
mized (OVX) rats. These experiments clearly showed that the brain center generating 
GnRH/LH pulses was located within the hypothalamic area isolated by the Halasz’s 
knife, namely, the MBH. According to this data, the GnRH pulse generator may not 
involve GnRH neurons themselves, because very few GnRH cell bodies are located 
in the MBH of most animal species (with the exception of primates, in which most 
of GnRH neurons are located in the area [ 22 ]). The MBH location of the GnRH 
pulse generator was also confi rmed by fetal MBH transplantation in rats that had 
brain lesions which abolished GnRH pulses [ 23 ]. A type of deafferentation called 
   posterior-anterior deafferentation (PAD), which cuts the anterior part of the arcuate 
nucleus (ARC) off, abolished pulsatile LH secretion in rats, but the pulse was 
restored with transplantation of fetal MBH tissues (but not fetal cortical tissues). 
These fi ndings indicate the presence of a GnRH pulse-generating mechanism in the 
MBH region. 

 On the other hand, evidence also suggests that GnRH neurons themselves are 
equipped with an intrinsic GnRH pulse-generating mechanism. This was fi rst dem-
onstrated in GT-1 cells, which are immortalized by introducing T antigen to the 
mouse genome to induce GnRH-producing tumor cells. GT-1 cells show periodic 
excitation, resulting in pulsatile GnRH release into the culture medium [ 24 ]. 
Further evidence came from primary cultures of rhesus monkey GnRH neurons 
taken from the fetal olfactory placode, the anatomical region where GnRH neurons 
originate and migrate from to the hypothalamus during development. The idea to 
obtain a pure population of GnRH neurons from the monkey fetus came from the 
laboratory of Terasawa and enabled the demonstration of pulsatile activation of 
GnRH neurons in vitro. These primary GnRH neurons displayed periodic increases 
in intracellular calcium concentrations [ 25 ]. Terasawa’s group also found that the 
periodic increases in intracellular calcium levels in cultured GnRH neurons are 
synchronized with each other [ 26 ]. The authors considered that these calcium 
increases cause GnRH pulses. 

 It is evident that GnRH is released in fi xed intervals from GnRH neuronal termi-
nals. The synchronized release of GnRH from each nerve terminal appears to require 
coordinated activation of GnRH neurons from neuronal afferents. There are three 
mechanistic possibilities for synchronizing GnRH neuronal output. First, GnRH cell 
bodies make contacts with each other, as evidenced by reports of morphological 
contacts between GnRH neuronal processes [ 27 ]. However,  somatosomatic or den-
drodendritic contacts between GnRH neurons are quite rare in the POA of rats [ 27 ]. 
Second, the synchronization of GnRH releases from each nerve terminal might be 
achieved by contact between multiple GnRH terminals in the median eminence, 
because the median eminence is one of the sites where there is a convergence of 
various bioactive substances acting to regulate the release GnRH [ 28 ]. There might 
be the third possibility that GnRH cells may all be synchronized by an upstream 
“clock” that affects all GnRH cells at the same time, resulting in simultaneous 
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GnRH output from the various GnRH cells. However, there is no experimental 
evidence yet to support the last possibility. 

 The discovery of kisspeptin might help to settle the controversy over the loca-
tion of the GnRH pulse generator and synchronization of GnRH release. However, 
there are still diffi culties we must overcome in order to unravel the mechanism of 
GnRH pulse generation. In the rest of this chapter, we will discuss the possibility 
that kisspeptin neurons play a major role in generating GnRH pulses in multiple 
mammalian species.  

    MUA Recording of the GnRH Pulse Generator Activity 
at Close Vicinity of Kisspeptin Neurons in the Arcuate Nucleus 

 The Knobil laboratory was the fi rst to identify changes in the multiple-unit activity 
(MUA) corresponding to changes in LH pulses [ 29 ]. By recording electrical activity 
in the MBH, the neural activity of the putative GnRH pulse generator was success-
fully represented as periodic bursts of MUA (termed MUA volleys) in monkeys 
[ 29 – 35 ], rats [ 36 – 40 ], and goats [ 41 – 46 ]. Those studies unambiguously demon-
strated that the pulsatile discharge of GnRH into the portal vessels is governed by 
neural substrates in the MBH that fi re a high-frequency volley of action potentials. 
However, none of the aforementioned studies successfully identifi ed a specifi c neu-
ronal population within the MBH that was responsible for the generation of the 
MUA volley. 

 The MUA volley was observed in the MBH in all animals, regardless of the differ-
ence in the distribution of GnRH neurons between species; GnRH cells are relatively 
abundant in the MBH of monkeys [ 47 ,  48 ], moderately so in goats [ 49 ], and few, if 
any, in rats [ 50 ,  51 ]. Moreover, during the LH surge, when the activity of GnRH neu-
rons was extremely enhanced, the basal MUA activity did not change and the MUA 
volley frequency decreased rather than increased [ 30 ,  31 ,  42 ,  44 ]. These fi ndings 
strongly suggest that the MUA volley originates outside of the GnRH neuronal net-
work. It was proposed that the observed bursts of MUA in the MBH might refl ect the 
pulsatile activation of GnRH fi bers as they traverse en passant to the ME; in this case, 
the GnRH pulse would be triggered by another unidentifi ed group of oscillators. 
Thus, the neural substrate of the GnRH pulse generator was still to be determined. 

 When MUA is measured in goats through an electrode targeted to the posterior 
ARC (which is part of the MBH), in which a number of kisspeptin neurons are con-
centrated (Fig.  14.1a ), rhythmic MUA volleys are found at regular intervals and are 
temporally associated with LH pulses (Fig.  14.1b ) in both gonadectomized males [ 52 ] 
and females [ 53 ]. Furthermore, treatment of OVX goats with estradiol (E2) increases 
the intervolley interval (i.e., decreases the MUA frequency), while the duration of 
the volley is decreased (Fig.  14.2a–c ). The frequency of the MUA volley in goats is 
also profoundly decreased by progesterone (P) (Fig.  14.2d ) [ 53 ]. These results are 
likely to refl ect the negative feedback actions of gonadal sex steroids. Because these 
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results are consistent with those previously demonstrated [ 30 ,  35 ,  42 ], it is reason-
able to conclude that the MUA volley observed at close vicinity of ARC kisspeptin 
neurons represents the GnRH pulse generator activity. These results lead us to pro-
pose a compelling idea that the population of ARC kisspeptin neurons is the intrin-
sic source of the GnRH pulse generator [ 53 – 55 ]. However, the argument remains 
circumstantial at this moment. Because the MUA is the summation of the electrical 
activity of multiple neurons around the electrode, it is still possible that the MUA 
volley originates from a population of anonymous non-kisspeptin neurons residing 
in the same vicinity as kisspeptin neurons.

        Anatomical Aspects of ARC Kisspeptin Neurons in Relation 
to the GnRH Pulse Generator 

 In theory, the GnRH pulse generator should possess several neural characteristics to 
perform its tasks, including the generation of rhythmic oscillations, electrophysio-
logical synchronization, transmission of the signal of rhythmic oscillation to GnRH 
neurons, elicitation of a pulsatile GnRH discharge, and processing of the negative 
feedback action of gonadal steroids. It appears that the functional and anatomical 
characteristics of ARC kisspeptin neurons meet these requirements. 

  Fig. 14.1    MUA recording at close vicinity of kisspeptin neurons in the ARC. ( a ) A photomicro-
graph showing the placement of MUA recording electrode in a section immunostained for kiss-
peptin.  Arrowheads  indicate the area where a trace of a bundle of electrodes is observed.  ARC  
arcuate nucleus;  3V  third ventricle. Scale bar: 1 mm. ( b ) Representative profi les of the MUA and 
plasma LH concentrations in an OVX goat. Panel ( b ) was modifi ed from Wakabayashi Y, et al. 
Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate nucleus participate in genera-
tion of periodic oscillation of neural activity driving pulsatile gonadotropin-releasing hormone 
secretion in the goat. J Neurosci. 2010 Feb 24;30(8):3124–32. With permission from  Journal of 
Neuroscience        
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 Using the ovine model, Goodman et al. [ 56 ] were the fi rst to document that 
 kisspeptin neurons in the ARC co-express neurokinin B (NKB) and dynorphin 
A (Dyn). Since then, the colocalization of kisspeptin with either NKB or Dyn—or 
both—in ARC neurons was identifi ed in a variety of mammals, including mice 
[ 57 ,  58 ], rats [ 59 ], goats [ 53 ], monkeys [ 60 ], and humans [ 61 ]. Therefore, concomitant 
expression of these three peptides in single ARC neurons appears to be a common 
feature across mammalian species. Those neurons, therefore, have been referred to 
as KNDy (   kisspeptin/ N KB/ Dy n) neurons [ 62 ]. 

  Fig. 14.2    Effects of ovarian steroids on the MUA and LH secretion. ( a ) Representative profi les of 
the MUA and plasma LH concentrations in an OVX goat. ( b ) Representative profi les of the MUA 
and plasma LH concentrations in an E2-treated OVX goat. ( c ) Changes in the intervolley interval 
( blank circle ) and volley duration ( solid square ) of the MUA volley after the E2 treatment. Data 
were collected for 6 h (12:00–18:00) in each day, and values are expressed as mean ± SEM in three 
goats. ** p  < 0.01 compared with those on Day 0. ( d ) Representative profi les of the MUA and 
plasma LH concentrations in an E2 plus P-treated OVX goat. Note that the MUA volley is invari-
ably accompanied by an LH pulse, regardless of the steroidal milieu. Panel ( d ) was reproduced 
from Wakabayashi Y, et al. Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate 
nucleus participate in generation of periodic oscillation of neural activity driving pulsatile 
gonadotropin- releasing hormone secretion in the goat. J Neurosci. 2010 Feb 24;30(8):3124–32. 
With permission from  Journal of Neuroscience        
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 Anatomical evidence indicates that KNDy neurons comprise a neuronal network 
interconnected by axon (and/or dendritic) collaterals. For example, in the rodent [ 63 ] 
and ovine [ 63 ] ARC, NKB/Dyn neurons receive close appositions from fi bers contain-
ing NKB/Dyn. Dyn neurons in the ARC form synaptic contacts with Dyn fi bers [ 64 ]. 
It is therefore not surprising that kisspeptin/NKB and kisspeptin/Dyn neurons are sur-
rounded by their own dense network of fi bers [ 53 ]. Moreover, an anterograde tracer 
study in rats revealed that NKB neurons in the ARC are bilaterally interconnected by 
NKB axons [ 65 ]. Importantly, NKB neurons in the ARC contain NKB receptors 
(NK3R) [ 63 ,  66 ] and ARC  Kiss1  neurons express both NK3R and KOR [ 57 ]. These 
reports suggest that NKB/NK3R and Dyn/KOR signaling pathways might play a role 
in an auto-feedback loop (or paracrine feedback loop) of KNDy neurons [ 55 ,  57 ,  62 , 
 67 ,  68 ]. However, it should be noted that one study recently reported that KNDy neu-
rons in the male mouse do not to express KOR [ 58 ], which is inconsistent with this 
group’s earlier report. Other KOR- expressing interneurons mediating Dyn’s action 
might be involved in the auto- feedback loop of KNDy neurons in the ARC. 

 NKB/NK3R signaling is thought to play a role in stimulating neuronal activity 
[ 69 ], whereas Dyn/KOR (Dyn receptor) signaling is considered to participate in 
suppressing neuronal activity [ 70 ,  71 ]. By possessing these two opposing signaling 
mechanisms and forming an anatomical network structure, the population of ARC 
KNDy neurons seems to possess the required framework for a role as a GnRH pulse 
generator. For example, reciprocal interactions between NKB/NK3R and Dyn/KOR 
(or other inhibitory signaling mediating the Dyn action) signaling would make it 
possible to generate pseudo-pacemaking activities, providing the oscillatory drive 
of the GnRH pulse generator. The neural network would be suitable for electro-
physiological synchronization of individual neurons. 

 Kisspeptin fi bers make extensive associations with GnRH axons in the ME [ 72 –
 75 ], and kisspeptin could therefore act as the output of the pulse generator to infl u-
ence GnRH neurons. Electron microscopy has revealed that kisspeptin axon 
terminals are in fact in close apposition to GnRH axon terminals [ 73 ,  74 ]. 
Considering the fact that NKB is contained in KNDy neurons, but not in POA 
kisspeptin neurons (Fig.  14.3a–c ), and that a majority of those kisspeptin fi bers in 
the ME also contain NKB (Fig.  14.3d–f ) [ 73 ,  75 ,  76 ], it is likely that KNDy neurons 
send, although not exclusively, dense projections to the ME [ 62 ,  68 ] and interact 
with Kiss1r on GnRH axon terminals. However, the presence of Kiss1r protein on 
GnRH axon fi bers has yet to be demonstrated since there is currently not a good 
Kiss1r antibody.

   It is thought that the GnRH pulse generator is responsive to the negative  feedback 
actions of gonadal steroids [ 77 ]. Although there are several populations of neurons 
that contain sex steroid receptors in the hypothalamus, such as GABA [ 78 ], neuro-
peptide Y [ 79 ], substance P [ 80 ], somatostatin [ 81 ], beta-endorphin [ 82 ], or dopa-
mine [ 82 ] neurons, KNDy neurons are conspicuous in that virtually all of them 
express both estrogen receptor alpha [ 63 ,  83 – 86 ] and progesterone receptor [ 64 ,  87 ] 
in the female or androgen receptors in the male [ 88 ]. This anatomical property fur-
ther supports the possibility that the KNDy neurons may comprise for the GnRH 
pulse generator.  
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    Roles of NKB/NK3R, Dyn/KOR, and Kisspeptin/Kiss1r 
Signaling Pathways in the GnRH Pulse Generation 

    NKB/NK3R Signaling 

 The involvement of NKB in the control of GnRH/LH secretion was initially 
proposed based on morphological changes in NKB neurons in the ARC (the 
infundibular nucleus in primates) of postmenopausal women and experimental 
animals [ 67 ,  83 ]. The proposition is strongly supported by the fi nding that muta-
tions in either Tac3 or Tacr3 (which encode NKB and NK3R, respectively) cause 
severe gonadotropin defi ciency in humans [ 89 ,  90 ] and that Tacr3 null mice 
show reduced gonadal activities, although they are not completely infertile [ 91 ]. 
Those studies predicted the stimulatory action of NKB on GnRH/LH secretion, 
but initial reports provided a controversial view indicating that senktide (a selec-
tive NK3R agonist) decreased LH secretion in rats [ 92 ] and mice [ 57 ]. 

  Fig. 14.3    Dual labeling of kisspeptin and NKB in the E2-treated OVX goat. Photomicrographs of 
sections of the POA ( a – c ) or ME ( d – f ) immunostained for kisspeptin ( a  and  d ) and NKB ( b  and  e ). 
( c ,  f ) are computer-aided merged images of ( a ) and ( b ), or ( d ) and ( e ), respectively. The  arrows  in 
( a ) and ( c ) indicate cell bodies containing exclusively kisspeptin immunoreactivity. The  green ,  red , 
and  yellow arrowheads  show kisspeptin, NKB, and kisspeptin/NKB positive fi bers. Note that a 
majority of kisspeptin positive fi bers contain NKB immunoreactivity ( f ) at the ME.  MEe  the external 
layer of the ME;  pt  pars tuberalis. Scale bar: 50 µm       
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 Our electrophysiological studies clarifi ed the physiological role of NKB by 
examining effects of activation or blockade of the NKB/NK3R signaling pathway 
on the GnRH pulse generator activity in goats, using MUA recordings aimed at 
KNDy neurons. A bolus intracerebroventricular (icv) administration of NKB 
immediately induces multiple MUA volleys in the area where KNDy neurons 
reside, followed by a slight quiescent period before the resumption of spontane-
ous MUA volleys (Fig.  14.4a ) [ 53 ]. When senktide was peripherally infused, the 
intervolley interval of the MUA volley was decreased and was maintained at a 
relatively constant level throughout the infusion period (Fig.  14.4b ) [ 93 ]. On the 
other hand, the blockade of NKB/NK3R signaling by peripheral administration of 
an NK3R antagonist signifi cantly decreased the occurrence of MUA volleys 
(Wakabayashi et al., unpublished data). These results suggest that the role of 
NKB/NK3R signaling is to stimulate the pulse generator activity in the ARC 
region, which may in fact be the GnRH pulse generator. Because KNDy neurons 
contain NKB receptors [ 57 ,  58 ,  63 ,  66 ], and icv administration of senktide 

  Fig. 14.4    Effects of NK3R agonists on the MUA and LH secretion. ( a ) Representative profi les of 
the MUA and plasma LH concentrations in an OVX goat that received a bolus icv injection of 
NKB at an indicated time point. ( b ) Representative profi les of the MUA and plasma LH concentra-
tions in an E2-teated OVX goat received iv infusion of saline ( upper ) or senktide ( lower ) for 4 h. 
Note that the change in LH concentrations during the senktide infusion is an enhanced pulse fre-
quency (although some pulses are ambiguous) but not increase or decrease in overall concentra-
tions. Panel ( a ) was modifi ed from Wakabayashi Y, et al. Neurokinin B and dynorphin A in 
kisspeptin neurons of the arcuate nucleus participate in generation of periodic oscillation of neural 
activity driving pulsatile gonadotropin-releasing hormone secretion in the goat. J Neurosci. 2010 
Feb 24;30(8):3124–32. With permission from  Journal of Neuroscience        
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induces cFos in KNDy neurons [ 59 ,  94 ], it is likely that a population of KNDy 
neurons in the ARC is at least one of the sites of NKB’s stimulatory action. 
Indeed, recent electrophysiological studies using  Kiss1 - CreGFP  transgenic mice 
demonstrated that NKB elicits trains of action potentials in  Kiss1  neurons in the 
ARC via NK3R [ 58 ].

   MUA studies in goats also uncovered an important aspect in the pulse-generating 
mechanism. Since the activation of NK3R by either a bolus administration of NKB 
or continuous infusion of senktide resulted in intermittent MUA volleys, rather than 
a single sustained rise in the MUA, it is hypothesized that the stimulatory action of 
NKB/NK3R signaling on MUA fi ring is counteracted by some endogenous inhibi-
tory drive, which operates immediately after the induction of the MUA volley and 
gradually reduces its inhibitory tone thereafter.  

    Dyn/KOR Signaling 

 It has been shown that administration of naloxone, a nonselective opioid receptor 
antagonist, increases the frequency of LH pulses [ 94 ] and bursts of the GnRH pulse 
generator [ 34 ,  43 ]. Moreover, a series of elegant studies in sheep indicated that the 
inhibitory effect of P on pulsatile GnRH/LH secretion is mediated by endogenous 
opioid peptides, namely, Dyn [ 95 – 97 ]. In support of this, icv administration of Dyn 
in goats suppresses the occurrence of the MUA volleys in the ARC region, resulting 
in a marked increase in the intervolley interval after the treatment (Fig.  14.5a ). On 
the other hand, the blockade of Dyn/KOR signaling by icv administration of nor- 
binaltorphimine (nor-BNI, a selective KOR antagonist) reduced the intervolley 
interval and increased the volley duration (Fig.  14.5b, c ) [ 53 ], indicating that the 
GnRH pulse generator activity is under a tonic suppression by endogenous Dyn. 
In vasopressin neurons of the supraoptic nucleus, Dyn/KOR signaling has been 
suggested to participate in termination of the phasic fi ring and the release of vaso-
pressin by an autosynaptic loop [ 98 ,  99 ]. With an analogy to vasopressin neurons, it 
is proposed that Dyn/KOR signaling plays a role in extinguishing the bursts of 
KNDy neurons in the ARC and regulating the duration of nadir between each bout 
of bursts.

       Kisspeptin/Kiss1r Signaling 

 Peripheral injection of kisspeptin-10 [ 39 ,  54 ], or central administration of the full- 
length kisspeptin (Wakabayashi et al., unpublished data), which elicits a robust 
release of LH, has no effect on either amplitude or frequency of the MUA volley. In 
a preliminary experiment, we observed in goats that the blockade of kisspeptin/
Kiss1r signaling by a continuous activation of Kiss1r resulted in a complete sup-
pression of LH secretion and no detectable LH pulses in plasma, as demonstrated in 
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other species [ 100 – 102 ], whereas the occurrence of MUA volleys was unchanged 
[ 103 ]. Furthermore, the expression of Kiss1r was not detected in KNDy neurons 
[ 75 ,  104 ]. These results suggest that kisspeptin/Kiss1r signaling is not involved in 
the GnRH pulse-generating mechanism per se. However, fi bers surrounding KNDy 
neurons contain not only NKB and Dyn [ 53 ,  62 ,  63 ,  105 ] but also kisspeptin [ 54 ,  86 , 
 106 ]. Moreover, treatment with a kisspeptin antagonist into the ARC suppresses 
pulsatile LH secretion [ 107 ]. Therefore, the possibility that kisspeptin may have 
some functions in the control of GnRH/LH secretion by acting on other cells than 
KNDy neurons still cannot be ruled out. However, it is also likely that the kisspeptin 
antagonist treatment did not affect the GnRH pulse generator, but rather diffused to 
the median eminence where it was able to block kisspeptin stimulation of GnRH 
fi bers, resulting in suppressed LH secretion. 

  Fig. 14.5    Effects of KOR agonist or antagonist on the MUA and LH secretion in an OVX goat. 
( a ) Representative profi les of the MUA and plasma LH concentrations in an OVX goat that received 
a bolus icv injection of Dyn at the indicated time point. ( b ) Representative profi les of the MUA and 
plasma LH concentrations in the goat that received icv infusion of KOR antagonist (nor- BNI) for 
2 h. ( c ) Changes in the intervolley interval and volley duration before (Pre,  blank bar ) and during 
( solid bar ) the nor-BNI infusion periods. Values are expressed as mean ± SEM in four goats. 
** p  < 0.01, * p  < 0.05 compared with respective Pre values. Reproduced from Wakabayashi Y, et al. 
Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate nucleus participate in generation 
of periodic oscillation of neural activity driving pulsatile gonadotropin-releasing hormone secretion 
in the goat. J Neurosci. 2010 Feb 24;30(8):3124–32. With permission from  Journal of Neuroscience        
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 It is very likely that the primary role of kisspeptin/Kiss1r signaling in the GnRH 
pulse generation mechanism is to transmit volleys of action potentials from the 
pulse generator to GnRH neurons and regulate pulsatile GnRH secretion at the level 
of the ME. Several lines of evidence support this notion. First, in monkeys, kiss-
peptin is secreted into the ME episodically and is temporally associated with pulsa-
tile GnRH secretion [ 108 ]. Second, kisspeptin stimulates GnRH release from the 
ME in vivo [ 108 ] and in vitro [ 74 ,  75 ,  109 ], potentially acting via Kiss1r [ 109 ]. 
Third, administration of a kisspeptin antagonist directly into the ME suppresses 
pulsatile GnRH release [ 110 ].  

    Interaction of NKB and Kisspeptin Signaling 

 Human genetic studies [ 89 ,  90 ,  111 ,  112 ] indicate that kisspeptin and NKB signaling 
play pivotal roles in the control of reproduction by facilitating GnRH secretion. 
In concert, it has been demonstrated in a variety of species that activation of Kiss1r 
[ 113 ] or NK3R [ 58 – 60 ,  114 – 117 ] increases LH secretion. Moreover, it has been 
shown that administration of antagonists for either Kiss1r [ 75 ,  110 ] or NKB recep-
tor [ 60 ,  118 ] suppresses LH secretion. Their similar physiological characteristics 
and concomitant existence in KNDy neurons suggest an intimate association 
between kisspeptin and NKB signaling. 

 Recently it has been demonstrated that the blockade of kisspeptin/Kiss1r signaling 
by Kiss1r desensitization [ 115 ] or in Kiss1r KO mice [ 116 ] abrogates the stimulatory 
action of senktide on LH secretion, whereas the block of NKB/NK3R signaling 
by NK3R desensitization does not affect the ability of kisspeptin to stimulate LH 
secretion [ 115 ]. We have observed in goats that the blockade of kisspeptin/Kiss1r 
signaling completely eliminates LH pulses without affecting the MUA volley [ 103 ], 
whereas the occurrences of the MUA volley and LH pulses are concomitantly post-
poned after the injection of NK3R antagonist (Wakabayashi et al., unpublished data). 
Furthermore, GnRH neurons possess Kiss1r [ 75 ,  104 ,  119 ] but not NK3R [ 58 ,  66 ], 
but see Krajewski et al. [ 120 ], and NK3R agonists have no effect on electrophysio-
logical activities of GnRH neurons in vitro [ 58 ]. Thus, it is plausible to conclude that 
NKB/NK3R signaling is upstream from kisspeptin/Kiss1r signaling, and that the 
activation of NK3R stimulates, via kisspeptin/Kiss1r signaling, a discharge of GnRH, 
and thus LH [ 59 ,  115 – 117 ]. 

 We reported that icv administration of NKB induced a distinct MUA volley, with 
an accompanying LH pulse, in P-treated OVX goats, whereas the association of the 
MUA volley and LH pulse was ambiguous in some instances in OVX and E2-treated 
OVX goats, and overall LH secretion was reduced by a high dose (but not a low 
dose) of NKB [ 52 ]. However, with the latter, the initial event after NKB treatment 
was a discharge of LH, which was followed by a gradual decline of basal LH levels 
(Fig.  14.4a ). In those animals with reduced LH secretion, several MUA volleys that 
had an extraordinarily shorter intervolley interval were induced, and there was a 
slight pause before the normal spontaneous MUA volley were reestablished. 
We assume that this pause resulted in an extended decline of basal LH levels, leading 
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to an apparent reduction in LH secretion. Excessive activation of NK3R might there-
fore cause dysfunction among the NKB/Dyn-kisspeptin-GnRH-LH cascade, such as 
a hyperenhancement of the Dyn/KOR signaling tone, before the resumption of nor-
mal bursting activities of KNDy neurons. This may, at least in part, be responsible 
for the inconsistent results of LH responses to pharmacological NK3R agonist treat-
ments [ 40 ,  53 ,  57 ,  92 ].   

    Electrophysiological Properties of the GnRH Pulse Generator 

 Knobil and colleagues uncovered the single unit components of the MUA underly-
ing the operation of the GnRH pulse generator by cluster analysis in monkeys [ 33 ]. 
The results indicated that the MUA volley is the consequence of coincidental 
increases in the fi ring rate of individual cells that are active even during the intervals 
between volleys, rather than the activation of previously silent cells. Thus, neurons 
consisting of the GnRH pulse generator appear to have electrophysiological proper-
ties for both spontaneous and burst activities. In this context, it is of great interest 
that recent fi ndings in Kiss1-CreGFP mice [ 121 ] and genetically intact guinea pigs 
[ 122 ] show that ARC kisspeptin neurons do possess such electrophysiological prop-
erties. Levine [ 123 ,  124 ] has proposed in his model of the GnRH pulse-generating 
mechanism that the random activity of any neurons within an interconnected net-
work would initiate the process of the pulse-generating activity. It is conceivable 
that spontaneous activity in ARC kisspeptin neurons plays a role to generate such 
random activity, though this requires further investigation.  

    A Putative Mechanism of the GnRH Pulse Generation 

 Taken all together, we propose, although highly speculative, the following working 
hypothesis for the mechanism of GnRH pulse generation [ 55 ]:

    1.    KNDy neurons in the ARC send projections to GnRH terminals in the ME, while 
their collaterals and/or dendrites form a bilateral neural network connecting each 
other (Fig.  14.6a ).

Fig. 14.6 (continued) inhibits the bursting activities. Progesterone enhances the inhibitory tone of 
Dyn/KOR signaling, which acts to reduce the frequency of the periodic burst. Estrogen attenuates 
the stimulatory tone of NKB/N3R signaling and the excitability of KNDy neurons, which act to 
shorten the duration of each burst and to reduce the frequency of the periodic burst, respectively. 
( c ) A sustained activation of KNDy neurons by continuous administration of NK3R agonist results 
in an apparent rise in the random activity, leading to an increase in the frequency of the burst. ( d ) 
A sustained attenuation of KOR signaling by continuous administration of KOR antagonist also 
produces an increase in the frequency of the burst. See text for details       
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  Fig. 14.6    A speculative hypothesis for the role of KNDy neurons in the generation of pulsatile 
GnRH release. ( a ) A population of KNDy neurons forms a neural network connected by their axon 
collaterals (and/or dendrites). Through the reciprocal actions of NKB/NK3R and Dyn/KOR sig-
naling in the KNDy neuron network, episodic bursts are periodically generated, each of which, in 
turn, induces pulsatile discharge of kisspeptin at the ME and hence, pulsatile GnRH release into 
the portal circulation. ( b ) It is assumed that three components are involved in the generation of the 
burst: the random activity of any neuron within the network that initiates the burst, NKB/NK3r 
signaling that evokes synchronized bursting activities in the network, and Dyn/KOR signaling that 
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       2.    The random activity of any neuron within the KNDy neuron network would 
propagate among other neurons in the network through NKB/NK3 signaling to 
evoke synchronized bursting activities (volleys of action potentials) among 
KNDy neurons, which may function as a kind of positive feedback mechanism.   

   3.    At the same time, Dyn would also be released by bursting activities in KNDy 
neurons, and Dyn/KOR signaling is considered to act, with a slight time lag 
(perhaps caused by differences of secretory mechanism or cellular signal trans-
duction processes between NKB/NK3R and Dyn/KOR signaling), to extinguish 
these bursts, resulting in the net activity of the KNDy neuronal network to be an 
episodic oscillation (Fig.  14.6b ).   

   4.    It is suggested that Dyn/KOR signaling then imposes a prolonged quiescence, or 
a refractory period, which lasts until the drive of Dyn/KOR signaling diminishes 
enough to allow the propagation of random activities again.   

   5.    The reciprocal interaction between the stimulatory tone of NKB/NK3R signal-
ing and the inhibitory tone of Dyn/KOR signaling would generate intermittent 
oscillations, providing a pseudo-pacemaking activity in the KNDy neuron net-
work (Fig.  14.6b ).   

   6.    Each oscillation would induce a pulse of kisspeptin release at the ME, which in 
turn would trigger a discharge of GnRH through kisspeptin/Kiss1r signaling, 
producing a pulsatile mode of GnRH secretion into the portal circulation 
(Fig.  14.6a ).    

  This hypothesis is in accord with that of other research laboratories who have 
established the KNDy cell model [ 57 ,  62 ,  68 ] as well as the model proposed by 
Levine [ 123 ,  124 ] before the discovery of kisspeptin.  

    Implications Based on the Hypothesis 

    The Source of the MUA Volley (GnRH Pulse Generator Activity) 

 The MUA volleys, which represent electrophysiological manifestations of the 
GnRH pulse generator, can be monitored at the posterior ARC (Fig.  14.1 ). Although 
there are several neuronal populations, such as NPY [ 46 ], dopamine [ 82 ], substance 
P [ 80 ], as well as other yet to be determined neurons in the ARC, the population of 
KNDy neurons might be the only one that is fully equipped with the prerequisite 
neural mechanisms to act as the GnRH pulse generator, i.e., generating rhythmic 
oscillation, synchronizing activities within the population, and transmitting the 
rhythmic activity to GnRH neurons. Moreover, the negative feedback action of E2 
on LH secretion, which is mediated by the GnRH pulse generator [ 77 ], is com-
pletely diminished by a pharmacological ablation of KNDy neurons [ 125 ]. Thus, it 
is plausible that the population of KNDy neurons is the intrinsic source of the MUA 
volley observed at the posterior ARC in goats [ 53 ,  54 ] as well as in the MBH of 
monkeys [ 29 – 35 ], rats [ 36 – 40 ], and goats [ 41 – 46 ].  
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    Putative Mechanisms Underlying the Negative Feedback Actions 
of Steroid Hormones 

 Mechanisms of the negative feedback action of gonadal steroids can be, at least in 
part, explained by the schema shown in Fig.  14.6b . Progesterone is a potent inhibi-
tor of pulsatile GnRH secretion in many species. KNDy neurons contain Dyn and 
receptors for P [ 64 ,  87 ], and P increases the expression of Dyn [ 97 ]. Therefore, it is 
suggested that P enhances the inhibitory drive of Dyn/KOR signaling, leading to a 
reduction in the frequency of burst activities in KNDy neurons (Fig.  14.6b ). This 
speculation is in concert with the previous fi nding that blockade of Dyn/KOR sig-
naling reverses the inhibitory effect of P on pulsatile LH secretion in rats [ 126 ] and 
sheep [ 127 ]. It appears that Dyn/KOR signaling may play a critical role in determin-
ing the length of the refractory period after the burst in KNDy neurons. 

 One aspect of E2 negative feedback is a decrease in the amplitude (amount) of 
LH secretion. The expression of not only NKB [ 57 ,  128 ,  129 ] but also NK3R [ 57 ], 
in the ARC, is decreased by E2, suggesting that E2 acts to attenuate the stimulatory 
drive of NKB/NK3 signaling. Figure  14.6b  indicates that such E2 action would lead 
to “thinning” of the burst of KNDy neurons, which might be refl ected as a marked 
decrease in the duration of the MUA volley after E2 treatment (Fig.  14.2c ). Given 
that the release of kisspeptin to GnRH neuronal projections in the ME is mainly 
under the control of the burst activity of KNDy neurons (Fig.  14.6a ), the shortening 
of the burst of KNDy neurons by E2 would result in a decline in the amount of 
GnRH released during each pulse. This may represent one aspect of the negative 
feedback action of E2. Moreover, it has been indicated in many species that E2 also 
reduces the expression of kisspeptin in the ARC [ 85 ,  87 ,  106 ,  130 ], which may also 
contribute to the decreased amount of GnRH released per pulse. 

 The other aspect of the E2 action is its negative effect on the frequency of GnRH/
LH pulses. It has been shown that E2 also reduces the frequency of the MUA volley 
and LH pulses in several species, including rats [ 38 ], monkeys [ 30 ], and goats 
(Fig.  14.2  [ 42 ,  44 ,  53 ]), although this action of E2 seems less conspicuous in sheep 
[ 131 ,  132 ]. Because the inhibitory effect of E2 is much smaller than P (Fig.  14.2 ), it 
seems unlikely that Dyn/KOR signaling mediates the E2 action. Instead, other 
mechanisms may also be involved in the negative feedback action of E2. One 
 possible mechanism is the alteration of neuronal excitability. It is possible that E2 
reduces the excitability of KNDy neurons through modifying electrophysiological 
properties of the cell membrane, as shown in mouse GnRH neurons [ 133 ], leading 
to the attenuation of spontaneous activity of individual neurons. This would 
decrease, in a stochastic manner, the occurrence of the random activity that initiates 
the bursting process in the KNDy neuron. Although highly speculative, it is sug-
gested that neuronal mechanisms involving E2 actions in KNDy neurons, such as 
the excitability for example, are associated with the pathway of the control of GnRH 
secretion by nutrition, because the inhibitory infl uence of several nutritional stress-
ors on the GnRH pulse generator is more conspicuous in the presence of E2 than its 
absence [ 32 ,  46 ,  134 ,  135 ].  
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    Putative Mechanism for the Action of Pheromones 
on the GnRH Pulse Generator 

 In goats and sheep, exposure of seasonally anestrous females to the male phero-
mone results in an out-of-seasonal ovulation [ 136 ,  137 ]. Because the initial endo-
crine event following the reception of the pheromone is the stimulation of pulsatile 
GnRH/LH secretion, it is suggested that the central target of the pheromone signal 
is the GnRH pulse generator [ 45 ]. We examined whether the KNDy neuronal net-
work was involved in the pheromone action in OVX goats using MUA recording 
with the electrode aimed at KNDy neurons. Exposure to the male pheromone, 
between two successive MUA volleys, immediately induced an MUA volley and an 
accompanying LH pulse [ 138 ]. This pheromone effect on the MUA volley and LH 
secretion was abrogated by the treatment with an NK3R antagonist (Sakamoto 
et al., unpublished data). Further, the pheromone evoked the MUA volley but not 
LH pulses when kisspeptin/KOR signaling was blocked (Sakamoto et al., unpub-
lished data). Therefore, it seems conceivable that the action of the male pheromone 
is indeed mediated by the KNDy neuronal network [ 139 ]. Interestingly, the effect 
of the pheromone was time dependent, i.e., the pheromone was not able to induce 
the MUA volley immediately after the preceding MUA volley, and the ability of 
the pheromone in inducing the MUA volley increased towards the occurrence of the 
next MUA volley [ 138 ]. This suggests that pheromone action may be counteracted 
by the inhibitory tone of Dyn/KOR signaling, which we propose would gradually 
decrease from the maximum to the basal level during the refractory period 
(Fig.  14.6b ). These pheromone studies also reveal a note of caution that should be 
taken into account when observing the GnRH/LH response to an experimental 
stimulation of KNDy neurons. If a stimulus acts at the level of Kiss1r (e.g., kiss-
peptin), one would be able to expect a consistent result. However, if the stimulus 
acts at the levels of NK3R (e.g., senktide), it is possible that the GnRH/LH response 
to the treatment is variable depending on the timing of the treatment between two 
spontaneously occurring bursts of KNDy neurons.   

    Perspective on the Application 

 GnRH neurons are charged with the role of maintaining the ever-present basal levels 
of circulating gonadotropins for the normal functioning of the gonads. Because con-
tinuous exposure of the gonadotrophs to GnRH results in the abolishment of gonad-
otropin secretion, a pulsatile mode of GnRH discharge is obligatory to produce 
sustained gonadotropin secretion [ 3 ]. In this context, it is of interest that continuous 
infusion of NKB (Fig.  14.4b ) or nor-BNI (Fig.  14.5b ) induced frequent MUA vol-
leys rather than a sustained raise in the MUA. Our hypothesis envisages that the 
frequency of periodic bursts in KNDy neurons can be increased by continuously 
raising the stimulatory tone of NKB/NK3R signaling by NK3R agonists (Fig.  14.6c ) 
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or reducing the inhibitory tone of Dyn/KOR signaling by KOR antagonists 
(Fig.  14.6d ). The preliminary result detailed in this chapter (Fig.  14.2b ) partially 
supports this proposition. There are several occasions in which insuffi cient LH 
pulse frequency causes reproductive disorders, such as women with anorexia ner-
vosa [ 138 ], exercise amenorrhea [ 140 ], or hyperprolactinemia [ 141 ]. Our proposed 
model implies that NKB agonists and KOR antagonists may hold promise as novel 
therapeutic drugs to accelerate or improve gonadal activities via their ability to 
enhance the GnRH pulse generator activity.      
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    Abstract     Reproductive function is tightly regulated by an intricate network of 
central and peripheral factors; however, the precise mechanism triggering critical 
reproductive events, such as puberty onset, remains largely unknown. Recently, the 
neuropeptides kisspeptin (encoded by  Kiss1 ) and neurokinin B (NKB, encoded by 
 TAC3  in humans and  Tac2  in rodents) have been placed as essential gatekeepers of 
puberty. Studies in humans and rodents have revealed that loss-of-function muta-
tions in the genes encoding either kisspeptin and NKB or their receptors, Kiss1r and 
neurokinin 3 receptor (NK3R), lead to impaired sexual maturation and infertility. 
Kisspeptin, NKB, and dynorphin A are co-expressed in neurons of the arcuate 
nucleus (ARC), so-called  K isspeptin/ N KB/ Dy n (KNDy) neurons. Importantly, these 
neurons also co-express NK3R. Compelling evidence suggests a stimulatory role of 
NKB (or the NK3R agonist, senktide) on LH release in a number of species. This 
effect is likely mediated by autosynaptic inputs of NKB on KNDy neurons to induce 
the secretion of gonadotropin-releasing hormone (GnRH) in a kisspeptin- dependent 
manner, with the coordinated actions of other neuroendocrine factors, such as dyn-
orphin, glutamate, or GABA. Thus, we have proposed a model in which NKB feeds 
back to the KNDy neuron to shape the pulsatile release of kisspeptin, and hence 
GnRH, in a mechanism also dependent on the sex steroid level. Additionally, NKB 
may contribute to the regulation of the reproductive function by metabolic cues. 
Investigating how NKB and kisspeptin interact to regulate the gonadotropic axis 
will offer new insights into the control of GnRH release during puberty onset and 
the maintenance of the reproductive function in adulthood, offering a platform for 
the understanding and treatment of a number of reproductive disorders.  
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        Introduction (Why Study Neurokinin B in a Kisspeptin Setting?) 

 Perpetuation of the species is an essential, but extremely energy costly, endeavor for 
most animals—especially for mammals [ 1 ,  2 ]. For this reason, it is not surprising that 
a vast array of neurotransmitters and endocrine factors are devoted to the precise con-
trol of the gonadotropic axis and, hence, translate the information of environmental and 
internal cues into a specifi c timing and pattern of gonadotropin-releasing hormone 
(GnRH) release. A key aspect that deserves to be emphasized is the incapability of 
GnRH neurons to show a direct response to some important modulators of reproduc-
tive function, e.g., the negative feedback of sex steroids [ 3 ,  4 ]. In recent years,  Kiss1  
neurons have been shown to be—directly or indirectly—receptive to numerous regula-
tory cues, including sex steroids and metabolic and circadian factors [ 5 ]. This has 
placed kisspeptin in the spotlight to play a major role as a regulator of GnRH release. 
Yet, it is conceivable that such a critical function for the species as reproduction cannot 
rely exclusively on a single molecule (kisspeptin) and, hence, a number of essential 
“fi ne-tuners” and “fail-safes” might exist to ensure reproductive success. Indeed, in 
2009, the endocrine community witnessed the emergence of neurokinin B (NKB) as a 
critical player in the control of gonadotropin release [ 6 ]. In another example of reverse 
translational research—suitably called “from bedside to benchside”—human genetic 
studies revealed that patients bearing inactivating mutations in the gene encoding NKB 
( TAC3 ) or its receptor, neurokinin 3 receptor (NK3R, encoded by  TACR3 ), displayed 
hypogonadotropic hypogonadism and closely resembled the phenotype of patients 
with loss-of-function mutations in the genes that encode kisspeptin ( KISS1 ) and the 
kisspeptin receptor ( KISS1R , also known as  GPR54 ) [ 6 – 13 ]. Some of these fi ndings 
have also been partially recapitulated in  Tacr3  null mice [ 14 ], indicating that the NKB/
NK3R system plays a role in the control of gonadotropin secretion in different species. 
Altogether, given the clear parallelism in the reproductive phenotype of humans (and 
mice) suffering from congenital inactivation of the kisspeptin/Kiss1r or the NKB/
NK3R systems, it is conceivable that the actions of these two neuroendocrine systems 
interact to control GnRH release. As a result, signifi cant efforts in the fi eld have been 
recently devoted to puzzle out this interaction in what may constitute a nodal regula-
tory center in the control of reproductive function. This chapter intends to offer a con-
cise overview of the latest achievements in the characterization of the reproductive 
facet of the NKB/NK3R system, with attention paid to the implications for the central 
mechanisms that govern GnRH release.  

    The NKB/NK3R System: Structure and Distribution 
in the Brain 

    Neurokinin B 

 NKB belongs to the tachykinin family of peptides that initially included the neuro-
peptides substance P (SP), neurokinin A (NKA), and NKB and more recently, endo-
kinins and hemokinins [ 15 ]. Tachykinins are peptides comprised of 10–11 amino 
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acid residues in length that share a common carboxy-terminal amino acid sequence 
(Phe-X-Gly-Leu-Met-NH 

2
 ), where X corresponds to an aliphatic (NKA and NKB) 

or an aromatic (SP) residue [ 16 ]. The gene-encoding NKB ( TAC3  in higher primates 
and  Tac2  in rodents) is divided into seven exons, fi ve of which encode the precursor 
preprotachykinin B [ 16 – 18 ]. Following proteolytic cleavage, this precursor leads to, 
fi rst, proneurokinin B, and then NKB (initially contained in exon 5) (Fig.  15.1 ) [ 16 ].

   The expression of NKB mRNA and protein displays a dispersed distribution in 
the brain of all studied species to date. In humans, prominent populations of  TAC3 - 
positive  neurons have been identifi ed in the infundibular nucleus, anterior hypotha-
lamic area, septal region, diagonal band of Broca, bed nucleus of the stria terminalis, 
amygdala, and neocortex [ 19 ,  20 ]. In the rat,  Tac2  expression has been found in the 
cerebral cortex, hippocampus, amygdaloid complex, bed nucleus of the stria termi-
nalis, ventral pallidum, habenula, olfactory bulb, dorsomedial nucleus, ventrome-
dial nucleus, lateral hypothalamic area (LHA), caudate-putamen, medial preoptic 
area, arcuate nucleus (ARC), lateral mammillary bodies, superior colliculus, central 
gray, and dorsal horn of the spinal cord (Fig.  15.2 ) [ 21 – 23 ]. Of note, mice display a 
roughly similar distribution of  Tac2  mRNA, although, unlike rats, mice express 
 Tac2  neither in the hippocampus nor in the nucleus of the lateral olfactory tract [ 24 ]. 
Immunohistochemistry studies depicting the distribution of NKB closely parallel 
the neuroanatomical mapping of the gene transcript, and importantly, also offer 
conclusive information on the localization of NKB fi bers, thus pointing to potential 
areas of NKB action [ 25 – 31 ]. Focusing on the population of NKB neurons in the 
ARC, projections from this nucleus have been described through a combination of 
tract tracing and double labeling techniques with specifi c known co-transmitters of 
NKB in this neuronal site (e.g., dynorphin and kisspeptin) [ 25 ,  27 ,  28 ,  30 – 32 ]. NKB 
fi bers have been found to form a dense network within the ARC and the median 
eminence. From the ARC of the rat, NKB neurons branch to innervate rostral brain 
areas, such as the magnocellular and parvocellular nucleus, the anteroventral peri-
ventricular nucleus (AVPV), preoptic area, septal nuclei, and the bed nucleus of the 
stria terminalis [ 30 ,  33 ]. In addition, NKB neurons have been shown to project 
dorsally to the dorsomedial nucleus, periventricular nucleus, ventromedial nucleus, 
and LHA, and also may extend caudally to the ventral premammillary nucleus [ 30 ].

       Neurokinin 3 Receptor 

 Tachykinins bind a family of G-protein-coupled receptors (GPCRs)—including 
neurokinin receptor 1 (NK1R), NK2R, and NK3R—to mediate their biological 
effect. Although interactions of the three initial tachykinins with each of these 

  Fig. 15.1    Schematic representation of the  TAC3  gene depicting the exon encoding NKB       

 

15 Interactions Between Kisspeptins and Neurokinin B



328

receptors have been described previously, their potency of affi nity varies as follows: 
NK1R, SP > NKA > NKB; NK2R, NKA > NKB > SP; and NK3R, NKB > NKA > SP 
[ 34 ,  35 ]. Within the context of this review, it is conceivable that this affi nity of NKB 
for other tachykinin receptors, even though marginal, might compromise the inter-
pretation of the studies using NKB itself to decipher its putative roles in reproduc-
tive control. Thus, in order to overcome this limitation, the synthetic peptide 
senktide, a highly selective and potent agonist of NK3R [ 16 ,  34 ], has been system-
atically used in the majority of the experimental studies. 

  Fig. 15.2    Schematic representation of a coronal section of a rat brain at the arcuate level depicting 
 Tac2  and  Tacr3  expression.  SON  supraoptic nucleus;  BLAa  basolateral nucleus of the amygdala; 
 BMAa  basomedial nucleus of the amygdala;  MH  medial habenular nucleus;  LHA  lateral hypothala-
mus;  ZI  zona incerta;  VMH  ventromedial hypothalamic nucleus;  PVH  paraventricular hypotha-
lamic nucleus;  ARC  arcuate nucleus;  3V  third ventricle       
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 All three tachykinin receptors are encoded by genes divided into fi ve exons with 
identical distribution of intronic sequences. NK3R, encoded by  TACR3  in humans 
and  Tacr3  in rodents, leads to a longer amino acid sequence than NK1R or NK2R, 
with a slight difference in length between species (465 and 452 residues in humans 
and rats, respectively) [ 16 ]. 

 NK3R is mainly located in the central nervous system (CNS) and the spinal cord 
[ 15 ,  16 ,  36 ], although it has been also described in uterus, mesenteric vein, gut neu-
rons, and placenta [ 37 ,  38 ]. Within the CNS of the rat,  Tacr3  mRNA is detected in 
the olfactory bulb, cortex, amygdala, hippocampus, medial habenula, zona incerta, 
substantia nigra, ventral tegmental area, interpeduncular nucleus, raphe nuclei, dor-
sal tegmental nucleus, nucleus of the solitary tract, striatum, dentate gyrus and 
subiculum, medial septum, diagonal band of Broca, ventral pallidum, globus palli-
dus, bed nucleus of the stria terminalis, ARC, paraventricular and supraoptic nuclei 
of the hypothalamus, dorsal and lateral regions of the posterior hypothalamus, pre-
mammillary and mammillary nuclei, midbrain central gray, cerebellum, parabra-
chial nuclei, nucleus of the spinal trigeminal tract, dorsal horn of the spinal cord, 
and the retina (Fig.  15.2 ) [ 22 ,  29 ,  39 – 41 ]. Of note,  Tacr3  shows a maturational 
process in the distribution of the expression of the gene along postnatal develop-
ment. Thus, prepubertal animals show more abundant expression in the amygdala 
(basolateral amygdalar nucleus and basomedial amygdalar nucleus) and LHA than 
peripubertal animals [ 40 ]. At the protein level, immunohistochemistry studies 
depicting the distribution of NK3R resemble the brain areas where the  Tacr3  mes-
senger is detected [ 25 ,  29 ,  42 – 45 ].   

    Regulation of the NKB/NK3R System by Sex Steroids 

 It is well established that gonadal steroids, i.e., estrogens and testosterone, feed 
back to the CNS to exert a key role in the central control of the reproductive axis 
by regulating the tonic release of GnRH (negative feedback) and the preovulatory 
surge-like release of GnRH in females (positive feedback) [ 46 ]. In spite of this, 
neurons that synthesize GnRH cannot respond directly to the homeostatic feed-
back of sex steroids, i.e., GnRH cells express neither estrogen receptor alpha 
(ERα) nor androgen receptor (AR) [ 47 ,  48 ] and only a subset express ERβ [ 49 , 
 50 ]. However, the action of ERβ in GnRH neurons, while not yet well character-
ized, does not seem to be critical for, at least, the negative feedback control of sex 
steroids upon GnRH release although, of note, it may participate in the regulation 
of the excitability of GnRH neurons [ 51 ]. In this context, it is tenable that the 
actions of sex steroid hormones on the reproductive axis must target upstream 
modulators of GnRH neurons, such us (probably) NKB neurons in the ARC. 
Thus, in keeping with this proposed role, this population of NKB neurons may 
directly sense circulating levels of estradiol (E 

2
 ) and testosterone (T) through the 

expression of ERα [ 22 ,  52 – 56 ] and AR [ 57 ,  58 ]. A number of studies in adult 
mammals have demonstrated that, indeed, these ARC neurons exhibit a robust 
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inhibition of  TAC3 / Tac2  mRNA and NKB protein levels in the presence of E 
2
  or 

T [ 22 ,  40 ,  52 – 56 ,  59 ,  60 ] and, consequently, the opposite (i.e., stimulation) is true 
in E 

2
 /T-deprived situations, such as the postmenopausal stage or post-gonadectomy 

[ 22 ,  28 ,  52 ,  53 ,  56 ,  59 ,  61 – 63 ]. Importantly, not only NKB but also its receptor, 
NK3R, is subjected to regulation by sex steroids. Thus,  Tacr3  mRNA expression 
is inhibited in the presence of E 

2
  [ 22 ,  56 ]. Of note, this is reminiscent of the regu-

lation of  Kiss1  mRNA expression in the ARC by sex steroids [ 64 ,  65 ], which 
indicates that the  Kiss1  and NKB systems likely control GnRH release in the 
same direction in critical regulatory pathways, such as sex steroid negative feed-
back, through interactions that yet remain to be fully understood. In this sense, an 
elegant study published recently by Mittelman-Smith and collaborators demon-
strated that ablation of  K isspeptin/ N KB/ Dy n (KNDy) neurons impairs the com-
pensatory rise of LH after gonadectomy, i.e., the removal of steroid negative 
feedback, thus adding further support to the critical role of these ARC neurons in 
the control of GnRH release [ 66 ]. 

 It is striking, nonetheless, that not all NKB neuronal populations in the hypo-
thalamus behave similarly to circulating levels of estradiol. Thus, estrogens signifi -
cantly inhibit NKB neurons in the ARC, as mentioned previously, while other 
populations of NKB neurons may display diametrically different regulation. In this 
vein, NKB neurons in the LHA exhibit remarkable stimulation of  Tac2  expression 
in the presence of E 

2
  [ 67 ]. Again, this fact evokes comparisons with the  Kiss1  sys-

tem, recalling the dual regulation by sex steroids that  Kiss1  expression undergoes 
when comparing ARC vs. AVPV populations [ 64 ]. The LHA is known to hold neu-
ral centers that control metabolism and, therefore, indirectly, reproductive function 
[ 68 ,  69 ]; however, whether the NKB/NK3R system in the LHA exercises a role in 
this control remains to be assessed. 

 The regulation of the NKB system by circulating levels of sex steroids—at least 
in the ARC—is not restricted to adult individuals. Studies in mice have depicted a 
striking sexual dimorphism of prepubertal animals in the sensitivity of  Tac2  expres-
sion (in the ARC) to E 

2
 . Thus, in the absence of E 

2
  after gonadectomy, juvenile 

female mice respond with the expected compensatory rise of ARC  Tac2  expression 
[ 70 ], which is accompanied by the rise in ARC  Kiss1  mRNA and plasma LH levels, 
just as adult animals would respond [ 64 ]. However, their male counterparts appear 
indisposed to exhibit similar responses, unlike their adult male equivalents [ 70 ]. 
This fact not only suggests a clear sexual dimorphism in the physiology of the 
Kiss1/NKB neurons in the ARC prepubertally, but may also hold key aspects for the 
differential timing in puberty onset (later in males), which also needs to be 
 investigated in more detail. An important phenomenon that may help to understand 
the contribution of the NKB system to puberty onset may rely in the apparent dif-
ferential sensitivity to the negative feedback of sex steroids on the NKB system 
compared to the  Kiss1  system. Whereas both genes ( Kiss1  and  Tac2 ) are susceptible 
to regulation by E 

2
  prepubertally,  Tac2  expression seems to be less sensitive to the 

rising levels of gonadal steroids than  Kiss1 . This may account for a sex steroid- 
independent increase in NKB levels that could, possibly, contribute to the activation 
of the Kiss1/GnRH axis prepubertally [ 71 ]. 
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 Finally, it is worth mentioning that the NKB system may be susceptible to the 
organizing effects of sex steroids during the critical period of sexual differentiation 
of the brain, i.e., perinatally. Under a physiologic sex steroid environment, the popu-
lation of NKB neurons in the ARC is larger in females than in males [ 28 ,  55 ,  67 , 
 72 ]; however, supraphysiological doses of E 

2
  or T in both sexes during this critical 

period leads to a signifi cant reduction in the number of NKB neurons in the ARC 
that persists throughout the animal’s life span [ 55 ,  67 ]. Given the exceedingly high 
hormone doses used in these studies, it remains unclear if normal physiological 
levels of perinatal sex steroids similarly modulate NKB neuron development. 

 On the whole, such a modulation of the NKB/NK3R system by sex steroids from 
early developmental stages to adulthood further unveils a potential role for this sys-
tem in the central control of the reproductive axis.  

    Identifi cation of the Hypothalamic KNDy Neuron 

 The emerging interest to decipher the role of NKB in the central control of repro-
duction arose, as mentioned above, in 2009 when human genetic studies docu-
mented hypogonadotropic hypogonadism in patients bearing loss-of-function 
mutations in  TAC3  and  TAC3R  genes [ 6 ]. Admittedly, however, the potential role 
of NKB as modulator of GnRH release had been previously recognized in 
humans, primates, rodents, and sheep [ 25 – 27 ,  29 ,  32 ,  52 ,  53 ,  55 ,  57 ,  58 ,  60 ,  61 , 
 63 ,  73 – 75 ]. Nonetheless, the concept of NKB as a regulator of reproductive 
function has recently advanced to now being considered part of an intricate net-
work of central factors that govern the acquisition and maintenance of reproduc-
tive function. In this vein, despite the fact that NKB (transcript and protein) has 
been described in the hypothalamus for decades, the manner in which NKB 
interacts with other hypothalamic factors is only starting to be deciphered. Initial 
studies in sheep and rats documented, by immunohistochemistry, a high degree 
of co-localization of NKB with the endogenous opioid peptide, dynorphin A 
(Dyn), in the ARC [ 25 ,  27 ]. These fi ndings paved the way for a seminal study by 
Goodman and collaborators who showed that NKB/Dyn neurons in the ARC of 
ewes are also kisspeptin neurons [ 32 ]. Thereafter, the co-expression of these 
three neuropeptides was confi rmed in mice, goats, and monkeys at the levels of 
mRNA by in situ hybridization and protein by immunohistochemistry (Fig.  15.3 ) 
[ 31 ,  56 ,  76 ], suggesting high physiological relevance for this phenomenon, 
which, otherwise, would not have been maintained throughout evolution. This 
conserved co-expression has spurred the scientifi c community to rename this 
population of neurons as KNDy neurons [ 77 ]. In addition, of great signifi cance 
for the role of NKB in reproductive biology is the fact that virtually all KNDy 
neurons also co-express NK3R [ 25 ,  29 ,  42 ,  43 ,  56 ]. Interestingly, studies in mice 
and sheep have revealed that the unambiguous co-expression of kisspeptin with 
NKB, dynorphin, and NK3R is exclusive to the population of  Kiss1  neurons in 
the ARC, while the other major population of  Kiss1  neurons located in the AVPV 
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and the preoptic area (in mice and sheep, respectively) is virtually devoid of 
these kisspeptin co-transmitters [ 42 ,  43 ,  56 ]. Consequently, it is reasonable to 
infer that the role of NKB in the central control of reproductive function must be 
related to the role of kisspeptin in the ARC, for example, in the negative feed-
back of sex steroids upon the gonadotropic axis.

   An additional aspect in the physiology of NKB neurons that merits special atten-
tion is the identifi cation of the neuronal linage that generates the ARC population. 
Recent work in male mice indicates that while the vast majority of  Kiss1  neurons in 
the ARC seem to form a homogeneous population and collectively express  Tac2  
[ 56 ], only approximately half of  Tac2  neurons in the ARC (at least in the male 
mouse) appear to co-express  Kiss1  [ 59 ]. This fact demonstrates a subdivision of this 
neuronal group with possible functional differences that yet remain to be unfolded. 
To note, this phenomenon is in keeping with a previous description of two popula-
tions of NKB fi bers (with and without kisspeptin co-expression) in the median emi-
nence of female rats [ 78 ].  

  Fig. 15.3    Representative photomicrographs of mouse ARC illustrating the co-expression of  Kiss1  
(labeled in  red  with digoxigenin coupled to  vector red ) and NKB ( Tac2 ), NK3R ( Tacr3 ), dynor-
phin A ( Pdyn ), and KOR ( Oprk1 ) represented by  silver grains . Scale bars = 50 μm       
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    Gonadotropin Responses to NKB 

 The initial characterization of the action of NKB upon gonadotropin release has 
been controversial. The fi rst studies documented null, or even inhibitory, actions of 
NKB or the selective NK3R agonist, senktide, on LH release. A study by Sandoval- 
Guzmán and Rance showed that ovariectomized and estradiol-replaced rats exhib-
ited a substantial decrease in circulating LH levels after senktide treatment [ 74 ]. To 
note, these animals failed to display the expected phenotype subsequent to estradiol 
replacement, i.e., lowering of the postcastration rise of LH, and, therefore, they 
should be considered as ovariectomized and sham-replaced animals. In the same 
vein, the latter rationale could also apply to a recent study by Kinsey-Jones et al. 
[ 79 ]. As a consequence, considering this limitation, the above observations would 
essentially be in keeping with previous reports documenting inhibitory actions of 
senktide (or NKB) in gonadectomized mice, rats, and goats [ 22 ,  56 ,  76 ]. These 
results, in fact, were clearly contradictory to the initially predicted stimulation of 
LH release by NKB on the basis of the human studies, in which patients suffering 
constitutive defi ciency in the NKB system exhibited hypogonadotropic hypogonad-
ism [ 6 ,  8 – 10 ,  13 ]. Interestingly, this defi ciency in humans seemed to be exclusively 
restricted to LH release, since FSH levels appeared relatively normal [ 8 ]. This fea-
ture of NKB-null patients suggests a residual low-frequency release of GnRH 
(NKB-independent), which may result as a consequence of the action of high vs. 
low pulses of GnRH in the discrimination of LH or FSH release, respectively [ 80 , 
 81 ]. Despite the above observations, the overall literature on this topic substantiates 
a remarkable discrepancy in the response to NKB or senktide in different physiolog-
ical settings. However, a growing number of studies are offering irrefutable demon-
strations of the robust stimulatory action of NKB upon gonadotropin release in a 
number of species [ 22 ,  31 ,  40 ,  43 ,  59 ,  76 ,  82 ,  83 ]. In this sense, while further inves-
tigation is needed to fully understand this paradox (stimulation or inhibition of LH 
release after senktide treatment), studies in gonadectomized and sham-replaced vs. 
E 

2
 -replaced animals strongly suggest the need of physiological levels of circulating 

sex steroids (acting on ERα, most likely, in KNDy neurons) to allow the stimulation 
of LH release by NKB. This is also in line with the stimulatory action of senktide 
on LH secretion in the follicular, but not luteal, phase in sheep [ 43 ]. Of note, con-
tinuous stimulation of NK3R with senktide leads to desensitization of the receptor 
[ 83 ], which might, hypothetically, imply that under the elevated levels of kisspeptin 
and NKB reached in gonadectomized animals, the additional stimulation of NK3R 
by senktide could account for the observed decrease of LH release in E 

2
 -deprived 

animals. Admittedly, a recent publication indicates that, in this scenario, dynorphin 
may be hyperstimulated by senktide and, consequently, mediate this inhibition [ 79 ]. 
This inhibitory action, however, remains to be carefully explored. 

 Notwithstanding the important role of NKB upon GnRH release, NKB’s charac-
terization initially focused on the female. Intriguingly, subsequent studies in the 
male are now suggesting a more complex regulation of the NKB system than previ-
ously anticipated. In this sense, initial studies in male mice pointed to a likely sexual 
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dimorphism in the response to senktide. Corander et al. fi rst documented the absence 
of LH release after NKB administration in intact adult male mice [ 84 ]; however, 
shortly after, in a study performed in adult male mice, we reported a positive 
response to senktide administration, with a robust increase in LH release and also, 
to a lesser extent, FSH [ 59 ]. Although speculative, this discrepancy might be due to 
different effi cacy in the activation of NK3R after administration of senktide [ 59 ] vs. 
NKB itself [ 84 ] or, purportedly, to the delivery method, i.e., limitation of NKB to 
dissolve into solution in saline vehicles [ 84 ]. 

 Recently, we have expanded our knowledge of the actions of senktide on LH 
release in male and female rats along postnatal development. Intact female rats at 
every assessed developmental stage (i.e., infantile, juvenile, prepubertal, pubertal, 
and adult in diestrus) display conspicuous stimulation of LH secretion after senktide 
treatment [ 22 ,  67 ]. Male rats, however, progress from being responsive to senktide 
prepubertally to becoming irresponsive from puberty onwards, dissociating them-
selves from adult female rats and male mice [ 67 ]. These data unveil a striking sexual 
dimorphism in the rat as well as important differences in otherwise closely related 
species, i.e., mice and rats. The precise mechanisms underlying these differences 
require further investigation in order to clarify the role of NKB in the control of 
gonadotropin secretion.  

     Kiss1  Neurons as Primary Targets of NKB Action 

 As described previously, KNDy neurons express NK3R [ 25 ,  26 ], which supports 
the possibility of autosynaptic loops within the network of NKB/kisspeptin fi bers 
surrounding KNDy neurons in the ARC [ 25 ,  30 ,  33 ]. The following evidence sup-
ports the contention that NKB acts upstream of, or immediately on,  Kiss1  neurons 
in the ARC: (a) senktide and NKB strongly depolarize  Kiss1  neurons in the mouse, 
and this effect is prevented by the NKB antagonist SB222200 [ 59 ]; (b) central 
administration of senktide to gonadectomized and estradiol-replaced (OVX + E 

2
 ) 

female rats induces  c - fos  mRNA expression in  Kiss1  neurons [ 22 ]; (c) goats treated 
centrally with NKB exhibit a clear increase in the frequency and amplitude of mul-
tiunit activity (MUA) volleys in the ARC, which are invariably mirrored by LH 
pulses [ 76 ], yet the administration of kisspeptin modifi es LH pulses without modi-
fying MUA volleys [ 85 ]. 

  Kiss1  neurons, however, express a number of other co-transmitters (e.g., 
 dynorphin and glutamate). For this reason, any action of NKB upon GnRH release, 
evoked by the activation of ARC  Kiss1  neurons, could not be entirely attributed to 
the release of kisspeptin. For instance, these kisspeptin neurons have been also 
shown to innervate the tuberoinfundibular dopaminergic (TIDA) neurons in the 
ARC [ 86 ]. Yet, compelling evidence indicates that kisspeptin release is, indeed, nec-
essary for the reproductive role of NKB given the following data: (a) mice bearing 
nonfunctional kisspeptin receptors ( Kiss1r  KO mice) are irresponsive to the central 
administration of senktide in terms of LH release [ 82 ]; (b) juvenile monkeys  showing 
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blunted LH responses due to NK3R desensitization still respond to  kisspeptin; 
 however, monkeys subjected to Kiss1r desensitization showed a signifi cant reduc-
tion in their response to senktide treatment [ 31 ,  83 ], although, admittedly, they did 
present a marginal (perhaps kisspeptin-independent) stimulation of LH release. 

 On the whole, these data strongly suggest a putative action of NKB upon ARC 
 Kiss1  neurons; however, at the same time, we cannot rule out any additional action 
of this peptide on other brain areas or even different neuronal populations within the 
ARC. Along these lines, several studies document the expression of NK3R in GnRH 
terminals of rats [ 25 ,  29 ] and  Tacr3  mRNA in GnRH neurons in the mouse [ 87 ] as 
well as in the immortalized GT1-7 cell line—a model of differentiated GnRH neu-
rons—[ 88 ]; however, a call of caution should be added since immortalized cell lines 
do not always resemble in vivo models. Despite the latter observations, recent stud-
ies document the absence of NK3R immuno-localization and  Tacr3  mRNA in 
GnRH neurons of sheep [ 42 ] and mice [ 59 ], respectively, adding further contro-
versy to the role of NKB in the control of GnRH secretion. Indeed, mounting evi-
dence seems to further support the contention that GnRH neurons are devoid—or 
only present marginal expression—of NK3R and therefore should not be consid-
ered as the primary site of action of NKB to regulate GnRH release. For example, 
GnRH neurons coupled to green fl uorescent protein (GnRH-GFP) and subjected to 
whole-cell recordings do not display signs of activation after senktide treatment in 
the mouse [ 59 ]. This latter study, nonetheless, shows lack of activity at the level of 
the GnRH cell body, but does not rule out the presence of NK3R at the level of 
GnRH terminals. In this sense, Corander and colleagues demonstrated that, unlike 
kisspeptin [ 89 ], addition of NKB to hypothalamic explants from male rats (devoid 
of GnRH cell bodies) did not evoke any effect on GnRH release, which, initially, 
would preclude any direct action at the level of these GnRH fi ber terminals [ 84 ].  

    The Roles of NKB/Kisspeptin Interactions in the Control 
of Reproductive Function 

    Generation of GnRH Pulses 

 Although this book includes a specifi c chapter devoted to this topic, it is, however, 
worth highlighting the potential implications for reproductive physiology that 
 interactions of NKB and kisspeptin (and dynorphin) may have for the normal func-
tioning of the gonadotropic axis. There is convincing evidence to conclude that 
kisspeptin release is pulsatile and that those pulses correlate with GnRH/LH pulses, 
based on studies in monkeys and goats [ 76 ,  90 ,  91 ]. Consequently, we have proposed 
a model whereby NKB from KNDy neurons acts autosynaptically on the NK3R of 
the same neuron, through recurrent collaterals, as well as on other neighboring 
KNDy neurons (Fig.  15.4 ) [ 56 ,  76 ,  92 ,  93 ]. This action of NKB would evoke a syn-
chronized release of kisspeptin within the ARC, a fact of critical importance in order 
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to present a unique GnRH pulse after every kisspeptin pulse. This possibility is in 
keeping with the dense network of NKB fi bers surrounding KNDy neurons in the 
ARC [ 25 ,  30 ,  33 ]. Next in this model, kisspeptin would reach the kisspeptin receptor 
at the GnRH terminals to induce GnRH release to the median eminence. Of note, 
there is no direct evidence of the presence of Kiss1r at the level of GnRH terminals; 
however, this could be inferred based on the observations that (a) kisspeptin can 
elicit GnRH secretion from explants of the mediobasal hypothalamus, which con-
tains few, if any, GnRH cell bodies [ 89 ,  94 – 96 ] and (b) kisspeptin fi bers form close 
appositions at the GnRH fi ber terminals [ 97 – 99 ]. At the same time, dynorphin (an 
endogenous opioid peptide with known inhibitory action upon gonadotropin release 
[ 100 ,  101 ]), would act mainly on yet unknown intermediate neurons to eventually 
shut down NKB and kisspeptin release, therefore creating a kisspeptin pulse. 
Noteworthy, each neuropeptide released from KNDy neurons seems to target a dif-
ferent set of neurons. Thus, (a) kisspeptins act mainly on GnRH neurons, since 
KNDy neurons themselves in the ARC are devoid of Kiss1 receptor [ 94 ] and do not 
respond to kisspeptin [ 59 ]; (b) NKB seems to primarily activate KNDy neurons, 
since GnRH neurons (at least in mice and sheep) do not express detectable levels of 
NK3R [ 43 ,  59 ]; (c) GnRH neurons do not express the dynorphin receptor (κ-opioid 

  Fig. 15.4    Schematic representation of a KNDy neuron depicting possible autoregulatory loops 
and interactions with GnRH neurons       

 

V.M. Navarro



337

receptor, KOR) [ 102 ,  103 ], and its expression in KNDy neurons seems to be  marginal 
[ 56 ,  59 ]. These fi ndings allude to intermediate neurons as the primary site of action 
of dynorphin in the context of kisspeptin release, which, allegedly, would play a 
substantial role by increasing the turnaround time of the inhibitory signal before act-
ing back on KNDy neurons, therefore allowing for the appearance of a kisspeptin 
pulse. Of note, as research on the characterization of KNDy neurons advances, new 
co-transmitters emerge, which, in the near future, may make the descriptive term 
“KNDy” obsolete. In this vein, glutamate and glutamate receptors, also described in 
KNDy neurons [ 104 ], may constitute additional autosynaptic regulatory loops [ 82 , 
 104 ,  105 ] to “fi ne-tune” kisspeptin release (Fig.  15.4 ). It has been speculated that 
this or a similar mechanism may be involved in the attenuation of the severe repro-
ductive phenotype of  Tacr3  null mice compared to humans described recently by 
Yang and colleagues [ 14 ,  106 ]. Moreover, recent studies also suggest an action 
(direct and indirect) of GnRH itself on KNDy neurons to, eventually, modulate 
GnRH release [ 107 ]; however, this contention requires further research. For instance, 
the presence of the GnRH receptor in KNDy neurons has yet to be demonstrated.

       Control of Puberty Onset 

 GnRH release undergoes a series of developmental changes, progressing from an 
activated neonatal period, followed by a dormant stage during the infantile and juve-
nile ages, to puberty onset, which is characterized by the appearance of GnRH 
pulses with increasing amplitude and frequency. A number of central and peripheral 
factors have been posed to mediate this awakening of the reproductive axis; how-
ever, exactly what triggers puberty onset remains elusive. 

 In recent years, hypothalamic kisspeptin has become a likely candidate to serve 
as a gatekeeper of puberty onset. Kisspeptin is the most potent secretagogue of 
GnRH described to date [ 5 ], and compelling evidence shows that  Kiss1  expression 
and synaptic contacts between Kiss1 neurons in the hypothalamus increase at the 
time of puberty onset in rodents [ 92 ,  108 ,  109 ], suggesting that hypothalamic  Kiss1  
neurons play an important role during this maturational process [ 110 ]. Furthermore, 
chronic administration of kisspeptin to prepubertal female rats advances puberty 
onset [ 111 ], which is prevented in the presence of a kisspeptin antagonist [ 112 ]. In 
this context, if we assume that NKB has a role in the control of kisspeptin release at 
the onset of puberty, we could expect that impairments in the NKB/NK3R system 
would directly translate into disorders in the timing of puberty. Indeed, as men-
tioned previously, a number of studies have documented impuberism associated 
with hypogonadotropic hypogonadism (HH) in humans bearing inactivating muta-
tions in the genes encoding NKB and NK3R, which has been partially recapitulated 
in  Tacr3  knockout mice. To note,  Tac2 / Tacr3  expression in the hypothalamus of rats 
(and markedly  Tacr3  in the ARC) increases prior to puberty onset [ 22 ,  40 ], appar-
ently anticipating the increase of kisspeptin immunoreactivity reported in the rostral 
periventricular area of the hypothalamus in prepubertal female mice [ 113 ]. 
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Importantly, despite the documented sensitivity of  Tac2  expression to the negative 
feedback of sex steroids prepubertally in the mouse [ 70 ], the major regulatory path-
way that drives the stimulation of  Tac2  expression prior to puberty onset seems to 
be independent and, seemingly, dominates over the rising levels of gonadal steroids 
that occur during puberty onset [ 40 ,  71 ,  114 ]. 

 Additionally, in line with a role for NKB in the timing of puberty, senktide 
induces strong secretory responses of LH in juvenile monkeys [ 31 ], prepubertal 
male and female rats [ 67 ] and prepubertal ewes [ 115 ], suggesting that the gonado-
tropic axis is responsive to NKB stimulation before puberty onset. On the whole, 
these observations, along with recent clinical observations suggesting that the stim-
ulatory action NKB on the gonadotropic axis may be more prominent during early 
stages of sexual maturation [ 10 ], are in line with an eventual stimulatory role of 
NKB upon  Kiss1  expression during pubertal maturation. 

 Moreover, studies of chronic blockade of NKB signaling using the NK3R antag-
onist, SB222200, to prepubertal female rats induce a slight delay in the timing of 
puberty onset (Fig.  15.5 ) [ 40 ]. The effect of this antagonist to block pubertal pro-
gression is, however, not as effective as the chronic administration of a kisspeptin 
antagonist, which results in a marked suppression of vaginal opening (Fig.  15.5 ) 
and gonadal weights—as indirect markers of the rise of circulating sex steroids dur-
ing puberty onset [ 112 ]. In sum, based on the above observations, it is reasonable to 
deduce a stimulatory role of NKB in the timing of puberty, an effect which may be 
dependent on kisspeptin signaling.

       NKB as a Signaling System of the Metabolic Status 

 Reproduction is an extremely energy-demanding function and, as such, subjected to 
regulation by metabolic cues that eventually contribute to the regulation of GnRH 
release [ 1 ,  116 ]. Mounting data during the last few years suggest that Kiss1 neurons 
in the ARC play a critical role conveying metabolic information onto the hypotha-
lamic centers that control the attainment and maintenance of reproductive function. 
For instance, models of metabolic stress, such as acute fasting, impinge a signifi cant 

  Fig. 15.5    Percentage of 
vaginal opening (V.O.) in 
peripubertal female rats 
treated chronically with 
central injections of vehicle, 
the NKB antagonist 
SB222200 or the kisspeptin 
antagonist p234. 
Figure composed based on 
the original data presented in 
refs. [ 40 ,  112 ]       
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restraint on the hypothalamic expression of  Kiss1 /kisspeptins in pubertal animals, 
which can be reverted by exogenous kisspeptin [ 117 ]. Given the fact that the NKB/
NK3R system is also present in the metabolic conveyor that KNDy neurons in the 
ARC constitute, it was reasonable to assume that the action of NKB is also subjected 
to metabolic regulation during (and after) puberty. In this sense, a recent study docu-
mented the sensitivity of this system to metabolic cues [ 118 ]. In more detail, a later 
study in pubertal female rats demonstrates a signifi cant suppression of  Tacr3 , and to 
a lesser extent  Tac2 , in the ARC after 48-h fasting [ 40 ], replicating the previously 
described expression profi le of  Kiss1  in both the ARC and AVPV [ 117 ]. Moreover, 
in this study, LH responses to senktide administration in pubertal (36-d) rats are not 
only preserved but even augmented in fasting conditions, suggesting a possible sen-
sitization of its stimulatory effects under conditions of negative energy balance—
again, resembling previous fi ndings on the gonadotropin-releasing actions of 
kisspeptins [ 117 ,  119 ]. Additionally, chronic administration of senktide to prepuber-
tal female rats subjected to caloric restriction was suffi cient to partially rescue mark-
ers of puberty onset, e.g., vaginal opening and LH secretion [ 40 ], as previously 
reported for kisspeptin [ 117 ]. On the other hand, situations of exceedingly high 
caloric intake, such as rats subjected to high fat diet prepubertally, exhibited preco-
cious puberty that correlates with the advancement in the timing of  Kiss1  and  Tac2  
expression that, in turn, was associated with the advancement in LH pulsatility [ 120 ]. 

 Altogether, the above observations suggest that the NKB system is subjected to 
modulation by metabolic cues, at least during pubertal progression, probably facili-
tating the transmission of the energy status of the organism on to the  Kiss1  system, 
most likely, at the level of the ARC. However, kisspeptin-independent pathways for 
the stimulatory effects of NKB on the gonadotropic axis at puberty cannot be 
excluded—which remains to be explored. Noteworthy, recent studies associate 
KNDy neurons in the ARC with the regulatory (inhibition) effect that estrogens 
exert on body weight [ 66 ]. This fi nding poses the KNDy neuron as a nodal regula-
tory center for the integration of reproductive axis and energy balance; however, the 
mechanisms underlying this effect need to be deciphered.   

    Conclusion and Future Perspectives 

 Our knowledge of the neuronal interactions that potentially impinge the accurate 
functioning of the endocrine system is rapidly evolving. Particularly, in recent years, 
reproductive neuroendocrinologists are witnessing the appearance of a constellation 
of central factors that signifi cantly contribute to the modulation of GnRH release. In 
this context, since 2003, the scientifi c community has enthusiastically welcomed 
 Kiss1  neurons as key elements to answer remaining open questions in the physiol-
ogy of GnRH release. More recently, the NKB system has added a new level of 
complexity to  Kiss1  neurons. Compelling evidence suggests that NKB plays a criti-
cal role in the control of kisspeptin release, at least at the level of the ARC. Not only 
is NKB able to modulate gonadotropin release through, according to recent studies, 
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its action on  Kiss1  neurons but, also, serves as a conveyor of additional regulatory 
factors, e.g., developmental and metabolic, to  Kiss1  neurons, thus contributing to 
the exquisite regulation of kisspeptin release. 

 Many aspects of the physiology of the NKB/NK3R system in the context of 
reproduction remain to be fully characterized. For instance, a vivid debate is cur-
rently ongoing in the fi eld regarding the putative target/s of NKB, with evidence on 
both  Kiss1  and GnRH neurons that may only refl ect species differences or, perhaps, 
residual levels of redundancy that, under constitutive absence of one or another, 
may lead to potential compensation. Additionally, important aspects regarding the 
sexual differentiation of the response of gonadotropins to NKB (or senktide), as 
recently observed in the rat, constitute a mystery that demands to be resolved. 
Indeed, reconciliation of the results in male mice and rats, and a detailed compari-
son between both sexes, to determine which one better resembles the human pheno-
type would clearly help the scientifi c community to establish a working model with 
translational potential to humans. Overall, elucidating how the brain triggers the 
neuroendocrine events that lead to the attainment and maintenance of reproductive 
function will provide the intellectual platform for understanding certain disorders of 
reproduction, including delayed or precocious puberty—and perhaps guide us 
toward improved therapies for their treatment.      
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    Abstract     Kisspeptin is an important regulator of reproduction. Electrophysiological 
studies show that kisspeptin neurons of the arcuate nucleus that co-localize neuro-
kinin B and dynorphin (aka KNDy neurons) fi re action potentials in a tonic, irregular, 
or burst fi ring manner. Gonadectomy dramatically alters the membrane properties 
of KNDY neurons from male mice and induces somatic hypertrophy. NMDA, 
leptin, and neurokinin B are potent activators of KNDY neuron electrical activity 
and GABA inhibits KNDY neurons. The fi ring pattern of kisspeptin neurons located 
in the RP3V fl uctuates with the estrus cycle and is strongly modulated by glutamate 
and GABA. Thus, kisspeptin neurons are capable of burst fi ring, and their activity 
is modulated by sex steroids and other regulatory factors.  

        Introduction 

 Electrophysiological studies provide an excellent tool for dissecting out cellular and 
molecular mechanisms that control cell fi ring, especially when in vivo and in vitro 
approaches are combined with neuropharmacological analysis. With respect to the 
reproductive system, in vivo approaches in large animals have the distinct advan-
tage of allowing simultaneous monitoring of neuronal fi ring patterns and gonado-
tropin release mechanisms. In vitro electrophysiology allows study of intrinsic 
membrane properties, as well as second messenger and ionic mechanisms. 

 Studies on the electrophysiological properties of identifi ed kisspeptin neurons 
lagged until recently, due to a lack of appropriate tools for unequivocal identifi cation 
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of recorded neurons. Earlier studies utilized labor-intensive double-labeling studies 
for identifi cation of recorded neurons. The recent development of transgenic kiss-
peptin mouse models in which reporter genes are expressed have enabled a direct 
examination of the electrophysiological and neuropharmacological characteristics 
of kisspeptin neurons [ 1 ,  2 ]. 

 Although still in their infancy, electrophysiological studies are providing signifi -
cant insights into how kisspeptin neurons might control reproductive circuits, medi-
ate sex steroid feedback, and link metabolic to reproductive pathways. In this 
chapter, we describe the advances made in understanding the cellular, molecular, 
and morphological properties of kisspeptin neurons located in the arcuate nucleus 
(ARC-KNDy neurons) and in the sexually dimorphic anteroventral periventricular 
and periventricular preoptic nuclei (RP3V-Kiss1 neurons), primarily using in vitro 
electrophysiological approaches in guinea pig and mice. 

 ARC-KNDy neurons co-localize kisspeptin, neurokinin B (NKB), and dynor-
phin [ 3 – 5 ]. These neurons are equally well represented in adults of both sexes [ 6 ] 
and have been implicated in mediating sex steroid-dependent negative feedback [ 7 ]. 
KNDy neurons also express neurokinin 3 receptor (Tac3r) mRNA [ 5 ] and have been 
suggested to mediate the effects of neurokinin B on reproduction. KNDy cells may 
also play a role in the metabolic regulation of reproduction, perhaps in mediating 
the reproductive effects of leptin [ 8 – 11 ]. 

 RP3V-Kiss1 neurons are sparse in males but prevalent in females [ 6 ], and may 
participate in the female-specifi c preovulatory GnRH/LH surge via sex steroid- 
mediated positive feedback mechanisms [ 7 ,  12 – 14 ]. The transcriptional activity of 
RP3V-Kiss1 neurons has been reported to be dependent on circadian signaling 
[ 15 ,  16 ], which may relate to the circadian-timed onset of the LH surge. The elec-
trophysiological studies described below have, amongst other goals, aimed to clar-
ify the role of the above two kisspeptin neuronal subpopulations in mediating sex 
steroid feedback and in linking reproductive circuits to metabolic and circadian 
pathways.  

    Kisspeptin Neurons of the Arcuate Nucleus 

    Membrane Properties and Modulation by Sex Steroids 

 A study of the intrinsic membrane properties of neurons enables an understanding 
of the fi ring patterns and rhythms a cell may be capable of generating. This knowl-
edge is especially critical for the neuroendocrine reproductive system, as pulsatile 
secretion of GnRH is essential for sustaining normal gonadotropin secretion and 
reproductive fertility in mammals of both sexes. Accumulating evidence suggests 
that this pulsatility originates in kisspeptin neurons of the arcuate nucleus, which 
provide a rhythmic drive to the GnRH neurons that culminates in pulsatile gonado-
tropin secretion. 
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 The fi rst evidence for pulsatility in ARC-KNDy neurons came from in vivo goat 
studies, which observed repetitive electrical burst activity in the vicinity of putative 
ARC-KNDy neurons in the medial basal hypothalamus, but not when electrode 
placements were distant from where ARC-KNDy neurons would reside [ 17 ]. 
Moreover, the recorded burst activity synchronized with discrete pulses of LH and 
was reduced by gonadal steroid treatments [ 4 ]. Additionally, the burst activity con-
tinued unabated following systemic infusions of kisspeptin, which enhance GnRH 
and LH secretion, suggesting that the bursting neurons are located upstream of 
GnRH neurons [ 17 ]. 

 More recently, in vitro studies on identifi ed kisspeptin neurons, enabled by the 
development of transgenic mouse models that express GFP selectively in kisspeptin 
cells, have probed for evidence of pulsatility. Initial studies show that about 50% of 
ARC-KNDy-GFP neurons are quiescent in vitro, in brain slices of adult ovariecto-
mized female mice, while the remaining neurons fi re action potentials in a tonic or 
an irregular manner [ 1 ]. Importantly, ARC-KNDy neurons have the capability to 
fi re action potentials in bursts, as they express the requisite underlying channels that 
permit burst fi ring. Thus, kisspeptin neurons in both the guinea pig [ 18 ] and the 
mouse exhibit the hyperpolarization-activated cyclic nucleotide-gated mixed cat-
ionic current (H current) and the T-type calcium current. These currents are well 
known to underlie endogenous burst fi ring in several CNS neurons. The glutamate 
agonist, NMDA, also triggers burst fi ring in KNDy cells (see Sect.  Neurotransmitter 
and Neuropeptide Modulation of ARC-KNDy Neurons ). 

 Similar to the ovariectomized female, our studies show that ARC-KNDy neu-
rons from male mice also exhibit tonic, irregular, and bursting fi ring patterns 
(Fig.  16.1a ). Quiescent cells can acquire any of the three fi ring patterns upon depo-
larization. Currently, it is unclear whether ARC-KNDy cells can switch their fi ring 
pattern from tonic to irregular/bursting or vice versa. We have also found that sex 
steroids exert a dramatic infl uence on the membrane properties of ARC-KNDy 
neurons, which is consistent with the presence of sex steroid receptors in these 
neurons [ 7 ,  19 ]. Thus, ARC-KNDy neurons from male GDX mice are more likely 
to be quiescent in their resting state in vitro; only 10% of KNDy-GDX neurons fi re 
spontaneously, whereas 40% of KNDY neurons from gonadally intact mice fi re 
spontaneously in brain slices (Fig.  16.1b ). The mean resting membrane potential of 
the quiescent neurons in GDX neurons is similar to that of quiescent neurons in the 
intact group (Fig.  16.1c ). However, KNDY neurons from GDX male mice have 
lower membrane resistances, about half that of KNDy neurons from intact adult 
mice (Fig.  16.1d ), and are less excitable—requiring double the amounts of current 
to elicit an action potential (Fig.  16.1e ). The gonadectomy-induced changes noted 
above take several days to develop after castration ( not shown ), and thus, are 
unlikely to be due to an acute withdrawal of sex steroids in the excised slice prepa-
ration. Nevertheless, it would be important to examine  Kiss1  neuron properties 
under controlled sex steroid levels in brain slices. It should also be stated that the 
above studies on ARC-KNDy neurons were performed using the coronal slice 
preparation. Since the membrane properties of a neuron are dependent on its den-
dritic and axonal arbor, properties of Kiss1 neurons should also be examined in 
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slices with different orientations [ 20 ]. It should, however, be noted that in morpho-
logical studies, long processes were commonly observed in neurons fi lled in the 
coronal slice preparation (see Sect.  Morphology of ARC-KNDy Neurons and 
Modulation by Sex Steroids ).

   The reduced fraction of spontaneously fi ring cells in the GDX group may seem 
paradoxical, since gonadectomy upregulates the expression of  Kiss1 ,  Tac2 , and  Dyn  
in KNDy neurons and indirect evidence would suggest that increased kisspeptin 
production drives the post-castration rise in luteinizing hormone (LH) [ 21 ]. A sim-
ple explanation might be that the sex steroid receptors on KNDy neurons drive the 
transcriptional machinery, but not their fi ring activity and the subsequent release of 
contained peptides. Thus, input(s) extrinsic to KNDy neurons in the slice prepa-
ration may be required for driving the sustained synchronized fi ring of KNDy neu-
rons following gonadectomy. These inputs could derive from other ERα-receptor 

  Fig. 16.1    Gonadectomy alters the membrane properties of KNDy-GFP neurons. ( a ) Chart records 
from 3 KNDy-GFP neurons show that under basal recording conditions, tonic fi ring, burst fi ring, 
and quiescent ARC-KNDy neurons are present in brain slices from male mice. ( b ) Bar chart shows 
that the fraction of spontaneously fi ring cells is signifi cantly higher in brain slices prepared from 
adult gonad-intact mice vs. GDX mice. ( c ). Bar charts show that the resting membrane potential of 
quiescent ARC-KNDy cells is indistinguishable in the intact and GDX groups. ( d ,  e ) Bar charts 
show dramatic alterations in membrane resistance and excitability properties of KNDY cells from 
GDX vs. gonad-intact male mice. The membrane resistance of ARC-KNDy neurons in the GDX 
group is 50% lower than that of the gonad-intact groups, and KNDy-GDX neurons require signifi -
cantly larger currents to induce an action potential       
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expressing hypothalamic neurons, such as the POMC or the SF-1/VMH neurons; 
ERα deletion in POMC neurons reduces castration-induced increase in gonadotro-
pin levels at least in the female [ 22 ]. Dopaminergic and GHRH neurons located 
within the arcuate nucleus also express ERα [ 23 ,  24 ]. NPY/AgRP neurons do not 
express ERα [ 25 ]. Multiple extrahypothalamic neurons, such as cholinergic, adren-
ergic, serotonergic, and/or the dopaminergic neurons, also express sex steroid 
receptors; further studies will be required to determine whether these inputs modu-
late the activity of ARC-KNDy neurons. 

 Post-castration-induced increases in LH secretion could also, theoretically, be 
sustained by mechanisms not requiring KNDy neurons. For example, cholinergic 
neurons express sex steroid receptors [ 26 ,  27 ], and cholinergic fi bers make close 
contact with GnRH neurons [ 28 ]. Moreover, acetylcholine directly activates GnRH 
neurons via nicotinic receptors and a nicotinic receptor antagonist, mecamylamine, 
signifi cantly reduces castration-induced increases in LH secretion [ 29 ]. Thus, both 
KNDy cell-dependent and -independent mechanisms may subserve the castration- 
induced increase in gonadotropin secretion. 

 It should be noted that although the reduced fi ring activity of KNDy neurons in 
GDX slices may appear paradoxical, the fi nding that a vast majority of KNDy cells 
(90%) share the quiescent state in GDX slices also implies that KNDy neurons in 
the GDX state are primed for synchronized activity upon arrival of an excitatory 
input. In contrast, only half of the KNDY cells are in the same fi ring state in slices 
taken from gonad-intact mice, which may explain the lower amplitude of LH pulses 
in intact vs. GDX mice.  

     Morphology of ARC-KNDy Neurons and Modulation 
by Sex Steroids 

 Reduced levels of circulating sex steroids in menopausal women and overectomized 
monkeys have long been known to induce hypertrophy in NKB somata in the arcu-
ate nucleus [ 30 ,  31 ] (which can now be presumed to be KNDy neurons). We have 
observed a similarly remarkable hypertrophy in ARC-KNDy neurons in male mice 
following gonadectomy, using neurobiotin-fi lling in conjunction with whole cell 
patch-clamp recordings in vitro (Fig.  16.2a, b ). ARC-KNDy neurons, that have 
bipolar or tripolar morphologies with long processes, doubled in soma cross- 
sectional area following gonadectomy (Fig.  16.2c ). This increased cross-sectional 
area, presumably, underlies the drop in membrane resistance and associated changes 
in the intrinsic membrane properties of KNDy-GDX neurons described above. 
Detailed analyses will be required to determine if these somatic changes are also 
accompanied by changes in dendritic processes. Thus, modulation by sex steroids 
may be a general property of ARC-KNDy neurons across species, allowing them to 
convey sex steroid feedback from the gonads [ 19 ,  32 ,  33 ].
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        Neurotransmitter and Neuropeptide Modulation 
of ARC-KNDy Neurons 

 Neuropharmacological studies conducted thus far show that the activity of ARC- KNDy 
neurons is strongly modulated by amino acid neurotransmitters. The excitatory gluta-
mate receptor agonist, NMDA, reliably induces membrane oscillations in both guinea 
pig and female mouse KNDy neurons [ 1 ,  18 ]. These oscillations are mediated via a 
direct action of NMDA on ionotropic receptors in ARC-KNDy cells, as they persist 
after blockade of synaptic transmission. The inhibitory neurotransmitter, GABA, has 
an opposing effect—it strongly inhibits ARC-KNDy neurons [ 1 ,  18 ]. Inhibitory inputs 
to ARC-KNDY cells could potentially provide a feedback circuit for sustaining burst 
fi ring in ARC-KNDy neurons. Whether GABA or glutamate antagonists alter the fi ring 
activity of ARC-KNDy neurons is not yet known. Future studies will also be required 
to determine if the effects of NMDA and GABA on ARC-KNDy neurons are age- or 
sex-dependent. 

 We have recently shown that the activity of ARC-KNDy neurons is strongly mod-
ulated by the neuropeptide, neurokinin B (NKB) [ 2 ], that is contained within the 
ARC-KNDy neurons. In contrast, our preliminary data suggests a lack of effect of 
kisspeptin on ARC-KNDY neurons ( not shown ). Whether the NKB input to ARC-
KNDY neurons originates from ARC-KNDy neurons themselves remains unknown. 
Brief applications of NKB (15 s) depolarize ARC-KNDY neurons and may elicit 
volleys of action potentials in a tonic or burst pattern with varied response durations 
(Fig.  16.3a, b , h). The NKB effect shows little evidence of desensitization on repeated 
applications (Fig.  16.3c ) and is graded in nature (Fig.  16.3i ). Surprisingly, the ampli-
tude of the NKB depolarization is strikingly similar in ARC-KNDy neurons from 
gonad-intact vs. GDX adult male mice (Fig.  16.3d ), despite the signifi cantly lower 

  Fig. 16.2    Gonadectomy induces somatic hypertrophy in KNDy-GFP neurons. ( a ) Shows a 
neurobiotin- fi lled ARC-KNDy neuron from an adult-GDX male. Note the bipolar shape and the 
long process. ( b ) Shows neurobiotin-fi lled ARC-KNDy cell somas from intact and GDX male 
mice. Note the larger size of the two somas from the GDX group ( right column ). ( c ) Bar chart 
summarizes the strikingly larger cross-sectional area of KNDY-GDX neurons       
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membrane resistance and reduced excitability of KNDy-GDX neurons described 
above. Further analysis of NKB effects using voltage-clamp recordings revealed that 
NKB-induced inward currents in KNDy-GDX neurons are signifi cantly larger when 
compared to intact-KNDy cells (Fig.  16.3g ), thus explaining the similar magnitude 
of NKB-induced depolarization in the two groups. Presumably, when KNDy-GDX 
cells hypertrophy, the neurons compensate by inserting additional neurokinin 

  Fig. 16.3    Neurokinin B activates KNDY-GFP neurons from male mice, independent of gonadal 
status. ( a ) Current-clamp recording from a quiescent KNDy-GFP neuron, recorded from a brain 
slice obtained from an adult male mouse with intact gonads, shows that NKB (0.1 μM, 15 s) pro-
duced a 9 mV depolarization and induced action potentials. The NKB response lasted for 6.5 min 
in this cell. ( b ) Shows another quiescent neuron in which NKB induced burst fi ring. ( c ,  d ) Bar chart 
shows that the amplitude of the NKB response was reproducible on repeated applications, and 
statistically similar in the intact vs. GDX groups. ( e – g ) Voltage-clamp recordings and summary 
bar chart show that the NKB-induced inward current was larger in the KNDY-GDX group. Note 
the higher membrane conductance in the GDX example (as illustrated by the length of the  vertical 
lines ) that is refl ective of the low membrane resistance. The larger NKB current in GDX explains 
the lack of difference in the amplitude of the NKB-induced depolarization in the two groups 
despite the low membrane resistance of GDX neurons. ( h ) Shows a KNDY neuron in which the 
NKB (0.1 μM, 15 s) response lasted for >20 min. ( i ) Shows that NKB excitation is concentration- 
dependent. Increasing concentrations of NKB were applied to a quiescent ARC-KNDy neuron. 
A maximal depolarization of 17 mV was obtained with 0.3 and 1 μM NKB       
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receptors into the cell membrane such that the fi ring response of the ARC-KNDy 
cell to NKB is not compromised by gonadectomy in the male. These fi ndings are 
consistent with the robust increase in gonadotropin secretion observed following 
NKB infusions in intact male mice and castrated adult male monkeys [ 2 ,  34 ]. 
However, in female mice, the NKB effect on gonadotropin secretion is modulated by 
sex steroids [ 5 ,  35 ]; whether this refl ects a sex difference remains to be determined 
and awaits electrophysiology studies on NKB effects in the female under different 
sex steroid environments.

   Consistent with the non-desensitizing nature of the NKB response to repeated 
applications described above, prolonged bath applications of NKB for 15–35 min 
produce persistent tonic or burst fi ring activity (Fig.  16.4a, b ). NKB activation of 
ARC-KNDy neurons is attenuated by the NK3 receptor antagonist, SB222200 
(Fig.  16.5a, b ), and senktide, an NK3R agonist, activates KNDy neurons (Fig.  16.5c ), 
indicating a role for NK3 receptors.

    In vivo, in the ovariectomized goat, intracerebroventricular infusions of NKB 
induce multiunit volleys in the vicinity of ARC-KNDY cells, and dynorphin, which 
is also co-localized in KNDy neurons, inhibits multiunit activity. Our in vitro data 
suggests that the NKB effect may have occurred via an NKB-induced depolariza-
tion of ARC-KNDy cells [ 4 ]. Further in vitro studies will be required to determine 
the specifi c sites of action of dynorphin. 

 Leptin, an adiposity signal from the fat cells, acts on brain neurons via the leptin 
receptor (LepRb) to communicate the availability of energy reserves. Leptin also 
regulates puberty, fertility, and sex behaviors [ 36 – 38 ]; mutations in leptin signaling 
pathways result in reproductive defi cits [ 39 ]. Leptin can reverse hypogonadotropic 
hypogonadism associated with reduced body fat [ 40 – 43 ], and leptin is a potential 

  Fig. 16.4    Bath-applied NKB induces persistent tonic or bursting fi ring activity in KNDy-GFP 
neurons. ( a ) Bath-applied NKB (15 min) depolarized a quiescent ARC-KNDy neuron and pro-
duced sustained tonic fi ring activity with little evidence of desensitization. ( b ) In another cell, 
NKB applied for 35 min produced persistent bursting activity without any apparent 
desensitization       
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treatment for hypothalamic amenorrhea [ 44 ]. However, the mechanism(s) via which 
leptin regulates reproductive functions remain unclear. Multiple studies have con-
cluded that GnRH neurons do not express LepRb [ 11 ,  45 ,  46 ] focusing attention on 
kisspeptin neurons, although a recent study casts doubt on the role of kisspeptin 
neurons, at least in mediating the effects of leptin on puberty [ 47 ]. Manipulation of 
leptin levels consistently regulates  Kiss1  mRNA message—fasting suppresses 
 Kiss1  mRNA expression and leptin restores these levels. Lep ob/ob  mice also show 
reduced  Kiss1  mRNA levels in the ARC that are partially restored by leptin treat-
ment [ 8 ]; total hypothalamic  Kiss1  expression (which included both the ARC and 
the AVPV) does not change signifi cantly, signifying dilution of the effect by extra- 
ARC regions [ 48 ]. Leptin also enhances  Kiss1  mRNA levels in conditions associ-
ated with reduced energy stores, such as in streptozotocin-induced diabetic rats [ 49 ]. 
Studies detailed below suggest complex mechanisms may underlie the effects of 
leptin on reproductive functions. 

 Kisspeptin neurons of RP3V have consistently been shown not to express leptin 
receptors [ 50 ], and the proportion of ARC-KNDy cells expressing leptin receptors 
is controversial. For example, Smith et al. reported LepRb expression in up to 40% 
of ARC-KNDy neurons [ 8 ], whereas Louis et al. found that LepR co-localizes in 
only 0–6% of ARC-KNDy neurons in mice and ewes [ 11 ]. Backholer et al. reported 
a high level of leptin receptor expression in ARC-Kiss1 cells of the ewe [ 10 ]. 

  Fig. 16.5    NKB activates KNDy-GFP neurons via NK3 receptors. ( a ) Traces show an NKB- 
responsive cell from a GDX mouse, in which the NK3R antagonist, SB222200 (3 μM, 15 min), 
attenuated the response to a subsequent (at 22 min) application of NKB. ( b ) Bar chart summarizes 
the antagonist effect of SB222200, which reduced the NKB response to less than 35% of control 
value in the cells tested. ( c ) Shows a cell that was strongly activated by senktide (1 μM, 15 s), a 
selective NK3R receptor agonist, further confi rming the presence of an NK3R-mediated activation 
in ARC-KNDy neurons       
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Using pSTAT3-immunoreactivity as a marker of a direct response to leptin, Cravo 
et al. found that 15% of ARC-KNDy neurons in the diestrus female mouse respond 
directly to leptin [ 50 ]. Thus, there is a huge discrepancy in these studies. Caution 
should be used to interpret results from STAT3 signaling, as it may not be required 
for leptin’s regulation of reproduction [ 51 ]. 

 Multiple indirect mechanisms have been evoked to explain leptin’s actions on the 

reproductive axis. Leptin may act indirectly, via the pre-mammillary nucleus [ 52 ,  53 ] 
and/or via POMC neurons [ 10 ,  54 ]. Louis et al. have demonstrated that hypotha-
lamic neurons located in the striohypothalamic nucleus, preoptic area, and ventral 
pre-mammillary nucleus may directly innervate GnRH neurons, and Kiss1 neurons 
may be directly innervated by POMC or other ARC neurons expressing leptin 
receptors. 

 In the female guinea pig, direct effects of leptin on arcuate Kiss1 expressing 
cells have been described in a signifi cant majority of neurons, using the electro-
physiological approach. These effects are mediated via activation of a nonselective 
cationic conductance and are blocked by the TRPC channel blocker, 2-APB, as 
well as by inhibitors of Jak, PI3K, and PLCΥ, demonstrating coupling to the JAK-
PI3K-PLCΥ pathway [ 18 ]. Further electrophysiological studies will be required to 
determine if mouse ARC-KNDY neurons also respond directly to leptin. In conclu-
sion, multiple indirect and direct mechanisms may convey the effects of leptin on 
reproductive parameters.   

    Kisspeptin Neurons of the RP3V 

    Intrinsic Properties 

 The sexually dimorphic, estrogen receptor-α-expressing kisspeptin neurons of the 
RP3V are considered integral to the control of preovulatory surge mechanisms [ 12 – 14 ]. 
The membrane properties of RP3V neurons in female mice were fi rst reported in 
2010 using labor-intensive double-labeling studies [ 55 ]. Similar to KNDy neurons 
of the arcuate nucleus, RP3V-Kiss1 neurons fi re action potentials in irregular, tonic, 
or burst fi ring patterns. Published data suggests that a vast majority of RP3V- Kiss1 
spontaneously discharge action potentials in brain slices, irrespective of the phase 
of the estrus cycle [ 55 ]. However, the fi ring rate and the pattern of fi ring in RP3V-
Kiss1 neurons may fl uctuate with the phase of the cycle. Thus, RP3V-Kiss1 neurons 
fi re at lower rates in brain slices prepared from diestrus vs. proestrus/estrus mice, 
and their fi ring pattern switches from predominantly tonic to irregular on transition 
from diestrus to proestrus. In general, the spontaneous fi ring rate of RP3V-Kiss1 
neurons ranges from 0.2 to 7.7 Hz in brain slices, and is higher than that of the 
neighboring non-Kiss1 cells. Future studies will be required to determine if other 
membrane properties, such as resting membrane potential and membrane resis-
tance, fl uctuate with the estrus cycle, and how changes in these properties alter the 
receptivity of RP3V neurons to afferent inputs.  
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    Neurotransmitter and Neuropeptide Modulation of RP3V 
Kisspeptin Neurons 

 Similar to the ARC-KNDy cells, RP3V-Kiss1 neurons are strongly activated by 
glutamate and inhibited by GABA. Antagonist data also suggests that, at least 
in vitro, RP3V-Kiss1 neuron activity is not under either an excitatory or inhibitory 
tone due to endogenously released glutamate or GABA [ 55 ]. 

 Since both kisspeptin expression and neuronal activity (measured using c-fos) in 
RP3V-Kiss1 neurons fl uctuate on a circadian basis [ 16 ], there is considerable inter-
est in whether the activity of RP3V-Kiss1 neurons is modulated by neuropeptides 
associated with circadian signaling. Interestingly, the two classical transmitters 
released from the suprachiasmatic nucleus, vasopressin and vasoactive intestinal 
peptide (VIP), have thus far been shown to have no direct effect on the activity of 
RP3V-Kiss1 neurons [ 55 ]. If future studies corroborate these fi ndings, indirect 
mechanisms will need to be investigated to comprehend mechanisms underlying 
circadian linking to RP3V kisspeptin neurons. 

 RFRP-3, another neuropeptide implicated in reproduction, has no effect on RP3V-
Kiss1 neurons [ 55 ]. Similar to ARC-KNDy neurons, kisspeptin also does not affect 
RP3V-Kiss1 neurons, suggesting lack of autoregulation via released kisspeptin.   

    Conclusions 

 Kisspeptin cells of the arcuate nucleus and the RP3V region fi re action potentials in 
a tonic, irregular, or bursting pattern in vitro in brain slices, and are inhibited by 
GABA and activated by glutamate. The membrane properties of ARC-KNDy neu-
rons are strongly modulated by sex steroids. Similarly, the fi ring activity and pattern 
of RP3V-Kiss1 neurons is estrus cycle-dependent, but is not directly regulated by 
the circadian cycle peptides, VIP, and vasopressin. NKB and NK3R agonists are 
potent activators of KNDy neurons, providing a mechanistic interpretation of how 
NKB sustains normal reproductive functions. Leptin activates ARC-KNDy neuron, 
supporting their role in linking metabolism to reproduction.      
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    Abstract     Body energy balance and metabolic signals are important modulators of 
puberty and reproductive function, so that perturbations of metabolism and energy 
reserves (ranging from persistent energy insuffi ciency to morbid obesity) are fre-
quently linked to reproductive disorders. The mechanisms for the tight association 
between body metabolic state and reproduction are multifaceted, and likely involve 
numerous peripheral hormones and central transmitters. In recent years, a promi-
nent role of kisspeptins in the central pathways responsible for conveying metabolic 
information into the brain centers responsible for reproductive control, and specifi -
cally GnRH neurons, has been proposed on the basis of a wealth of expression and 
functional data. In this chapter, we will summarize such evidence, with special 
attention to the potential (direct and/or indirect) interaction of leptin and kisspeptin 
pathways. In addition, other potential metabolic modulators of kisspeptin signaling, 
as well as some of the putative molecular mechanisms for the metabolic regulation 
of  Kiss1  will be briefl y reviewed. Confl ictive data, including those questioning an 
essential role of  Kiss1  neurons in mediating leptin effects on the reproductive axis, 
will be also discussed. All in all, we aim to provide an integral and balanced view 
of the physiological relevance and potential mechanisms for the metabolic control 
of the kisspeptin system, as important pathway for the integral regulation of energy 
balance, puberty onset, and fertility.  

    Chapter 17   
 Metabolic Regulation of Kisspeptin 
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        Introduction: Reproductive Function and Energy 
Balance Are Closely Linked 

 Reproduction is essential for the survival and perpetuation of any given species; 
yet, reproductive maturation and fertility are dispensable at the individual level 
and, as such, various conditions that perturb organism homeostasis frequently 
result in reproductive impairment. Regulation of reproductive function is highly 
sophisticated and requires complex regulatory networks, which impinge upon the 
so-called hypothalamic–pituitary–gonadal (HPG) axis [ 1 ,  2 ]. Among the different 
regulators of this neurohormonal axis, it is well known that reproductive function 
is sensitive to the magnitude of energy reserves and the modulatory actions of 
diverse nutritional and metabolic factors [ 3 ,  4 ]. Indeed, this close link between fat-
ness and fertility was suggested from ancient times based on intuitive knowledge, 
as evidenced by the fact that fertility symbols were represented as obese female 
fi gures. Nonetheless, it was not until 1960s and 1970s when this contention 
acquired a scientifi c basis thanks to the pioneering work of Kennedy in rodents 
and, later, Frisch in humans [ 5 – 7 ]. This combination of experimental and clinical 
data set the ground for the formulation of the so-called “critical fat mass hypothe-
sis” that pointed out the need to reach a certain threshold of body (fat) mass in 
order to attain complete pubertal development and an appropriate reproductive 
function in adulthood. This phenomenon is especially relevant in the female, where 
acquisition of suffi cient fuel stores is indispensable in order to successfully face the 
signifi cant amount of energy needed for pregnancy and lactation [ 8 ]. Nonetheless, 
in both sexes, reproductive maturation and function are sensitive to conditions of 
metabolic stress [ 9 ]. All in all, this phenomenon illustrates the tight association, 
and possibly joint control, of the neuroendocrine networks governing energy bal-
ance and reproductive function (Fig.  17.1 ) [ 3 ,  4 ].

   Our knowledge of the neurohormonal pathways responsible for the metabolic 
control of puberty onset and gonadotropic function has considerably enlarged dur-
ing the last two decades. Among the numerous endocrine regulators involved in the 
integral control of reproduction and metabolism, the adipocyte hormone, leptin, 
has been recognized as an essential neuroendocrine integrator linking the magni-
tude of body fat stores and different endocrine axes, including the reproductive 
system [ 3 ,  4 ]. In terms of body energy homeostasis, leptin is secreted by the white 
adipose tissue in proportion to the amount of body energy stores and acts as anorex-
igenic and thermogenic factor at the hypothalamic level, thus contributing to 
dynamically adjust energy requirements, fat reserves, and food intake [ 8 ]. It is 
worth noting that, in terms of reproductive control, leptin seems to play a key role 
as permissive, rather than trigger, signal for puberty onset and fertility [ 10 ,  11 ], so 
that threshold leptin levels are mandatory, but not suffi cient per se, to attain a nor-
mal pubertal development and to maintain reproductive function in adulthood. Yet, 
recent data suggest that leptin might not be as critical as originally thought in restoring 
normal gonadotropic function during exit from negative energy balance condition 
in rodents and sheep [ 12 ,  13 ]; a phenomenon which is yet to be fully validated. As an 
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additional call of caution, it is possible that the set of metabolic signals, and their 
physiological relevance, in the regulation of puberty (the period of full activation 
of the HPG axis) vs. fertility (maintenance of the capacity to reproduce during 
adulthood) might be different. 

 Compelling evidence suggests that the metabolic control of the HPG axis, and 
specifi cally leptin-mediated actions, are conducted mainly at central levels, where 
leptin is thought to modulate the activity of hypothalamic gonadotropin-releasing 
hormone (GnRH) neurons [ 14 ]. The effects of leptin, however, seem to be conducted 
indirectly, as GnRH neurons do not physiologically express leptin receptors [ 15 ], 
suggesting the participation of intermediate pathways that would convey the modula-
tory actions of the adipocyte hormone. As summarized in the following sections, 
strong evidence points out that  Kiss1  neurons are sensitive to changes in body energy 

Energy Homeostasis
Food Intake

Adipose

Pancreas

GonadsGI Tract

Leptin

Insulin Ghrelin

Sex Steroids

Energy Homeostasis
Food Intake

Reproductive Function
Puberty
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  Fig. 17.1    Schematic diagram of various hormonal signals, originated from various peripheral tissues, 
involved in the integral control of food intake, energy balance, and reproductive function (including 
puberty). Paradigmatic examples of hormones with proven roles in the integral control of food intake 
and the reproductive axis are presented, including factors from adipose tissue (leptin: inhibitory signal 
for food intake; stimulatory/permissive signal for puberty and reproduction), pancreas (insulin; same 
profi le as leptin in terms of actions on food intake and reproduction), gastrointestinal tract (ghrelin: 
stimulatory signal for food intake; inhibitory signal for the reproductive axis), and the gonads (sex ste-
roids, such as estrogens, which are food-intake suppressing signals and conduct both negative and posi-
tive feedback effects on the gonadotropic axis). The central mechanisms whereby these peripheral 
metabolic signals affect reproductive function remain to be fully characterized       
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status and respond to leptin with increased  Kiss1  expression; therefore, they would be 
well suited to participate in the afferent networks responsible for the metabolic regu-
lation of GnRH neurons. Yet, whether leptin effects are conducted directly or indi-
rectly on  Kiss1  neurons is presently under considerable debate and investigation.  

    Metabolic Control of the  Kiss1  System: Evidence 
from Expression Studies 

 As described elsewhere in this textbook, during the last few years,  Kiss1  neurons in 
the basal forebrain have been recognized as master elements of the reproductive 
brain, which operate as key conduits for transmitting the regulatory actions of 
numerous modulators of the HPG axis, from gonadal steroids to photoperiodic stim-
uli [ 16 – 18 ]. In order to demonstrate if metabolic and nutritional cues, with known 
impacts on the reproductive axis, operate via  Kiss1  neurons for their modulation of 
the GnRH system, initial expression and functional analyses were conducted to 
experimentally test two key issues: (a) whether the hypothalamic  Kiss1  system, as 
evaluated by changes in  Kiss1  mRNA expression, is altered in conditions of metabolic 
distress known to perturb puberty and/or gonadotropin secretion; and (b) whether 
exogenous administration of kisspeptin, as a means to replace its defective endoge-
nous levels, may rescue reproductive defi cits seen in those conditions [ 19 ]. 

 Studies conducted initially were designed as to provide  proof of principle  for the 
above contentions and hence were mainly focused in models of persistent or sub-
stantial negative energy balance, which are linked to different degrees of reproduc-
tive dysfunction. Thus, studies in pubertal male and females rats under acute fasting 
documented a signifi cant decrease in the hypothalamic expression of  Kiss1  mRNA 
that was associated with lowering of serum LH levels [ 20 ]. Similar observations 
were later obtained in adult female rats [ 21 ,  22 ] and adult male mice, where time- 
course analyses of the effects on hypothalamic expression of  Kiss1  gene revealed a 
rapid drop in its mRNA levels as soon as 12-h after beginning of food-restriction 
[ 23 ]. Of note, suppression of the hypothalamic expression of  Kiss1  has been also 
reported in other models of metabolic stress coupled to negative energy balance and 
impaired reproductive function, such as uncontrolled experimental (streptozotocin- 
induced) diabetes, where a marked reduction in the hypothalamic  Kiss1  mRNA 
expression, coupled to a substantial suppression of circulating LH and sex steroid 
levels, has been described in male and female rats [ 24 ,  25 ]. These fi ndings add fur-
ther strength to the contention that energy insuffi ciency inhibits hypothalamic 
expression of  Kiss1  gene; a phenomenon that seems to be relevant for the suppres-
sion of the reproductive axis in conditions of sustained energy defi cit. 

 Although the initial expression studies unveiled the sensitivity of the hypothalamic 
 Kiss1  system to changes in body energy stores and metabolic cues, these did not thor-
oughly address the neuroanatomical location of the reported alterations of  Kiss1  
expression within the hypothalamus. However, this is a relevant aspect, given the dif-
ferent roles and regulatory features of  Kiss1  neurons in the arcuate nucleus (ARC) and 
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anteroventral periventricular area (AVPV). Notwithstanding, studies in leptin-defi cient 
(ob/ob) male mice showed back in 2006 a signifi cant reduction of  Kiss1  mRNA levels 
at the ARC in this model of congenital absence of leptin [ 26 ]. Likewise, a severe 
decrease of  Kiss1  mRNA expression in the ARC was observed in chronically under-
fed rats during the pubertal transition [ 27 ]. On the other hand, adult OVX female rats 
replaced with estrogen and submitted to short-term fasting displayed reduced  Kiss1  
mRNA levels at the AVPV [ 28 ]. Moreover, 50% caloric restriction resulted in 
decreased  Kiss1  mRNA levels in the ARC and AVPV in rats [ 12 ], a phenomenon that 
was also observed during lactation, another condition of negative energy balance [ 29 ]. 
Finally, sheep under dietary restriction experienced a robust suppression of  Kiss1  
mRNA levels at the ARC and preoptic area [ 30 ]. Altogether, these evidences suggest 
that  Kiss1  neurons in both the ARC and rostral/AVPV may be targets for metabolic 
regulation. It is yet to be defi ned whether metabolic- induced changes in these two 
populations of  Kiss1  neurons are similar in magnitude or whether they depend on sex, 
prevailing metabolic status and/or stage of development. 

 As related issue, most of the studies conducted so far on the metabolic regulation 
of the  Kiss1  system have addressed changes in its hypothalamic mRNA levels follow-
ing various forms of metabolic stress. To what extend these mRNA changes translate 
into alterations of kisspeptin content, or even kisspeptin release, at these hypothalamic 
sites remains scarcely evaluated. Notwithstanding, it has been documented that 
48-h fasting in pubertal female rats induces a signifi cant suppression of kisspeptin-
immunoreactivity (IR) and the number of kisspeptin-positive neurons in the ARC 
[ 31 ]. Admittedly, however, no obvious decrease in kisspeptin-IR was detectable in 
adult female rats after a similar period of food deprivation. The fact that, in that particu-
lar study, animals were adult and gonadal-intact (and thus subjected to compensatory 
changes in endogenous sex steroid milieu), as well as the features of the immunohis-
tochemical analyses that did not allow for proper detection of discrete quantitative 
changes in kisspeptin protein expression but rather gross changes in the numbers of 
kisspeptin-positive cells, may explain this discrepancy [ 31 ]. Of note, more protracted 
conditions of negative energy balance, such as lactation, have been reported to cause 
a decrease in kisspeptin-IR in the ARC [ 29 ]. Indeed, the ARC population of  Kiss1  
neurons is also sensitive to other forms of metabolic stress, as evidenced by the 
decrease in the number of kisspeptin- IR detected in adult male rats submitted to an 
acute infl ammatory challenge by administration of bacterial LPS [ 32 ]. 

 Finally, expression analyses targeting the hypothalamic  Kiss1  system have been also 
conducted in conditions of obesity; yet, rather limited data have been produced so far on 
the effects of situations of persistent overweight on the hypothalamic expression of 
 Kiss1 . These analyses, however, are particularly interesting, given the rising prevalence 
of obesity and its potential reproductive comorbidities, which are likely to include per-
turbed pubertal timing and sub-fertility [ 33 – 36 ]. To our knowledge, the fi rst evidence 
suggesting (subtle) alterations of the hypothalamic  Kiss1  system in conditions of energy 
excess came from our studies in long-term diet-induced obese mice that, despite very 
low levels of circulating testosterone, displayed roughly preserved levels of hypotha-
lamic  Kiss1  mRNA. Considering that severely decreased testosterone levels should have 
brought about an increase in the hypothalamic expression of  Kiss1  mRNA [ 37 ], the 
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above observations were interpreted as evidence for some degree of impairment of the 
 Kiss1  system, and particularly of its responses to key regulators, such as sex steroids, in 
obesity [ 23 ]. More recently, persistent obesity in DBA/2J mice (a strain that is prone to 
obesity-induced infertility) has been shown to evoke a signifi cant reduction of  Kiss1  
mRNA levels in the ARC and AVPV, as well as in the number of immunoreactive  Kiss1  
neurons in the AVPV [ 38 ]. On the other hand, studies in male rats transiently exposed to 
high fat diet have shown increases of  Kiss1  mRNA levels at the hypothalamus [ 21 ]. In 
the same vein, our fi ndings in peripubertal female rats subjected to early postnatal over-
feeding suggested a putative correlation between early-onset overweight, advanced 
vaginal opening (as index of pubertal maturation) and increased  Kiss1  mRNA levels in 
the hypothalamus, as well as possibly increased numbers of kisspeptin fi bers in the 
AVPV [ 39 ]. Yet, a recent report has failed to detect signifi cant changes in  Kiss1  mRNA 
levels in the ARC or AVPV at the time of vaginal opening in female rats submitted to 
postnatal overnutrition [ 40 ]. In any event, the above observations in various models of 
increased body weight/obesity in rodents illustrate that, depending on the degree and 
duration of obesity, stimulatory or inhibitory responses in terms of  Kiss1  expression and 
gonadotropic function might be observed. Admittedly, however, the mechanisms for 
 Kiss1  alterations in conditions of obesity are likely different from those of metabolic 
distress associated to energy insuffi ciency. Likewise, the potential impact of the adapta-
tive/pathological changes frequently linked to obesity on the hypothalamic  Kiss1  system 
has not been explored. On note, obesity (and type-2 diabetes) have been suggested to 
affect the hypothalamic  Kiss1  system in humans [ 41 ]; yet, this hypothesis needs to be 
experimentally validated.  

    Metabolic Control of the  Kiss1  System: Evidence 
from Functional Analyses 

 In spite of the wealth of expression data, demonstration of any causal link between 
the perturbations of the hypothalamic  Kiss1  system and alterations of the reproduc-
tive axis in conditions of metabolic distress would require additional functional 
analyses. With this aim, a number of (mainly pharmacological)  proof - of - principle  
studies have been conducted in order to evaluate whether prevention of the expected 
drop of kisspeptin levels in situations of energy insuffi ciency, by means of its exog-
enous administration, would be suffi cient to ameliorate or normalize different 
reproductive parameters in those situations. These studies, in rather extreme 
 metabolic conditions, have nonetheless illustrated that by enhancing the endogenous 
kisspeptin tone, without any other neuroendocrine manipulation, several indices of 
pubertal/reproductive failure can be rescued, thus reinforcing the pathophysiologi-
cal relevance of  Kiss1  alterations in such situations. As a call of caution, studies in 
this area have used protocols of central administration of high doses of the peptide, 
which might have caused an elevation of the endogenous kisspeptin tone over 
physiological levels. 
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 The fi rst evidence in this front came from our studies on the effects of repeated 
icv injections of kisspeptin-10 to immature female rats, submitted to chronic subnu-
trition during the pubertal transition; a manipulation that was suffi cient to rescue 
vaginal opening (in a signifi cant proportion of cases) and to induce potent gonado-
tropic and estrogenic responses, despite the prevailing suppression of circulating 
levels of gonadotropins due to malnutrition [ 20 ]. In the same vein, repeated admin-
istration of kisspeptin-10 to hypogonadotropic diabetic male rats ameliorated tes-
ticular and prostate weights, and normalized circulating LH and testosterone levels 
[ 24 ]. Indeed, central injection of kisspeptin-10 to uncontrolled diabetic male and 
female rats was able to reverse its hypogonadotropic state [ 24 ,  25 ]. Of note, in both 
models of metabolic distress (subnutrition and diabetes) rescue of the reproductive 
indices was achieved in spite of the lack of direct effects of chronic kisspeptin treat-
ment on body weights or any improvement of other metabolic parameters. 

 The functionality of the  Kiss1  system in different situations of metabolic stress 
has been also evaluated by monitoring acute gonadotropin responses to kisspeptin- 10 
administration. Thus, gonadotropin responses to acute injection of kisspeptin in 
fasted male and female rats were not only preserved but even enhanced, despite the 
drop of gonadotropins levels due to food deprivation [ 20 ,  42 ]. Moreover, the dura-
tion of LH responses to kisspeptin-10 was protracted in female rats subjected to 
chronic subnutrition [ 43 ], suggesting that conditions of persistent energy defi cit 
modify the patterns of desensitization to continuous/repeated kisspeptin stimula-
tion. The above evidence may suggest a state of hyper-responsiveness to kisspeptin 
in situations of negative energy balance, a phenomenon also observed in terms of 
GnRH secretion by hypothalamic explants from fasted rats [ 20 ]. While this phe-
nomenon might be related with sensitization at the receptor level ( see below ), the 
possibility that such enhanced responses to kisspeptin may derive from a greater 
accumulation of GnRH and/or gonadotropin stores due to the prevailing state of 
negative energy balance cannot be excluded either. 

 One possible explanation for such hyper-responsiveness is that conditions of 
negative energy balance evoke a decrease of the endogenous kisspeptin tone, which 
would induce a compensatory state of augmented responsiveness to the neuropep-
tide. This phenomenon might involve an increase in the expression of  Gpr54  (i.e., 
 Kiss1r ), as protracted fasting in pubertal rats elicited an increase in its hypothalamic 
mRNA levels [ 20 ]. Of note, however, shorter protocols of fasting in adult mice have 
been shown to reduce  Gpr54  mRNA expression [ 23 ], suggesting a complex dynam-
ics in the changes of kisspeptin release and receptor sensitivity during the course of 
conditions of persistent negative energy balance. As further illustration of such a 
complexity, it has been reported that, contrary to rodents, fasting decreases the net 
responsiveness of the HPG axis to kisspeptin stimulation in the monkey [ 44 ]. 
Several factors, including differences in terms of species, age and duration of fast-
ing, may account for some the above discrepancies. In any event, it seems clear that 
metabolic stress does not only alter  Kiss1 /kisspeptin expression at the hypothala-
mus, but also causes functional alterations in terms of GnRH/gonadotropin respon-
siveness to the stimulatory effects of kisspeptins in different species.  
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    Leptin Signaling and the Hypothalamic  Kiss1  System 

 The signals responsible for the metabolic control of the hypothalamic  Kiss1  system 
have been actively investigated. For obvious reasons, because of its paramount 
physiological relevance in the metabolic gating of puberty and fertility, the fi rst 
efforts in this front aimed to evaluate whether leptin might operate as major regula-
tor of  Kiss1  expression, as surrogate marker of kisspeptin signaling activity. As 
mentioned earlier in this chapter, by the time of identifi cation of the reproductive 
dimension of kisspeptin, it had been thoroughly documented that leptin is an impor-
tant signal of energy suffi ciency for the HPG axis [ 4 ]. Moreover, (indirect) evidence 
for its capacity to stimulate/facilitate GnRH neuron fi ring at the hypothalamus had 
been presented at that time [ 3 ,  4 ,  8 ,  45 ]. However, the apparent absence of func-
tional leptin receptors in GnRH neurons, as conclusively demonstrated recently 
[ 15 ], suggested the potential involvement of afferent pathways (sensitive to leptin 
actions) for conveying its effects onto GnRH neurons. 

 Initial studies provided signifi cant and convincing evidence for a putative role of 
 Kiss1  neurons in such afferent pathways (see Fig.  17.2 ). Yet, it must be stressed that 
most of these initial studies involved rather extreme in vivo models of leptin defi -
ciency, as well as some in vitro experiments using immortalized cell lines. Moreover, 
the use of rather high doses of leptin (as proof-of-principle approach) might ques-
tion the physiological relevance of some of the reported stimulatory effects of leptin 
on the  Kiss1  system under certain conditions, such as the exit from situations of 
negative energy balance [ 12 ]. While we believe that these features do not preclude 
the usefulness of most of the experimental approaches reported so far, they bring a 
call of caution when directly extrapolating these observations to “real” regulatory 
networks and physiological conditions.

   The fi rst study to demonstrate direct actions of leptin on  Kiss1  neurons was car-
ried out in gonadectomized ob/ob mice. The results of this work showed (a) a 
signifi cant suppression of  Kiss1  mRNA levels at the ARC in the absence of 
leptin; (b) the restoration of  Kiss1  mRNA expression by leptin administration; and 
(c) the expression of functional leptin receptors in a signifi cant proportion (>40%) 
of Kiss1 neurons in the ARC [ 26 ]. It is important to note that in that study, the ani-
mals were gonadectomized in order to prevent fl uctuations in endogenous testoster-
one levels as potential confounding factor for analysis of  Kiss1  mRNA levels [ 26 ]. 
The fact that, at least a fraction of  Kiss1  neurons do express the gene encoding leptin 
receptors has been recently confi rmed in ARC  Kiss1  neurons [ 46 ]. In the latter 
study, the analyses were carried out in transgenic mice that allowed GFP tagging 
and subsequent isolation of  Kiss1  neurons in vivo [ 46 ]. However, according to that 
study, only a modest subset (<15%) of  Kiss1  neurons displayed conventional 
pSTAT3 responses to leptin treatment, whereas  Kiss1  neurons in the AVPV did not 
apparently express the leptin receptor gene [ 46 ]. 

 As additional proof of the sensitivity of the hypothalamic  Kiss1  system to the 
regulatory actions of leptin, central infusion of leptin (at doses previously used in 
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several metabolic studies), but not insulin, to male rats with uncontrolled diabetes, 
caused by administration of streptozotocin, has been shown to normalize hypotha-
lamic  Kiss1  gene expression in this model of profound metabolic distress, which is 
characterized, among other alterations, by a state of hypogonadotropic hypogonad-
ism, linked to marked hypoleptinemia and hypoinsulinemia [ 24 ]. Key reproductive 
parameters, including LH and testosterone secretion, were ameliorated in diabetic 
male rats by central leptin treatment [ 24 ]. In good agreement with those observa-
tions, leptin was able to increase  Kiss1  gene expression in the murine hypothalamic 
cell line, N6 [ 23 ], as well as in primary cultures of human fetal GnRH-secreting 
neuroblasts [ 47 ]. In the same vein, leptin has been recently reported to induce the 
depolarization of  Kiss1  neurons at the ARC via activation of TRPC channels in the 
guinea pig [ 48 ]; a species where ARC  Kiss1  neurons seem to express functional 
leptin receptors [ 48 ]. Additionally, studies in the sheep have documented the 
 expression of the leptin receptor gene in both ARC and POA  Kiss1  neurons, and 
leptin has been shown to increase  Kiss1  mRNA expression in those hypothalamic 
nuclei [ 30 ]. As a whole, these fi ndings support the existence of a leptin–kisspeptin–
GnRH pathway, whereby leptin actions could be signaled onto GnRH neurons via 
modulation of kisspeptin afferents, thereby allowing proper maturation and function 
of the HPG axis in conditions of energy/leptin abundance.  

  Fig. 17.2    Schematic diagram of the potential actions of leptin in the metabolic gating of puberty 
and reproduction, and its potential link with the hypothalamic  Kiss1  system. Evidences for a regu-
latory role of energy balance and leptin on hypothalamic  Kiss1 /kisspeptin expression are summa-
rized in  blue . Recent data suggesting indirect effects of leptin on  Kiss1  neurons, and 
 Kiss1 -independent pathways for leptin effects on the reproductive axis, are highlighted in  red        
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    Leptin Actions on Hypothalamic  Kiss1  Neurons: Direct, 
Indirect, or Independent? 

 Despite the wealth of data suggesting direct regulatory actions of leptin on  Kiss1  
neurons ( see previous section ), this contention has been recently challenged by two 
elegant studies in rodents, which support the possibility that leptin may act indi-
rectly on  Kiss1  neurons. First, a study by Donato and coworkers has shown that the 
onset of puberty is roughly preserved in female mice selectively and congenitally 
lacking leptin receptors in  Kiss1 -expressing cells, as generated by the use of Cre- 
loxP approaches. The fact that  Kiss1  expression is widely spread not only within the 
brain, but also in other peripheral tissues at early stages of maturation, may compro-
mise the specifi city of this phenotype, as it might not be solely caused by selective 
elimination of leptin receptors from postnatal  Kiss1  neurons in the hypothalamus [ 49 ]. 
Likewise, the development of compensatory mechanisms in this transgenic mouse 
of congenital elimination of leptin receptors cannot be dismissed. 

 Notwithstanding, more recent studies have added further strength to the possibility 
of indirect effects of leptin on  Kiss1  (or GnRH) neurons. Thus, using a combination 
of expression (immunohistochemical) analyses in WT and transgenic mouse lines, as 
well as neuroanatomical studies in sheep, it has been documented that only a marginal 
subset of  Kiss1  neurons in the ARC appear to express leptin receptors, with virtually 
absent canonical pSTAT3 responses to leptin administration in this neuronal popula-
tion [ 50 ]. Yet, it is stressed here that, in this study, the number of kisspeptin-positive 
cells in the ARC was remarkably low; a feature which might have underestimated this 
population and hence the degree of co-expression of leptin receptors. Of note, the lat-
ter study also identifi ed uncharacterized populations leptin receptor-expressing cells 
in the close vicinity of  Kiss1  neurons in the ARC and AVPV [ 50 ], whose role as 
transmitters of leptin effects onto the  Kiss1  pathways is yet to be elucidated. 

 As a whole, these pieces of evidence strongly suggest that a (substantial) fraction 
of the effects of leptin on  Kiss1 /kisspeptin expression in the hypothalamus might be 
transmitted via intermediate pathways (see Fig.  17.2 ). However, some aspects of 
this phenomenon are yet to be fully clarifi ed. For instance, the apparent discrepancy 
between RNA (detectable) and protein (nearly null levels) expression, in terms of 
leptin receptor, in  Kiss1  neurons needs to be explained, but it may have a 
methodological basis, including differences in the thresholds of detection of 
 immunohistochemical and molecular assays, and/or might be caused by the expres-
sion of alternative isoforms of leptin receptors, whose functional relevance in the 
hypothalamus has been previously described in other settings [ 51 ]. In addition, spe-
cies differences cannot be excluded either; thus, while studies in mice have pointed 
out that only a rather modest subset of  Kiss1  neurons express the leptin receptor 
gene [ 46 ], analyses in sheep suggest that the majority of  Kiss1  neurons in the ARC 
and POA do express it [ 30 ], while in the guinea pig, 36% of ARC  Kiss1  neurons in 
the guinea pig showed detectable leptin receptor gene expression [ 48 ]. Finally, dif-
ferences in the end-points used to monitor leptin effects (e.g., pSTAT3 vs. electrical 
responses) should be also considered when comparing data from different studies. 
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 Regardless of the predominant (direct and/or indirect) mode of action of leptin 
on  Kiss1  neurons, the infl uence of the adipocyte hormone on the hypothalamic 
 Kiss1  system might not only have physiological relevance, but also pathophysiolog-
ical implications. Indeed, marked changes in leptin levels have been related to 
diverse reproductive disorders, including anorexia nervosa, extreme physical exer-
cise, or low body weight [ 52 ,  53 ]. In those conditions, endogenous kisspeptin levels 
would be expected to be low and kisspeptin analogues might have also potential 
therapeutic implications, given the preserved, if not augmented, responses to kiss-
peptins in situations of energy defi ciency, at least in rodents [ 20 ,  42 ]. In addition, it 
has been reported that leptin is able to restore ovarian cyclicity in women with 
hypothalamic amenorrhea linked to conditions of energy defi cit [ 53 ,  54 ]. In this 
scenario, it is tenable (although yet to be proven) that exogenous kisspeptin might 
conduct similar positive effects in affected humans, in good agreement with recent 
data of acute LH responses to kisspeptin in women with hypothalamic amenorrhea 
[ 55 ], and previous results in rodent models of subnutrition in puberty [ 20 ]. 

 As fi nal note in this section, it is stressed that the above evidence does not pre-
clude that part of leptin effects on the GnRH system might be conducted in a 
kisspeptin- independent manner. For instance, leptin receptor-expressing cells have 
detected in the ventral premammillary nucleus (PMV). This area is a target for leptin 
effects and, despite the lack of  Kiss1  neurons at this site, seems to play an essential 
role in conveying leptin effects onto GnRH neurons and, hence, the reproductive 
axis [ 49 ,  56 ]. Admittedly, however, it remains possible that PMV circuits and those 
involving  Kiss1  neurons, in other hypothalamic nuclei, may interplay/cooperate in 
the central control of puberty and fertility by leptin and/or other metabolic cues.  

    Molecular Mediators and Developmental Aspects of Leptin/
Metabolic Control of the  Kiss1  System 

 In spite of the ongoing debate on whether leptin acts, in some cases, directly on 
 Kiss1  neurons or modulate afferents to these neurons, putative molecular mediators 
for such direct and/or indirect effects on the  Kiss1  system have been exposed in 
recent years. As example, the cellular energy sensor, mammalian target of rapamy-
cin (mTOR), which has been shown to operate as cellular metabolic gauge [ 57 – 61 ], 
and mediator of some of the effects of leptin in the central control of food intake 
[ 62 ,  63 ], is likely involved in conveying part of the regulatory effects of leptin on the 
reproductive brain, by virtue of its ability to regulate  Kiss1  expression. 

 Persistent blockade of central mTOR signaling resulted in delayed puberty and 
reduced LH levels; yet, gonadotropin responsiveness to key activators of the gonado-
tropic axis, such as kisspeptins, was preserved following mTOR blockade, suggesting 
specifi city for these inhibitory effects. In the same vein, central inhibition of mTOR 
signaling prevented the permissive/stimulatory effects of leptin on puberty onset, and 
caused a substantial suppression of  Kiss1  mRNA levels in key hypothalamic centers, 
such as the ARC and (to a lesser extent) the AVPV. Conversely, activation of mTOR 
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by central injection of  l -leucine partially reversed the state of hypogonadotropism 
induced by chronic subnutrition; a condition of low leptin levels [ 27 ]. All in all, these 
observations are compatible with the existence of a leptin–mTOR–kisspeptin path-
way that may play a physiological role in the metabolic control of puberty onset and 
fertility. Admittedly, however, the cellular basis for such pathway, and whether 
mTOR operates as modulator within  Kiss1  cells and/or in afferent neuronal path-
ways, is yet to be clarifi ed and warrants further investigation. 

 Another putative molecular modulator of  Kiss1  gene expression is the cAMP 
responsive element-binding protein-1 (Creb1)-regulated transcription coactivator-1 
(Crct1; also termed TORC1, which stands for  Transducer of Regulated Creb ). It was 
reported in 2008 that Crtc1 KO mice display not only obese and hyperphagic pheno-
types, but are also infertile [ 64 ]. The underlying mechanisms for such a combined 
alteration of energy homeostasis and reproduction seem to involve the disturbance (due 
to the lack of Crtc1) of the ability of leptin to stimulate the expression of the genes 
encoding    CART (cocaine- and amphetamine-regulated transcript, which operate as 
anorexigenic neuropeptide controlling food intake) and kisspeptins. On the latter, leptin 
has been proven to dephosphorylate (and activate) Crtc1, which in turn stimulates the 
recruitment of Crct1 to  Kiss1  gene promoter. In addition, dephosphorylation of Crtc1 
enhanced  Kiss1  gene expression in GT1-7 cells, and Crtc1 over-expression increased 
 Kiss1  promoter activity [ 64 ]. However, an independent report was unable to replicate 
the consequences of functional inactivation of Crtc1 on mouse fertility [ 65 ]. This dis-
cordant observation, together with novel expression and functional genomic data sug-
gesting a nondirect mode of action of leptin on  Kiss1  neurons, bring some doubts on the 
actual physiological role of Crtc1 in mediating leptin effects on the HPG axis in vivo. 

 In addition to putative molecular mediators, the developmental effects of meta-
bolic signals in the pubertal maturation of the hypothalamic  Kiss1  system have been 
recently explored. As described elsewhere in this book, developing  Kiss1  neurons 
are sensitive to the organizing actions of other key regulators of the HPG axis, such 
as sex steroids [ 37 ]. Considering the increasing prevalence of early-onset metabolic 
disorders, including childhood obesity that may affect the timing of puberty, and the 
proven sensitivity of the hypothalamic  Kiss1  system to conditions of metabolic 
 distress, specifi c analysis of the  early origins  of alterations of this system linked to 
metabolic distress are warranted. In this context, a recent study from our group using 
models of postnatal nutritional challenge, by means of manipulation of litter size, 
strongly suggested that early changes in body weight and energy homeostasis might 
be also an important regulator of later  Kiss1 /kisspeptin expression at puberty. Thus, 
female rats bred in large litters (as model of early underfeeding) were leaner and 
displayed delayed vaginal opening, despite they being allowed to eat ad libitum 
from weaning onwards. These animals had also low serum leptin levels and reduced 
 Kiss1  mRNA levels and kisspeptin-positive neurons at the hypothalamus during 
puberty [ 39 ]; roughly similar fi ndings have been recently reported in female mice 
subjected to postnatal undernutrition [ 66 ]. In good agreement, gestational undernutri-
tion has been shown to decrease hypothalamic  Kiss1  expression and to delay puberty 
onset in female rats [ 67 ]. Conversely, female rats bred in small litters (as model of 
early postnatal overfeeding) were heavier and showed earlier entry into puberty, 
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when they also displayed elevated serum leptin concentrations and increased  Kiss1  
mRNA levels at the hypothalamus, which was associated with a trend for a higher 
number of kisspeptin-positive fi bers in the AVPV [ 39 ]. Whether these alterations 
stem from nutritional/leptin changes at early postnatal periods and/or during puberty 
is yet to be defi ned. Of note, a very recent study of early nutritional manipulation, 
roughly similar to our previous study, confi rmed changes in the age of puberty onset 
in both male (delayed in the postnatally underfed group) and female rats (advanced in 
the postnatally overfed group), but failed to demonstrate any signifi cant change in 
hypothalamic  Kiss1  mRNA expression among the different experimental models [ 40 ]. 
It is possible that differences in the timing of tissue sampling for expression analysis 
(fi xed d-36 in our study vs. age of external sign of puberty) and/or the setting up of 
the litters (100% females in our study vs. 50% females–50% males) might partially 
explain the above discrepancies. In addition, relevant reproductive/metabolic param-
eters, such as gonadotropin and leptin levels at puberty, were not evaluated in the 
latter study; parameters that may help to clarify these discordances. Finally, a recent 
study suggested that the hypothalamic  Kiss1  system is particularly sensitive to inhi-
bition by acute fasting during juvenile, rather than the infantile period [ 68 ]. All in 
all, the infl uence of different forms of metabolic stress on the early organization and 
development of  Kiss1  circuits, and the potential relevance of such phenomenon on 
the timing of puberty, warrants further investigation.  

    Other Putative Metabolic Regulators of the Hypothalamic 
 Kiss1  System 

 In addition to leptin, other  metabolic  or  nutritional  cues may participate also in the 
modulation of kisspeptin signaling, although to date this possibility has been 
addressed only fragmentarily and further characterization of the whole set of 
 metabolic signals involved in the control of the  Kiss1  system is eagerly awaited. 
Among potential candidates, the gut-derived hormone, ghrelin, has been suggested 
to inhibit the  Kiss1  system in rat hypothalamus. Ghrelin is secreted by specifi c 
endocrine (X/A) cells of the gastric mucosa and operates as circulating orexigenic 
molecule, with effects that are opposite to those of leptin, thus functioning as signal 
for energy insuffi ciency [ 9 ]. In keeping with such a role, we, as well as others, have 
documented that ghrelin is a negative modifi er of puberty onset and/or gonadotropin 
secretion in a variety of species (including rodents, sheep, monkey, and human), 
acting mainly at central levels [ 9 ,  69 ]. Recently, ghrelin has been shown to inhibit 
hypothalamic  Kiss1  mRNA expression in female rats, and this phenomenon, which 
needs to be confi rmed, may contribute to the suppression of the HPG axis induced 
by elevated levels of ghrelin (see Fig.  17.3 ). The putative molecular mechanisms 
and mode of action of ghrelin on  Kiss1  neurons remain totally unexplored.

   Other potential metabolic regulators of the  Kiss1  system are NPY and melanocor-
tins, although the amount of experimental data supporting this possibility is also 
scarce. NPY, which operates as potent orexigenic signal in the brain [ 70 ,  71 ], may 
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function as stimulatory factor for  Kiss1  expression, since  Kiss1  mRNA levels are 
decreased in the hypothalamus of NPY KO mice, whereas NPY enhanced  Kiss1  
mRNA expression in the hypothalamic cell line, N6 [ 23 ]. Such stimulatory effect is 
somewhat counterintuitive, given the proven increase of NPY expression following 
conditions of negative energy balance, in which both  Kiss1  and the gonadotropic axis 
appear to be suppressed, and the documented inhibitory effects of NPY on GnRH 
secretion [ 72 ]. Yet, it is also known that at certain physiological and experimental 
conditions, NPY may drive a stimulatory signal to the GnRH system [ 73 ]; conditions 
where  Kiss1  pathways might operate as putative effector. In any event, since leptin 
has been shown to suppress the expression of NPY at specifi c neuronal populations 
in the ARC [ 74 ], NPY is not likely to operate as a mediator for the stimulatory effects 
of leptin on  Kiss1  neurons, but rather to act as independent modulator. 

 In addition, melanocortins, which are anorectic neuropeptide products of 
proopio- melanocortin (POMC) neurons in the ARC, have been recently suggested 
to stimulate hypothalamic  Kiss1  gene expression at the preoptic area in the sheep 
[ 75 ]. In contrast, the orexigenic neuropeptide, melanin-concentrating hormone 
(MCH), which is prominently expressed in the lateral hypothalamus, suppressed 
kisspeptin-induced stimulation of GnRH neurons [ 76 ]. Yet, to our knowledge, the 
effects of MCH on  Kiss1  expression have not been reported to date. Finally, insulin 

  Fig. 17.3    Schematic diagram of the potential actions of the pancreas-derived hormone, insulin, 
and the gut-born hormone, ghrelin, in the metabolic control of reproduction. While insulin exerts 
stimulatory/permissive effects on the reproductive axis, experimental data from different species 
supports a predominant inhibitory role of ghrelin the control of puberty and reproduction. Evidence 
supporting (or not) the potential link of these hormones with the hypothalamic  Kiss1  system is 
itemized       
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does not appear to signifi cantly contribute to the regulation of  Kiss1  expression, as 
suggested by studies in models of diabetic male rats centrally infused with insulin, 
which displayed persistently reduced  Kiss1  mRNA levels despite insulin adminis-
tration (see Fig.  17.3 ). In addition, insulin failed to stimulate  Kiss1  expression in the 
hypothalamic cell line, N6, in vitro [ 23 ,  24 ].  

    Kisspeptins and the Control of Food Intake 
and Energy Balance: Physiological Relevance? 

 Recent evidence suggests that, in addition to their primary roles in the control of the 
reproductive axis, kisspeptins might also participate in the central networks control-
ling food intake and energy balance. Indeed, bidirectional interactions between the 
systems governing energy homeostasis and the HPG axis have been reported for a 
large number of neuropeptides and hormones [ 4 ]. Accordingly, initial studies 
addressing the roles of kisspeptins in the metabolic control of reproduction evalu-
ated also the potential impact of kisspeptins on food intake and body weight. Yet, 
those analyses failed to demonstrate any signifi cant change in the patterns of food 
intake or the hypothalamic expression of relevant genes in the control of energy 
balance, such as NPY, POMC, Agouti-related peptide (AgRP), and CART, after 
central administration of kisspeptin [ 20 ,  77 ]. These results questioned the physio-
logical contribution of kisspeptin signaling in the central pathways controlling 
energy homeostasis. 

 This contention, however, has been challenged by recent electrophysiological 
analyses that have documented the ability of kisspeptin-10 to activate the popula-
tion of anorexigenic POMC neurons, and to inhibit the orexigenic NPY neurons in 
the ARC in rodents [ 78 ]. As complementary fi nding, central injection of kisspeptin 
have been shown to suppress nocturnal food intake in mice [ 79 ]. As a whole, the 
above data would suggest that, under specifi c conditions, kisspeptins may operate 
also as feeding suppressing signals, probably via activation ARC POMC neurons, 
which do express Gpr54. While this possibility is appealing, further experimental 
analyses, including the assessment of the specifi c roles of Gpr54 signaling in POMC 
neurons, are needed in order to confi rm or refute this possibility, and to explain 
discrepancies between previous and recent literature. 

 As fi nal note, it is stressed here that estrogens, which are proven regulators of 
central  Kiss1  expression [ 37 ], are potent food-intake suppressor signals acting in 
different hypothalamic nuclei, so that ovariectomy causes a rapid increase in body 
weight in rodents. Very recently, using a toxic ablation approach, Rance and col-
laborators evaluated the consequences of elimination of  Kiss1  neurons in the ARC, 
which co-express the neuropeptide, neurokinin-B, and its receptor, NK3R, on the 
effects of estrogen upon the negative feedback control of gonadotropin secretion 
[ 80 ]. Curiously enough, in that study ablation of ARC  Kiss1  neurons abolished the 
effects of gonadectomy (increase) and estrogen (reduction) on body weight. This 
observation would suggest that the integrity of ARC kisspeptin pathways is necessary 
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for the conduction of the anorexigenic action of estradiol. These fi ndings, however, 
seem diffi cult to reconcile with the facts that estrogen inhibits  Kiss1  expression in 
the ARC, and that kisspeptins (as is the case for estrogens) are thought to conduct a 
primary anorexigenic action in the hypothalamus [ 79 ]. The possibility that the 
above phenomenon may stem from elimination of other co-transmitters of ARC 
 Kiss1  neurons, such as dynorphin, warrants further investigation.  

    Concluding Remarks 

 While the infl uence of body weight on puberty and fertility has been intuitively 
known for ages, the neuroendocrine mechanisms underlying the metabolic control of 
the reproductive axis have begun to be exposed only in the past decades, in which the 
discovery of leptin and, more recently, kisspeptins, are considered important mile-
stones. Indeed, in the last few years we have learnt that  Kiss1  neurons can  sense  
extreme metabolic conditions and are likely to participate in the transmission of such 
metabolic information to GnRH neurons. Among the peripheral signals involved in 
the control of  Kiss1  neurons, compelling evidence from proof-of-principle studies, 
addressing the effects of either the lack of leptin or its supplementation, strongly sug-
gest that, in keeping with its key roles in energy homeostasis and body weight control, 
leptin participates in the metabolic regulation of the hypothalamic  Kiss1  system. 
By virtue of leptin ability to stimulate  Kiss1  expression, it is likely that it allows the 
proper functioning of the reproductive axis in conditions of energy suffi ciency. 

 The reality, however, is probably not so simple and, certainly, the metabolic con-
trol of the  Kiss1  system likely goes beyond the regulatory actions of leptin, just as 
much as the metabolic control of puberty and fertility is not all about kisspeptin 
regulation. For instance, very recently, we have become aware that  Kiss1  neurons 
might not be direct targets of leptin, which in turn may operate (largely) via indirect 
mechanisms. But, is this the case in all species, and if so, what is the reason for the 
apparent expression of leptin receptors in  Kiss1  neurons? Similarly, we have learnt 
that some of the positive effects of leptin on  Kiss1  expression are detectable only at 
rather high (probably pharmacological) levels, but this does not preclude a physio-
logical role of this adipose hormone in the metabolic control of reproductive onset 
and fertility. On the other hand, although the fi eld of the metabolic control of the 
 Kiss1  system has been largely dominated by leptin studies, mounting, but as yet 
limited, evidence has pointed out that other metabolic signals besides leptin can also 
participate in the control of  Kiss1  neurons. If so, what is the basis and physiological 
relevance of such actions? These are but few examples of “uncertainties” and open 
questions in the fi eld of the metabolic control of kisspeptins that warrant specifi c 
investigation and are likely to draw considerable attention in the near future.      
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    Abstract     Female reproductive functioning requires the precise temporal 
 organization of numerous neuroendocrine events by a master circadian brain clock 
located in the suprachiasmatic nucleus. Across species, including humans, disrup-
tions to circadian timing result in pronounced defi cits in ovulation and fecundity. 
The present chapter provides an overview of the circadian control of female repro-
duction, underscoring the signifi cance of kisspeptin as a key locus of integration for 
circadian and steroidal signaling necessary for the initiation of ovulation.  

        Introduction 

 The circadian timing system universally coordinates central and peripheral physiol-
ogy, providing temporal structure to homeostatic regulation and ensuring that physi-
ological processes are maintained within optimal operating limits given changing 
demands over the course of day and night. Because hormones enter the general 
circulation, these signaling molecules have widespread infl uence over physiology 
and behavior, and represent ideal communicators of timing information. As a result, 
it is important to understand the means by which circadian rhythms in endocrine 
secretions are generated and the functional consequences of this temporal commu-
nication for downstream target systems. 

 Converging lines of evidence indicate a critical role for circadian timing in suc-
cessful female reproduction across mammalian species, including humans. Women 
with irregular work or sleep cycles, for example, exhibit reduced fertility [ 1 ] and an 
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increased spontaneous abortion rate [ 2 ], suggesting the importance of circadian 
functioning in ovulation and pregnancy maintenance. Likewise, the luteinizing hor-
mone (LH) surge that initiates ovulation occurs in early morning in women [ 3 ] and 
diurnal rodents [ 4 ], but in early evening in nocturnal rodents (reviewed in [ 5 ]). In 
rodents, disruptions of the master circadian clock in the brain, its neural output, or 
the genes regulating cellular clock function lead to pronounced abnormalities in 
ovulation and fecundity [ 6 – 8 ]. Given the necessity of proper hormonal timing in 
female reproductive health, and the experimental tractability of the reproductive 
axis, the study of female reproductive functioning represents an ideal model system 
for understanding circadian endocrine control. As is apparent throughout this book, 
kisspeptin is essential for reproductive functioning and, not surprisingly, represents 
a critical node in the network of circadian regulation underlying female reproduc-
tive health. The present chapter provides a broad overview of circadian control of 
female reproduction, underscoring the signifi cance of kisspeptin signaling within 
this framework.  

    The Circadian Timing System 

 Four decades ago, two studies provided strong evidence that the suprachiasmatic 
nucleus (SCN) of the hypothalamus was the locus of the master circadian pace-
maker in mammals [ 9 ,  10 ]. In these initial studies, electrolytic lesions of the SCN 
abolished rhythms in locomotor and drinking behavior and adrenal glucocorticoids, 
suggesting that either the circadian clock is localized to the SCN, that the SCN is 
part of a larger network responsible for circadian rhythm generation, or that fi bers 
of passage required for circadian functioning traveled through this neural locus. 
Numerous converging lines of evidence since these initial investigations, from a 
host of laboratories, have confi rmed the role of the SCN as a master pacemaker. For 
example, transplants of donor SCN tissue into the brains of arrhythmic, SCN- 
lesioned hosts restore circadian rhythmicity in behavior [ 11 ,  12 ]. Importantly, 
rhythms are restored with the period of the donor SCN, indicating that the trans-
planted tissue does not act by restoring host-brain function but that the “clock” is 
contained in the transplanted tissue. Furthermore, circadian rhythms in neural fi ring 
rate persist in isolated SCN tissue maintained in culture [ 13 ], demonstrating that 
input from extra-SCN brain sites is not necessary for circadian rhythm generation. 
Although circadian rhythms are endogenously generated, in order to be adaptive for 
an organism, these rhythms must be synchronized to the external environment. This 
entrainment is accomplished via direct neural projections from intrinsically photo-
sensitive retinal ganglion cells to the circadian clock in the SCN [ 14 – 19 ]. 

 At the cellular level, circadian rhythms are generated by 24-h autoregulatory 
transcriptional/translational feedback loops consisting of “clock” genes and their 
protein products (Fig.  18.1 ) [ 20 – 23 ]. In mammals, the feedback loop begins in the 
cell nucleus where CLOCK and BMAL1 proteins heterodimerize and drive the tran-
scription of the Period ( Per1  and  Per2   ) and Cryptochrome ( Cry1  and  Cry2 ) genes 
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by binding to the E-box (CACGTG) domain on their gene promoters. Once trans-
lated, PER and CRY proteins build in the cytoplasm of the cell over the course of 
the day, and inevitably form hetero- and homodimers that feed back to the cell 
nucleus to inhibit CLOCK:BMAL1-mediated transcription. The timing of nuclear 
entry is balanced by regulatory kinases that phosphorylate the PER and CRY proteins, 
leading to their degradation [ 21 ,  24 ,  25 ]. Two other promoter elements, DBP/E4BP4 
binding elements (D boxes) and REV-ERBα/ROR binding elements (RREs) [ 26 ], 
also participate in cellular clock function. REV-ERBα, an orphan nuclear receptor, 
negatively regulates the activity of the CLOCK:BMAL1. The same mechanism 
controlling  Per  and  Cry  gene transcription also controls transcription of REV-
ERBα. Similarly, the transcription factor DPB is positively regulated by the 
CLOCK:BMAL1 complex [ 27 ] and acts as an important output mechanism, driving 
rhythmic transcription of other output genes via a PAR basic leucine zipper 
(PAR bZIP) [ 28 ].

  Fig. 18.1    A simplifi ed model of the intracellular mechanisms responsible for mammalian 
 circadian rhythm generation. The process begins when CLOCK and BMAL1 proteins dimerize to 
drive the transcription of the Per ( Per1  and  Per2   ) and Cry ( Cry1  and  Cry2 ) genes. In turn, Per and 
Cry are translocated to the cytoplasm and translated into their respective proteins. Throughout the 
day, PER and CRY proteins rise within the cell cytoplasm. When levels of PER and CRY reach a 
threshold, they form heterodimers, feed back to the cell nucleus, and negatively regulate 
CLOCK:BMAL1-mediated transcription of their own genes. This feedback loop takes approxi-
mately 24 h, thereby leading to an intracellular circadian rhythm. See text for additional details       
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   Historically, given the fundamental role of the SCN in maintaining rhythmicity, 
it was believed that only cells in this nucleus are capable of intrinsic rhythm 
 generation. However, this view was challenged in a seminal study establishing that 
cultured rat fi broblasts exhibit oscillations in core clock genes when presented with 
a serum shock [ 29 ]. Over the next decade, it became clear that oscillations are a 
pervasive property of cells throughout the CNS and periphery. However, in the 
SCN, individual oscillators are coupled to form a coherent network where the phase 
relationship of individual oscillators is coordinated. In other central and peripheral 
systems, whereas individual cells are competent oscillators, without SCN commu-
nication, the phase relationship among populations of oscillators is lost, leading to 
an abolition of tissue-level rhythmicity [ 30 ]. Thus, it is now more appropriate to 
conceptualize the “circadian system” as an assembly comprised not only of a master 
clock, but also a series of subordinate clocks whose phase and activity is coordi-
nated by the SCN. As described further below, this hierarchy of circadian control 
has important implications for understanding the means by which kisspeptin initi-
ates the LH surge and ovulation.  

    Circadian Control of the Preovulatory LH Surge and Ovulation 

    Discovery of Ovulatory Circadian Control 

 The neural mechanisms regulating ovulation are under circadian control in many 
spontaneously ovulating species, ensuring that the timing of maximal fertility is 
concomitant with the period of highest sexual motivation [ 31 ,  32 ]. Superimposed 
upon this circadian control is a dependence of the reproductive cycle on estradiol to 
ensure proper maturation of the oocyte at the time of ovulation. The notion that 
rodent ovulation is under circadian control was fi rst proposed based on data from a 
classic study by Everett and Sawyer [ 33 ]. In this seminal paper, Everett and Sawyer 
sought to determine if ovulation required “neurogenic” activation of the reproduc-
tive axis. To explore this possibility, rats were injected with barbiturate to inhibit 
neural communication at the time of ovulation. Through a series of studies, they 
determined that a single barbiturate injection delayed ovulation by 24 h, despite the 
fact that the impact of the drug was short-lived. Based on this observation, the 
authors proposed that a 24 h neural signal initiates ovulation. 

 Over two decades following the work of Everett and Sawyer, Zucker and col-
leagues performed an elegant series of studies providing further evidence for a 24 h 
clock in ovulation and associated sexual motivation in Syrian hamsters ( Mesocricetus 
auratus ). When held in a light:dark (LD) cycle, ovulation and the onset of behav-
ioral receptivity occur precisely every 96 h in this species [ 34 ]. This rhythm in 
reproductive activity is endogenously generated and persists in constant conditions 
with a period four times their free-running circadian period. Exposing hamsters 
housed in constant darkness (DD) to deuterium oxide (a treatment that results in a 
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lengthening of the free-running period), resulted in a lengthening of the ovulatory 
cycle to precisely four times the period of an individual’s circadian rhythm, 
 establishing that the ovulatory cycle and locomotor rhythms are governed by a com-
parable endogenous timing system [ 35 ]. Because estrous and activity onset were 
coupled temporally, it was suggested that the LH surge and locomotor activity are 
controlled by either a single, endogenous oscillator or a coupled, multioscillator 
system that regulates the rhythms of each process independently [ 35 ]. The former 
hypothesis postulated that the reproductive axis “tracks” four circadian cycles and 
ovulation occurs after the count is complete. 

 Converging lines of evidence over the next three decades established that both of 
these hypotheses are partially correct. We now know that the SCN provides a daily, 
stimulatory signal to the reproductive axis each day of the estrous cycle, closely 
preceding the active phase, in most spontaneously ovulating rodents [ 5 ,  36 ,  37 ], 
indicating that a single clock subserves both processes. However, this signal is only 
effective at stimulating the GnRH system to produce the LH surge in the presence 
of estradiol concentrations above a critical threshold. Prior to the day of proestrus, 
the developing ovarian follicles secrete insuffi cient estradiol to fulfi ll this criterion. 
The nature of the daily stimulatory signal from the SCN can be unmasked by 
implanting animals with estradiol capsules that result in proestrus concentrations of 
this hormone; in this case, daily LH surges occur [ 37 – 39 ]. Regarding the second 
hypothesis suggesting a multioscillator organization, although distinct clocks do not 
underlie locomotor rhythms and estrus, a hierarchical clock structure exists in which 
the SCN acts as the master pacemaker coordinating rhythmicity in subordinate 
oscillator systems of the reproductive axis, an arrangement discussed further below.  

    Sex Steroid and Circadian Integration in Ovulatory Control 

 Through negative-feedback effects of sex steroids, LH is maintained at low concen-
trations throughout most of the ovulatory cycle, paradoxically, high concentrations of 
estradiol are required for the SCN to trigger ovulation (i.e., positive feedback) [ 5 ,  36 , 
 37 ,  40 ]. The site(s) of integration for positive and negative-feedback effects of estra-
diol with the circadian timing system are complex and not fully understood. As 
described below, current evidence indicates that one important site of integration for 
the positive feedback effects of estradiol with circadian signaling is the kisspeptin 
network in the anteroventral periventricular nucleus (AVPV).   

    Circadian Neurochemical Communication and Ovulation 

 Despite the fact that the SCN is crucial for both locomotor behavior and the initiation 
of ovulation, each process is likely mediated by distinct communication  modalities. 
In arrhythmic, SCN-lesioned hamsters, fetal SCN transplants restore locomotor, 
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but not endocrine, rhythms [ 41 – 43 ]. Restoration of locomotor and other behavioral 
rhythms occurs in the absence of neural outgrowth from the grafted SCN, suggest-
ing that intact neural connections are required for endocrine rhythms, whereas 
behavioral rhythms can be supported by a diffusible signal. Perhaps the best evi-
dence indicating that the SCN communicates via neural connections to the GnRH 
system to initiate the LH surge comes from studies using hamsters with “split” 
activity rhythms [ 44 ]. When housed in constant light, some hamsters exhibit a split-
ting in behavior, with two daily activity bouts separated by 12 h, each refl ecting an 
antiphase oscillation of the left and right sides of the bilateral SCN [ 44 – 46 ]. Under 
these circumstances, ovariectomized (OVX) hamsters treated with estradiol exhibit 
two LH surges in a 24-h period, each phase-locked to an individual activity bout 
[ 47 ]. Because the SCN communicates principally ipsilaterally [ 48 – 51 ], the authors 
hypothesized that, if a neural output signal from the SCN initiates the GnRH/LH 
surge, then one hemispheric set of GnRH neurons should be activated, ipsilateral to 
the activated SCN, with each locomotor activity bout. Conversely, if controlled by a 
diffusible signal, then the GnRH system should be activated concurrently on both 
sides of the brain, twice daily, 12 h apart [ 52 ]. Under these split conditions, the 
former possibility manifested, confi rming the importance of neural SCN commu-
nication to the GnRH system in ovulatory control. As described below, more recent 
studies by this group and others establish that SCN communication to kisspeptin 
cells in the AVPV underlies, in part, this neural signaling cascade initiating the 
GnRH/LH surge [ 53 – 56 ]. 

    Direct SCN Signaling to the GnRH System 

 The SCN communicates both monosynaptically and multisynaptically to the GnRH 
system. Whereas much progress has been made in understanding both modes of 
communication, most studies to date have investigated the contribution of individual 
pathways in isolation, making it diffi cult to ascertain the signifi cance of interactions 
between these pathways. One SCN neuropeptide that has received considerable 
attention as a modulator of ovulation is vasoactive intestinal polypeptide (VIP). 
Neurons synthesizing VIP are located in the retinorecipient, ventrolateral SCN 
“core” [ 57 – 59 ], and project monsynaptically to GnRH neurons [ 49 ,  60 ] that express 
the VIP receptor VPAC 

2
  [ 61 ]. SCN-derived VIP input to GnRH neurons is sexually 

dimorphic, with female rats exhibiting higher VIPergic innervation [ 60 ], suggesting 
a critical role in female reproductive functioning. Likewise, the number of VIP- 
GnRH contacts increases during the post-pubertal transition to reproductive compe-
tence [ 62 ], a time when estradiol positive feedback is fi rst established. VIP-innervated 
GnRH neurons exhibit lower activation levels in middle-aged female rats, suggest-
ing that the degradation of this signaling cascade participates in the transition to 
reproductive senescence in female rodents [ 63 ]. In reproductively competent 
females, GnRH neurons receiving VIPergic input preferentially express the neural 
activation marker, FOS, at the time of the LH surge [ 64 ]. In vivo antisense  antagonism 
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of VIP production in the SCN abolishes GnRH/FOS activation in female rats, 
 providing further support for the necessity of VIP output in surge generation [ 65 , 
 66 ]. Finally, blocking the VPAC 

2
  receptor attenuates GnRH neuronal cell fi ring dur-

ing the afternoon surge in female, estradiol-treated mice [ 67 ]. Together, these lines 
of evidence suggest that direct VIP projections from the SCN to the GnRH system 
positively drive the GnRH/LH surge. The potential means by which this pathway 
synergizes with multisynaptic projections from the SCN to the reproductive axis is 
discussed further below.  

    Indirect SCN Signaling to the GnRH System 

 Historically, it was thought that estradiol positive feedback occurred through the 
convergence of estrogenic and circadian signaling at the level of GnRH neurons. 
The observation that GnRH neurons do not express estrogen receptor α (ERα), the 
estrogen receptor subtype mediating the positive feedback effects of estradiol 
 [ 68 – 70 ], motivated the search for additional neural loci at which stimulatory circa-
dian and estrogenic signals converge. The AVPV emerged as a likely site as neurons 
in this brain region send monosynaptic projections to GnRH cells, express FOS 
coincident with the LH surge, and lesions of the AVPV eliminate estrous cyclicity 
in both intact and OVX, estradiol-treated rats [ 8 ,  71 – 74 ]. Moreover, the SCN sends 
pronounced monosynaptic projections to cells in the AVPV that express ERα 
[ 68 ,  75 – 77 ], leading to the search for the SCN neurochemical cell phenotypes sending 
projections to the AVPV. 

 Vasopressinergic (AVPergic) cells in the dorsomedial SCN target ERα— 
expressing cells in the AVPV [ 50 ,  75 ,  76 ,  78 – 80 ], and AVP injections produce 
surge-like LH levels in SCN-lesioned, OVX, estradiol-treated rats [ 81 ]. Likewise, 
cells in this brain region express the vasopressin receptor, V1 

a
  [ 82 ,  83 ]. Antiestrogens 

targeting the AVPV inhibit the LH surge in OVX, estradiol-treated rats [ 84 ], con-
fi rming the importance of estrogen signaling in ovulation. Vasopressin gene tran-
scription in the SCN is directly controlled by the molecular clockwork at the cellular 
level [ 85 – 87 ] and is released in a circadian manner [ 88 ], with a peak coinciding 
with the onset of the LH surge [ 89 ,  90 ]. AVP release is synchronous with GnRH 
secretion in cocultures of medial preoptic area (mPOA) and SCN brains slices [ 91 ]. 
By contrast, central AVP receptor antagonists attenuate the LH surge in proestrous 
rats [ 92 ]. Finally, the inability of  clock  mutant mice to generate an LH surge is asso-
ciated with diminished  AVP  mRNA expression in the SCN, a phenotype that can be 
restored via central injections of AVP, further linking this peptide to the circadian 
control of ovulation [ 6 ]. 

 In rodents,  Kiss1  mRNA expressing cells in the AVPV and arcuate (ARC) nuclei 
exhibit robust ERα labeling [ 93 – 97 ]. The effects of estradiol on kisspeptin activity, 
however, varies by nucleus, with ovariectomy decreasing  Kiss1  mRNA in the AVPV 
and increasing  Kiss1  expression in the ARC, pointing to a role for kisspeptin in estra-
diol positive and negative feedback, respectively [ 94 ,  98 ]. Exogenous kisspeptin 
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administration potently induces LH release as well as upregulates FOS expression in 
GnRH neurons [ 93 ,  99 – 102 ]. One recent study used genetic ablation strategies to 
explore the importance of kisspeptin in puberty and adult reproductive functioning. 
Genetic ablation of kisspeptin cells or cells expressing GPR54 throughout develop-
ment does not impact female puberty onset or fertility in adult animals, although loss 
of GPR54-expressing cells results in blunted LH, reduced ovarian weights, and 
irregular estrous cycling [ 103 ]. In adult animals, acute ablation of kisspeptin neurons 
markedly disrupts fertility and estrous cyclicity, whereas removal of ~93% of 
GPR54-expressing GnRH cells results in more mild reductions in LH, fertility, and 
estrous cycling [ 103 ]. Together, these fi ndings suggest that kisspeptin signaling is 
required for adult female reproductive functioning and compensatory mechanisms 
can overcome the necessity for kisspeptin when this gene is inactivated throughout 
development. However, given that as few as three GnRH neurons are suffi cient to 
support activity of the HPG axis [ 104 ,  105 ], it is unclear whether GPR54-expressing 
GnRH neurons can be dispensed with in LH surge control if a few GPR54-expressing 
cell remain following the ablation. 

 The observation across rodent species that the SCN projects to the AVPV, and 
that this brain region is essential for production of the LH surge, combined with the 
knowledge that AVPV kisspeptin cells respond positively to estradiol, made these 
cells an attractive target of exploration in the initiation of GnRH/LH surge. An early 
study showing that  Kiss1  cells in the AVPV express FOS at the time of the LH surge 
in naturally cycling, OVX, estradiol-treated rats [ 106 ,  107 ], provided strong support 
for this possibility. To explore the circadian control of this activation pattern, 
Kauffman and colleagues maintained mice in constant conditions and examined 
 Kiss1  mRNA and the percentage of  Kiss1  cells expressing the  c - fos  gene (Fig.  18.2 ). 
The maintenance of a circadian pattern in the absence of environmental cues would 
suggest endogenous rhythmic control through a circadian mechanism rather than a 
rhythm driven by environmental time cues. The authors established that the circa-
dian pattern of  Kiss1  expression and the percentage of  Kiss1 / c - fos cells  persist in 
constant darkness [ 56 ], with peak expression of both measures coordinated with the 
LH surge, suggesting endogenous circadian regulation of this cell population rather 
than reliance on external temporal cues. This daily pattern of  Kiss1  expression, and 
 Kiss1  cells expressing  c - fos , is abolished by ovariectomy, and reinstated following 
steady-state estradiol replacement [ 56 ], indicating a permissive role for estradiol in 
the circadian control of  Kiss1  in this species.

   These results point to either an endogenous, self-sustained rhythm in kisspeptin 
neurons, circadian control through upstream projections from the SCN, or a combi-
nation of both mechanisms of control. We examined these possibilities in Syrian 
hamsters. Consistent with fi ndings in mice, FOS expression in kisspeptin immuno-
reactive (ir) cells expressed a daily rhythm in OVX, estradiol-treated hamsters, with 
peak coexpression concomitant with the timing of the LH surge. In contrast to 
results observed in mice, ovariectomy results in a blunted rhythm of kisspeptin-FOS 
coexpression, but not its abolition [ 54 ]. These latter fi ndings point to potential spe-
cies differences in the role that estrogen plays in AVPV kisspeptin regulation and/or 
posttranscriptional modifi cation of the  Kiss1  gene, resulting in differences in cells 

L.J. Kriegsfeld



393

visualized with mRNA versus protein analyses. To determine whether the SCN 
projects to kisspeptin cells to mediate these observed rhythms, we examined 
 projections from VIPergic and AVPergic SCN cells, given the role of these neuro-
peptides in positively driving the LH surge. We found that AVPergic SCN cells 
project directly to a majority of kisspeptin-ir cells, whereas VIPergic SCN cells did 
not (Fig.  18.3 ). In mice, AVPergic projections to AVPV kisspeptin cells have also 
been identifi ed, with synapses confi rmed at the electron microscopy level,  suggesting 

  Fig. 18.2       ( a ) Representative photomicrographs of Kiss1 mRNA and c-fos mRNA coexpression in 
the AVPV of OVX, E 

2
 -treated female mice housed in constant conditions and killed at different 

times throughout the circadian day. Kiss1-containing neurons were visualized with Vector Red 
substrate, and c-fos mRNA was marked by the presence of silver grains.  White arrows  denote 
example Kiss1 cells lacking c-fos;  yellow arrows  denote example Kiss1 cells coexpressing c-fos. 
( b ) Mean (±SEM) percentage of Kiss1 mRNA-containing neurons in the AVPV that coexpress 
c-fos in OVX, E 

2
 -treated female mice killed at one of eight times throughout the circadian day. 

There was a signifi cant effect of time ( P  < 0.01) with increased coexpression of Kiss1 and c-fos in 
the late afternoon/early evening. Values with different letters differ signifi cantly from each other. 
 n  = 4–6 animals per group. From Robertson JL, Clifton DK, de la Iglesia HO, Steiner RA, Kauffman 
AS. Circadian regulation of Kiss1 neurons: implications for timing the preovulatory gonadotropin- 
releasing hormone/luteinizing hormone surge. Endocrinology. 2009;150(8):3664–71. Reprinted 
with permission from The Endocrine Society       
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a common mechanism of circadian control across species [ 108 ]. Additionally, these 
authors established that estrogen increases the percent of GnRH cells with AVPergic 
terminal appositions, providing an additional mechanism by which estrogen inte-
grates with circadian signaling to stimulate kisspeptin neurons at the time of ovula-
tion [ 108 ].

   More recently a creative series of studies by de la Iglesia and colleagues further 
established the specifi c means by which the SCN regulates  Kiss1  expression and the 
LH surge [ 53 ]. First, to determine if the SCN communicates ipsilaterally to  Kiss1 - 
expressing  neurons in the AVPV, and to assess the signifi cance of this communica-
tion for GnRH cell activation at the time of the surge, the authors lesioned one half 
of this nucleus and examined AVPV  Kiss1  expression and FOS expression in GnRH 
cells in female rats (Fig.  18.4 ). Both  Kiss1  expression and the percentage of GnRH 
cells expressing FOS were reduced on the side of the brain ipsilateral to the lesion, 

  Fig. 18.3    Kisspeptin-ir cells in the hamster AVPV receive SCN-derived fi ber contacts expressing 
AVP-ir. ( a ) Low-power photomicrographs of AVP-ir in the AVPV, in which kisspeptin cell bodies 
receive extensive AVP-ir fi ber contacts. ( b ) High-power photomicrograph showing several pre-
sumptive AVP-ir terminal boutons on a kisspeptin-ir cell body at the light level. ( c ) Confocal image 
(0.5 μm scan taken at ×400) confi rming AVP-ir contacts upon kisspeptin-ir cell body and pro-
cesses. In ( b ,  c ),  arrows  are indicative of close contacts. ( d – f ) Kisspeptin cells in the AVPV express 
the V1a receptor. ( d ) Low-power photomicrographs of kisspeptin-ir cells in the AVPV, ( e ) V1a-ir 
cells in the AVPV, and ( f ) the merged image showing overlap between kisspeptin-ir and V1a-ir. 
From Williams WP, 3rd, Jarjisian SG, Mikkelsen JD, Kriegsfeld LJ. Circadian control of kiss-
peptin and a gated GnRH response mediate the preovulatory luteinizing hormone surge. 
Endocrinology. 2011;152(2):595–606. Epub 2010/12/31. Reprinted with permission from The 
Endocrine Society       
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suggesting that the SCN communicates ipsilaterally to AVPV kisspeptin cells and 
that this stimulation is necessary for activation of the GnRH system. By using a 
lighting regimen previously established by this group to desynchronize rhythms in 
the dorsomedial and ventrolateral SCN [ 109 ], the authors show that the dorsomedial 
SCN oscillates independently of the LD cycle and that both AVPV  Kiss1  expression 
and the LH surge are coupled to oscillations in this SCN subregion (Fig.  18.5 ) [ 53 ]. 
Together with previous data supporting a role for AVPergic circadian control of 
AVPV kisspeptin neurons [ 54 – 56 ,  110 ], these data provide strong evidence for an 
important role of this indirect SCN-kisspeptin circuit in initiating the GnRH/LH 
surge to stimulate ovulation.

    Previous fi ndings indicate that that administration of AVP can only induce the 
preovulatory LH surge within a narrow time window [ 111 ], suggesting a gated 
mechanism of control at SCN target loci. The gating of SCN information fl ow may 
be controlled within kisspeptin cells in the AVPV, at the level of GnRH neurons, or 
a combination of both mechanisms. To select among these possibilities, we exam-
ined whether (1) kisspeptin cells within the AVPV respond in a time-dependent 

  Fig. 18.4    Ipsilateral SCN projections gate the daily activation of GnRH cells and the AVPV Kiss1 
expression rhythms in OVX + E 

2
  rats. ( Left ) Schematic coronal section showing the lesion location 

at two rostrocaudal levels from an animal that received a successful unilateral SCN lesion ( shaded ). 
MPO, SCN, and optic chiasm (OX) are indicated. ( Right ) Kiss1 expression is signifi cantly lower 
on the ipsilateral than on the contralateral side of the lesion in animals with successful unilateral 
SCN lesions but not in animals in which the unilateral lesion missed the SCN. Bars, mean ± SEM. 
 Asterisk , statistically different ( n  = 5 successful lesions, paired Student  t  test,  P  = 0.016;  n  = 7 
missed lesions, paired Student  t  test,  P  = 0.33). From Horvath TL, Cela V, van der Beek EM. 
Gender-specifi c apposition between vasoactive intestinal peptide-containing axons and 
gonadotrophin- releasing hormone-producing neurons in the rat. Brain Res. 1998;795(1–2):277–281, 
with permission from Elsevier Limited. And from Smarr BL, Morris E, de la Iglesia HO. The 
Dorsomedial Suprachiasmatic Nucleus Times Circadian Expression of Kiss1 and the Luteinizing 
Hormone Surge. Endocrinology. 2012. Epub 2012/03/29, with permission from The Endocrine 
Society       
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manner to AVP stimulation and (2) if GnRH neurons display time-dependent 
 sensitivity to kisspeptin signaling. If time-dependent sensitivity is controlled at the 
level of the AVPV, then one would expect kisspeptin cells to exhibit daily changes 
in sensitivity to AVP stimulation and contain an endogenous time-keeping 
 mechanism. Alternatively, if the gating of control occurs within GnRH cells, then 
one would expect the GnRH system to display daily sensitivity in response to both 
AVP and kisspeptin administration. Our fi ndings indicate that the kisspeptin system 
responds indiscriminately to AVP administration, regardless of time of day, whereas 
the GnRH system is only sensitive to kisspeptin stimulation at the time that the 
surge would normally occur (Fig.  18.6 ) [ 54 ]. These results further support the 
notion that kisspeptin cells do not keep circadian time but, instead, that their activity 
is driven by AVPergic SCN cells. However, these fi ndings point to an important role 
for autonomous circadian oscillators in GnRH cells underlying time-dependent 

  Fig. 18.5    Circadian Kiss1 expression is coupled to an oscillator within the dorsomedial SCN. 
( a ) Kiss1 expression on misaligned days 1 h before dmSCN-associated activity onset, but not 1 h 
before the vlSCN-associated locomotor activity onset, is similar to that in aligned animals before 
the locomotor activity onset [one way ANOVA ( P  = 0.05)]. Bars, mean ± SEM; groups not sharing 
the same capital letter are statistically signifi cant according to Tukey post hoc comparisons 
( P  = 0.05).  Asterisk , signifi cantly different from aligned and misaligned taken together, planned 
comparison,  P  = 0.02. ( b ) Representative Kiss1 ISH autoradiographic fi lms from animals killed on 
aligned days just before locomotor activity onset and on misaligned days just before dmSCN- 
associated activity onset (dm) or just before the vlSCN-associated activity onset (vl). From Smarr 
BL, Morris E, de la Iglesia HO. The Dorsomedial Suprachiasmatic Nucleus Times Circadian 
Expression of Kiss1 and the Luteinizing Hormone Surge. Endocrinology. 2012. Epub 2012/03/29. 
Reprinted with permission from The Endocrine Society       
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 sensitivity to upstream signaling. Alternatively, it is possible that the master clock 
in the SCN communicates timing information to GnRH cells that do not maintain 
the capacity for endogenous rhythmicity. Given that SCN-derived VIPergic cells 
project monosynaptically to GnRH neurons, this cell phenotype represents an ideal 
candidate to communicate such timing information. Finally, a combination of both 
mechanisms may underlie such daily changes in GnRH cell sensitivity, with 
VIPergic SCN communication synchronizing independent GnRH cellular oscilla-
tors to coordinate the timing in their responsiveness to upstream signaling.

        Clock Genes and Kisspeptin Control of Ovulation 

 The same clock genes that drive circadian rhythms at the cellular level in the SCN 
are also expressed throughout other brain regions and peripheral tissues. GnRH 
cells express clock genes, both in vitro [ 112 ,  113 ] and in vivo [ 114 ,  115 ]. Mice with 
a mutation in the essential circadian clock gene,  Clock , display abnormal estrous 
cycles and abnormal LH surge induction in response AVP administration [ 6 ], sug-
gesting an important role for clock genes (potentially in GnRH cells) in normal 
estrous cycling and ovulation. Studies in which the rescue of  Clock  is restricted to 

  Fig. 18.6    The activation of GnRH after kisspeptin administration is time dependent. The 
 percentage of GnRH-ir cells expressing FOS after vehicle, 2 nmol, or 4 nmol kisspeptin adminis-
tration at zietgerber time (ZT) 1 or ZT 11 in OVX hamsters. Mean (±SEM) percentage of POA 
GnRH-ir cells expressing FOS after kisspeptin administration at ZT 1 or ZT 11. From Williams 
WP, 3rd, Jarjisian SG, Mikkelsen JD, Kriegsfeld LJ. Circadian control of kisspeptin and a gated 
GnRH response mediate the preovulatory luteinizing hormone surge. Endocrinology. 
2011;152(2):595–606. Epub 2010/12/31. Reprinted with permission from The Endocrine Society       
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the SCN of these mice would help to clarify whether circadian disruption at the 
level of the SCN or GnRH neurons in responsible for the defi cits observed in these 
animals. Consistent with our fi ndings in vivo, immortalized GnRH neurons 
(i.e., GT1-7 cells) exhibit ~24 h changes in sensitivity to kisspeptin and VIP signal-
ing [ 113 ]. These fi ndings suggest that an endogenous timing mechanism in GnRH 
cells gates daily changes in responsiveness to upstream, stimulatory neurochemi-
cals, at least under these culture conditions. More recently, Chappell and colleagues 
found that estrogen-treated GT1-7 cells exhibit a rhythm in  GPR54  expression that 
is abolished in the absence of estrogen [ 116 ]. These results are intriguing given the 
absence of ERα in this cell population, suggesting participation of ERβ in this 
rhythm of  GRP54  transcription. Together with our fi ndings in vivo [ 54 ], these fi nd-
ings indicate that GnRH cells maintains the ability to oscillate independently, poten-
tially as a mechanism gating responsiveness to signals initiating ovulation. Whether 
or not SCN communication to the GnRH system is necessary to maintain phase 
coherence among this population of cells represents an important question for future 
enquiry.  

    Circadian Control of Estrogen Negative Feedback 

 Most work to date on the circadian control of ovulation has focused on estrogen posi-
tive feedback. Few studies have explored the neurochemical substrates and target 
loci at which circadian and estrogenic signals converge to maintain LH at low con-
centrations throughout the majority of the estrous cycle (i.e., negative feedback), and 
the mechanisms that suppress negative feedback at the time of the LH surge. Because 
estrogen suppresses kisspeptin activity in the Arc [ 94 ,  98 ], this population of cells is 
thought to be an important component of estradiol negative feedback. Whether the 
SCN projects to kisspeptin cells in the Arc has not been explored and represents an 
important potential mechanism by which suppression of positive drive to the repro-
ductive axis might be coordinated by the circadian system prior to the LH surge. 

 We explored whether a neuropeptide in the same family as kisspeptin, 
gonadotropin- inhibitory hormone (GnIH; also known as RFamide-related peptide- 3), 
participates in circadian-controlled estradiol negative feedback. In 2000, Tsutsui and 
colleagues isolated a dodecapeptide from Japanese quail brain that dose- dependently 
inhibits gonadotropin release from cultured quail pituitary that they named GnIH 
[ 117 ]. GnIH acts as a pronounced negative regulator of HPG axis activity in all spe-
cies investigated, including hamsters, mice, rats, cattle, sheep, nonhuman primates 
and humans (reviewed in [ 118 – 121 ]). Recently, one manuscript showed that GnIH 
leads to increased LH secretion in male hamsters, suggesting that it is important to 
consider sex and physiological state when investigating the impact of this  neuropeptide 
[ 122 ]. In rodents, GnIH cell bodies are localized to the dorsomedial hypothalamus 
(DMH) with projections forming close appositions to GnRH cells [ 123 ,  124 ], sug-
gesting the potential for direct, neural regulation of the GnRH  network. Additionally, 
recent work in mice and Siberian hamsters indicates that a marked number of GnRH 
neurons express GnIH receptor [ 125 ,  126 ]. Whether or not  endogenous GnIH acts on 
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the pituitary, in addition to GnRH cells, in mammalian species requires further inves-
tigation to clarify discrepant fi ndings across studies and  species [ 127 – 131 ]. 

 We fi rst examined the possibility that GnIH participates in mediating the 
negative- feedback effects of estradiol. Treatment of female rats with GnIH results 
in marked inhibition of GnRH neuronal activity at the time of the LH surge, provid-
ing support for this possibility [ 132 ]. In Syrian hamsters, we found that GnIH-ir 
cells express ERα and respond to acute estradiol treatment with increased 
FOS expression, suggesting activation by gonadal steroids [ 123 ]. Contrasting results 
were observed in one recent report, with treatment of mice with estrogen for 4 days 
leading to a decrease in GnIH mRNA expression [ 133 ]. The discrepancy in the 
impact of estrogen in mice and hamster may result from the timing at which the 
brains were collected for analysis and the dose/duration of estrogen treatment. Both 
of these possibilities represent interesting areas of investigation that will help to 
clarify the specifi c role of this neuropeptide in female reproductive axis regulation. 

 We next explored whether GnIH neurons might be a locus of integration for 
steroidal and circadian signals, providing a mechanism to coordinate the removal of 
estradiol negative feedback with SCN-mediated stimulation of the GnRH/LH surge. 
First, we examined the pattern of GnIH cellular activity, uncovering a daily pattern 
with trough activity at the time of the LH surge, suggesting the removal of negative 
feedback at this time [ 127 ]. Additionally, using anterograde tract tracing, we found 
that the SCN projects to a large proportion of GnIH cells, providing a mechanism for 
timing removal of negative drive on the GnRH system (Fig.  18.7 ). Finally, by exploit-
ing the “splitting” phenomenon seen in hamsters house in LL described previously, 
we found that activation of the GnIH system is asymmetrical. Importantly, this asym-
metry is opposite to that seen for the GnRH system, suggesting that the SCN con-
comitantly activates ipsilateral GnRH cells at the same time as removing the 
suppressive infl uence of GnIH on the same side of the brain (Fig.  18.7 ) [ 127 ]. Whether 
or not removal of negative feedback is required for the LH surge requires further 
empirical investigation. A recent series of studies by Pineda et al. using a selective 
antagonist (RF9) of GnIH provides converging evidence for a role of GnIH in the LH 
surge, with injections of RF9 increasing LH throughout the ovulatory cycle [ 134 ]. 
These fi ndings are consistent with a role for GnIH in maintaining low LH concentra-
tion throughout the ovulatory cycle. Together, these fi ndings and those for kisspeptin, 
point to an important role for these neuropeptides in the integration of positive and 
negative effects of estradiol with circadian signaling in the generation of the GnRH/
LH surge.

       Circadian Implications for Reproductive Aging 

 Age-related decline in reproductive axis function is common across species, with 
initiation of this decline typically occurring midway through life. In female rodents, 
this waning in reproductive function occurs, at least in part, from a reduction in the 
ability of the SCN to stimulate the neural circuits underlying ovulatory functioning. 
In middle-aged hamsters, for example, the peak level of LH is delayed and exhibits 
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a reduced amplitude relative to young, reproductively healthy animals [ 135 ]. These 
changes are associated with defi cits in GnRH cell activation. In regularly cycling 
young females, 34–40% of GnRH neurons express immediate early genes on the 
afternoon of proestrus compared to 9–14% in middle-aged animals; the total number 
of GnRH-immunoreactive neurons does not differ between the two groups [ 136 ]. 
This fi nding suggests that the SCN may not provide adequate stimulation to the 
GnRH system in aged animals. In support of this possibility, VIP mRNA, but not 
AVP mRNA, becomes arrhythmic in the SCN of middle-aged female hamsters [ 137 ], 
and suppression of SCN VIP in young female hamsters results in accelerated defi cits 
in GnRH activation and an LH surge that mimics that of an aged population [ 65 ,  66 ]. 
Together, these fi ndings suggest that age-related defi cits in the neuroendocrine mech-
anisms mediating ovulation may result from loss of function at the level of the SCN. 

 Whether or not alterations in circadian signaling to the kisspeptin system con-
tribute to reductions in reproductive competence with age has not been directly 
explored. However, two recent studies provide suggestive evidence for this possibil-
ity [ 138 ,  139 ]. In middle-aged female rats,  Kiss1  mRNA and protein are reduced at 
the time of estradiol positive feedback relative to young animals, whereas kisspeptin 
injections into the preoptic area rescue LH release and surge amplitude [ 138 ,  139 ]. 
These fi ndings are consistent with the notion that reduced circadian drive to kiss-
peptin neurons participates in aging-associated reductions in LH surge function. 
Alternatively, it is possible that defi cits in estradiol signaling to AVPV kisspeptin 
cells with advancing age account for reductions in estradiol-induced kisspeptin 
activity. Whether either or both of these possibilities account for ovulatory decline 
with advancing age requires further exploration. Nonetheless, given these recent 
fi ndings, it is noteworthy that kisspeptin not only represents a key neuropeptide 
initiating the onset of reproduction, but may also be a critical player in the transition 
to reproductive senescence, further pointing to a prominent role for this neuropep-
tide in maintaining reproductive competence.  

  Fig. 18.7    SCN fi bers project to GnIH-ir cells in the DMH. ( a ) Example injection site from an injec-
tion of biotinylated dextran amine (BDA) that fi lled the ventrolateral aspect of the SCN; ( b ) low-
power photomicrograph indicating terminal fi bers from the SCN project to the DMH, principally 
ipsilaterally. ( c ,  d ) Examples of SCN projections in close apposition to GnIH-ir cells in the DMH at 
the light level (( c ), low power; ( d ), high power). ( e – h ) Lateralization of GnRH and GnIH activation 
in split hamsters. The pattern of SCN activation is lateralized in animals exhibiting two daily bouts 
of activity. GnIH cellular activity is lateralized and opposite to that of GnRH, indicating SCN-
mediated removal of GnIH inhibition at the time of the LH surge. ( e ) Actogram of wheel- running 
activity in estradiol-implanted, OVX hamsters kept in constant light conditions (LL) from Day 1 
onwards (days indicated by  y  axis, hours by  x  axis). Split hamsters were killed ( asterisk ) 1 h before 
the onset of one of the two activity bouts. ( g ) Photomicrograph of FOS activation in GnIH cells of 
split hamsters, showing ipsilaterally reduced GnIH activation when SCN and GnRH activation are 
high. Mean (±SEM) percentage of FOS-ir ( f ) GnRH and ( h ) GnIH cells in split hamsters.  Asterisk , 
signifi cantly different from the opposite hemisphere’s activational state,  P  < 0.05. From Gibson EM, 
Humber SA, Jain S, Williams WP, 3rd, Zhao S, Bentley GE, et al. Alterations in RFamide-related 
peptide expression are coordinated with the preovulatory luteinizing hormone surge. Endocrinology. 
2008;149(10):4958–69. Epub 2008/06/21. Reprinted with permission from The Endocrine Society       
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    Conclusions and Considerations 

 Given the importance of circadian timing in female reproductive functioning and 
health, and the key role played by kisspeptin in the circadian network driving ovu-
lation, it is critical that a full understanding of the specifi c mechanisms and neuro-
chemicals pathways driving the timed production and secretion of this neuropeptide 
be garnered. The present overview points to the SCN as a central clockwork driving 
the coordinated activity of a host of positive and negative regulators of the repro-
ductive axis (Fig.  18.8 ). Future studies in which circadian signaling to relevant 
nodes downstream of the SCN, as well as circadian timing in these targets loci, 

  Fig. 18.8    Proposed model of circadian initiation of the preovulatory LH surge in spontaneously 
ovulating rodents by major positive and negative regulators of GnRH neuronal activity. Kisspeptin 
cells in the AVPV are active at the time of the LH surge. Whereas estrogen-responsive kisspeptin 
cells have not been defi nitively shown to project specifi cally to GnRH neurons, the emergence and 
sexual dimorphism of kisspeptin cells and fi bers that project to GnRH cell bodies provide compel-
ling evidence for the direct connection between these two neural phenotypes. Connections between 
the GnIH and GnRH systems indicate a putative role for GnIH in modulating the negative- feedback 
effects of estrogen with SCN communication allowing for removal of negative feedback on the 
reproductive axis during the time of the LH surge. Kisspeptin cells in the ARC likely serve to 
modify GnRH output at the level of the terminal. See text for additional details. Figure as origi-
nally published in Williams WP 3rd, Kriegsfeld LJ. Circadian control of neuroendocrine circuits 
regulating female reproductive function. Front Endocrinol (Lausanne). 2012;3:60. Epub 2012 May 
21 doi:   10.3389/fendo.2012.00060           
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is  manipulated through pharmacology and molecular/cellular biology will help to 
further establish, and clarify, the specifi c role played by this circadian timing hier-
archy in female reproduction. For example, does GnRH exhibit time-dependent 
specifi city to all modulatory neurochemicals, only kisspeptin, or only positive reg-
ulators of GnRH activity? Likewise, in addition to estrogen signaling, what other 
positive and negative regulators of the reproductive axis converge on kisspeptin 
cells to integrate with circadian signaling and precisely time the GnRH/LH surge? 
Recent evidence in mice suggests that at least GnIH acts directly on a subset of 
kisspeptin cells [ 125 ], providing a mechanism for kisspeptin cell inhibition prior to 
initiation of ovulation and sexual motivation. Additionally, it is unclear why the 
SCN projects both directly to the GnRH and kisspeptin systems to positively drive 
GnRH secretion when integration at a single locus is more parsimonious. Finally, 
most studies to date investigate GnRH secretagogues (e.g., GABA, dynorphin, glu-
tamate) in isolation or pairs. Future studies applying multivariate connectomic, 
proteomic, and genomic analyses to understand the complex interactions among 
these systems, and their integration with circadian control, will be necessary to gain 
a full understanding of the complexity underlying normal female reproduction and 
apply this knowledge to disorders of puberty and infertility.
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    Abstract     Wild and domesticated species display seasonality in reproductive 
function, controlled predominantly by photoperiod. Seasonal alterations in 
breeding status are caused by changes in the secretion of gonadotropin-releasing 
hormone (GnRH) that are mediated by upstream neuronal afferents that regulate 
the GnRH cells. In particular, kisspeptin appears to play a major role in seasonal-
ity of reproduction, transducing the feedback effect of gonadal steroids as well as 
having an independent (nonsteroid dependent) circannual rhythm. A substantial 
body of data on this issue has been obtained from studies in sheep and hamsters 
and this is reviewed here in detail. Kisspeptin function is upregulated during the 
breeding season in sheep, stimulating reproductive function, but contradictory 
data are found in Siberian and Syrian hamsters. The relative quiescence of kiss-
peptin cells in the nonbreeding season can be counteracted by administration of 
the peptide, leading to activation of reproductive function. Although there is a 
major role for melatonin in the transduction of photoperiod to the reproductive 
system, kisspeptin cells do not appear to express the melatonin receptor, so the 
means by which seasonality changes the level of kisspeptin activity remains 
unknown.  
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        Introduction 

 Most subhuman mammals, both domesticated and wild, display seasonality in 
reproductive function that is controlled by day length [ 1 ]. In the broadest sense, 
animals are either long-day breeders or short-day breeders, such that the reproduc-
tive axis is activated by increasing day length or decreasing day length, respec-
tively. Thus, sheep are short-day breeders whereas hamsters are long-day breeders. 
In the simplest terms, day length is “measured” by the perception of light through 
the eye, transmitting a signal to the suprachiasmatic nucleus (SCN), which sends 
indirect neuronal signals to the pineal gland, which secretes melatonin exclusively 
during the hours of darkness (reviewed in refs. [ 2 ,  3 ]). Thus, the duration of mela-
tonin secretion, which accurately refl ects the duration of darkness (and hence, the 
photoperiod), is the key endogenous signal which induces seasonal changes in 
reproductive status. The daily rhythm in CLOCK gene expression within the SCN 
is a fundamental driver of this system of detection of day length, leading to a dis-
tinct seasonality of reproduction that is well characterized in hamsters [ 4 ] and 
sheep [ 5 ,  6 ]. 

 This review focuses on reproductive function, and in this respect, it is important 
to note that seasonal change in reproductive function is characterized, in sheep at 
least, by a change in the secretion of gonadotropin-releasing hormone (GnRH) [ 7 ]. 
A nonsteroidal component of the mechanism that causes a fundamental change in 
the frequency of luteinizing hormone (LH) pulses was shown in ovariectomized 
(OVX) ewes [ 8 ]. Earlier work showed that there is an estrogen-dependent mecha-
nism that also underlies the transition between breeding and nonbreeding seasons, 
such that estrogen has a much greater negative feedback effect on the GnRH- 
gonadotropin axis in the nonbreeding season [ 9 ]. The sheep is an ideal model for the 
collection of hypophyseal portal blood, allowing for the measurement of hypotha-
lamic secretions [ 10 ], and this model was used to show that estrogen acts within the 
brain to cause this negative feedback effect [ 11 ]. During the nonbreeding season, 
estrogen reduces pulse frequency of GnRH secretion, whereas this does not occur in 
the breeding season, at least in sheep [ 12 ]. Herein, we review the evidence that this 
seasonally regulated estrogen feedback is mediated through kisspeptin neurons. 

 Although feedback control of GnRH secretion by gonadal steroids is fundamen-
tal to reproductive function [ 11 ,  13 ], GnRH cells do not express estrogen receptor-α 
(ER-α) [ 14 ], but do express ERβ [ 15 ]. Because ERα is the predominant mediator of 
the feedback effects of estrogen [ 16 ], other ERα-expressing cells in the brain pro-
mulgate the feedback effects of estrogen to the GnRH axis. Although various types 
of neurons have been shown to express the relevant sex steroid receptors, a major 
conduit for steroid feedback to GnRH cells remained elusive for many years [ 17 ]. 
The discovery that kisspeptin and its cognate receptor are essential for normal 
reproduction [ 18 ,  19 ] was a landmark in our understanding of reproductive control, 
because kisspeptin cells are highly responsive to gonadal steroid regulation and 
appear to transmit feedback signals to GnRH cells. While this does not exclude a 
role for other sex steroid receptive neurons, kisspeptin cells appear to be of primary 
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importance in the control of GnRH secretion. Accordingly, the role of kisspeptin in 
seasonal reproduction is of little surprise. This review focuses on how kisspeptin 
cells alter in function during seasonal breeding cycles, with particular reference to 
work in sheep and hamsters.  

    Location and Projections of Kisspeptin Neurons 

 The major populations of kisspeptin cells in the mammalian brain are found in the 
arcuate nucleus (ARC) of the hypothalamus and the preoptic area (POA). Regarding 
the latter population, slight species variation is observed. In the two species under con-
sideration here, with respect to photoperiodic control of reproduction, sheep display a 
population of cells in the lateral POA [ 20 ], whereas the hamster has a rostrally located 
population in the anteroventral periventricular nucleus (AVPV) [ 21 ]. 

 Of particular relevance are fi ndings from anterograde and retrograde neuronal 
tracing studies between the ARC and the POA of the ovine brain, which indicate that 
there is very limited direct input to GnRH cell bodies from the former region [ 22 ,  23 ]. 
Virtually none of the ARC kisspeptin cells of the sheep brain are retrogradely labeled 
when Fluorogold injections are placed in the basal POA, where most GnRH cell bod-
ies are found [ 24 ]. Although we see no ARC-to-GnRH pathways with conventional 
tracing methods, it remains possible that the ARC cells contact GnRH dendrites, 
which are not readily seen with conventional methodology. Certainly, in the rodent 
(mouse) brain, there is at least some input to GnRH cells in the POA from kisspeptin 
cells in the ARC [ 25 ], but no similar information is available for hamsters. It appears 
most likely that any infl uence that is exerted by the ARC kisspeptin cells on GnRH 
cell bodies is via at least one interneuron, in sheep at least. 

 Another possible means by which ARC kisspeptin cells may stimulate GnRH 
secretion is at the level of the median eminence. Signifi cant projections of kiss-
peptin cells are to the external (neurosecretory zone) of the median eminence [ 26 ], 
designated ARC cells by virtue of their co-expression of neurokinin B (NKB); only 
the ARC kisspeptin cells coproduce this peptide [ 27 ]. Kisspeptin may act at this 
neuroanatomical level to regulate GnRH secretion, as indicated by in vitro studies 
with isolated mouse mediobasal hypothalamus [ 28 ] or sheep median eminence [ 26 ]. 
Although we observe kisspeptin fi bers in the neurosecretory zone of the ovine 
median eminence, and Kiss1r (the kisspeptin receptor) is expressed in the pituitary 
gland [ 29 ], only low levels of the kisspeptin peptide are detectable in portal blood 
[ 29 ]. Thus, kisspeptin does not appear to affect LH or FSH release by direct action 
on pituitary gonadotropes [ 29 ]. Accordingly, any involvement that kisspeptin cells 
have with respect to season is due to action within the brain to regulate GnRH cells. 

 In sheep, kisspeptin cells in the lateral POA are retrogradely labeled when 
Fluorogold is injected into the basal POA of the sheep brain [ 24 ], which explains the 
close appositions between GnRH cell bodies and varicose fi bers containing 
 kisspeptin [ 30 ]. GnRH cells express kisspeptin receptors, allowing for direct action 
of kisspeptin from the POA cells [ 31 ]. In addition, it has been shown, in the mouse 
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brain at least, that kisspeptin cells communicate to neurons producing nitric oxide 
in the POA, and this is another indirect means by which kisspeptin signals from the 
ARC might be relayed to GnRH cells [ 32 ].  

    Kisspeptin and the Feedback Effects of Estrogen 

 Kisspeptin cells in the ARC are involved in transmission of both negative and positive 
feedback signals to GnRH cells in the sheep, which is different to the case in the 
rodent, where positive feedback involves the AVPV population of kisspeptin cells 
and negative feedback is effected through the ARC cells [ 33 ]. In the ewe, the fact that 
the positive feedback signal is initiated in the ARC, not the POA, was indicated by 
estrogen implant studies, coupled with measures of GnRH secretion [ 34 ]. The kiss-
peptin cells are those ARC neurons most likely to be involved; these cells show an 
upregulation in gene expression and peptide production in the late follicular phase of 
the estrous cycle [ 35 ,  36 ] and robust c-Fos labeling (as an index of neuronal activa-
tion) in response to estrogen injection [ 36 ]. Regarding the latter, this is a signal event 
that causes a time-delayed surge in GnRH and LH secretion [ 37 ], which causes ovu-
lation. In addition to this  initiation  event in the ARC that culminates in GnRH/LH 
surge secretion, the POA kisspeptin cells are activated at the time of the surge,  facili-
tating  the positive feedback event [ 38 ]. This latter observation is interesting since 
only 50 % of the POA kisspeptin neurons are seen to co-express ERα in the ewe [ 20 ]. 

 A fundamental question is how it is possible for one set of neurons, viz. ARC 
kisspeptin neurons, to mediate  both  negative and positive feedback effects of estro-
gen in the sheep. One way to come to terms with this is to consider the positive 
feedback event to be transient, whereas negative feedback is operative on a continu-
ous basis. Thus, when ovariectomized ewes are challenged with a single, acute 
intravenous injection of estradiol-17β, the ARC kisspeptin cells are activated (c-Fos 
labeling) within 1 h, and this leads to a surge in GnRH/LH secretion (positive feed-
back) [ 36 ]. On the other hand, when ovariectomized ewes receive constant-release 
estradiol-17β implants, for a period of 2 weeks, the same population of ARC kiss-
peptin cells shows reduced function (negative feedback) (Fig.  19.1 ) [ 36 ].

   It should also be appreciated that GnRH neurons are also controlled by a wide 
variety of cells in the brainstem, mid-brain, hypothalamus, and forebrain [ 39 – 42 ]. 
Convergent pathways from different regions of the brain may regulate GnRH cells 
through polysynaptic pathways. The fact that estrogen feedback may involve cells 
other than kisspeptin cells is indicated in a large number of studies, but not reviewed 
here. An example, however, of one such pathway is the estrogen-receptive A1 nor-
adrenergic neurons of the brainstem, which project to the bed nucleus of the stria 
terminalis (BNST) and POA, and may provide direct input to GnRH cells [ 40 ,  43 ]. 
These noradrenergic cells appear to be involved in estrogen feedback, since there is 
evidence of noradrenaline release in the POA at the time of the estrogen-induced 
LH surge in the ewe [ 44 ], as in other species, such as the rat [ 45 ]. These other cir-
cuits should be kept in mind when considering control of reproduction by kiss-
peptin, if for no other reason than to take account of the multifaceted regulation of 
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  Fig. 19.1    Activation of ARC kisspeptin cells by a surge-inducing stimulus, and reduction in activity 
in the same cell group with chronic estrogen treatment. Ovariectomized ewes received 50 μg 
estradiol-17β as a single i.v. injection (acute treatment) 1 h before brain collection, or estradiol-17β 
implants for 2 weeks (chronic treatment). Panels ( a – d ) show kisspeptin ( brown ) and Fos ( black ) 
labeling by immunohistochemistry ( scale bars  50 μm). ( a ) Is a low power image, showing the loca-
tion of the kisspeptin cells in the ARC, ( b – d ) show Fos/kisspeptin labeling in animals given either 
an estrogen implant ( b ), no treatment ( c ), or an i.v. injection ( d ). The percent kisspeptin cells that 
had c-FOS labeling is shown in ( e ), with labeling in the POA given also, for comparison. The values 
are means ± standard error and groups with different letters are signifi cantly ( P  < 0.05) different.  3V  
third ventricle. Note that acute treatment increases c-FOS labeling, whereas chronic treatment 
reduces c-FOS labeling, of kisspeptin cells; this shows that the same cells can respond to  both  nega-
tive and positive feedback effects of estrogen in opposite ways.  Scale bars  are 50 μm. From Smith 
JT, Li Q, Pereira A, Clarke IJ. Kisspeptin neurons in the ovine arcuate nucleus and preoptic area are 
involved in the preovulatory luteinizing hormone surge. Endocrinology. 2009 Dec;150(12):5530–8. 
Reprinted with permission from The Endocrine Society       
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reproduction by various brain systems, subserving the infl uence of diet, stress, 
mood, etc. For example, forebrain glutamatergic cells and inhibitory cells utilizing 
gamma amino butyric acid (GABA) as a neurotransmitter are also important in the 
regulation of GnRH secretion [ 41 ,  46 – 48 ].  

    Kisspeptin Cells Transmit the Negative Feedback Effect 
of Sex Steroids to GnRH Cells 

 As mentioned above, GnRH cells do not express estrogen ERα, but it is clear that sex 
steroids regulate the secretion of GnRH. Unlike GnRH cells, ARC kisspeptin cells 
express ERα and progesterone receptors [ 20 ]. Also, in ewes, upregulation of expres-
sion of the kisspeptin gene,  Kiss1 , is seen in the ARC following ovariectomy [ 49 ], and 
increased numbers of kisspeptin cells are also seen by immunohistochemistry [ 50 ]. 
Thus, estrogen exerts a tonic restraint on ARC kisspeptin cells in ewes [ 36 ]. Virtually 
all kisspeptin cells in the ovine ARC co-express dynorphin (DYN) and NKB [ 27 ]. 
This has led to the naming of these cells as KNDy (K-kisspeptin; N-neurokinin B; 
Dy-dynorphin) cells [ 51 ]. In sheep, there is good evidence that DYN plays a role in 
mediating the negative feedback effects of progesterone [ 52 ,  53 ]. NKB most likely 
stimulates the reproductive axis in sheep, since intracerebroventricular injection of the 
agonist senktide increases plasma LH levels, and implant studies suggest that this is 
due to action on the cognate receptors for NKB in the retrochiasmatic area [ 54 ]. 
Another possible role of NKB is positive autoregulation of kisspeptin cells, since the 
ARC kisspeptin cells express NKB receptors [ 55 ], and there is evidence that NKB is 
required for the function of kisspeptin cells [ 56 ]. There is little currently known about 
how NKB expression in kisspeptin cells relates to seasonality. 

 Effects of castration and sex steroid replacement on kisspeptin cells have also 
been studied in hamsters. Castration of male Syrian hamsters during long days 
(i.e., the breeding season) increased  Kiss1  gene expression in the ARC and reduced 
 Kiss1  expression in the AVPV. In females, under long days, ovariectomy increased 
 Kiss1 - expressing  cell numbers in the ARC, with no change in the AVPV [ 57 ]. This 
indicates a clear sex difference in the AVPV in the response to photoperiod, in this 
species at least. Increased  Kiss1  gene expression in the ARC following gonadec-
tomy is consistent with the general fi nding across species that negative feedback of 
gonadal hormones is exerted in this region. Under short days (i.e., the nonbreeding 
season for hamsters),  Kiss1 -expressing cells in the ARC of castrate males were not 
changed by chronic testosterone treatment, but there was an increase in  Kiss1  cell 
number in the AVPV. In female hamsters, chronic treatment with estrogen during 
short days reduced  Kiss1  expression in the ARC and increased expression in the 
AVPV [ 57 ]. Again, sex differences were observed, particularly at the level of ARC, 
and this should be taken into account when attempting to decipher the seasonal 
changes that occur in the hypothalamus of the hamster. 

 In another study, effects of castration, photoperiod, and testosterone replacement on 
kisspeptin-ir cell numbers were measured in the brains of male Siberian hamsters [ 58 ]. 
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In non-operated animals, kisspeptin-ir cell number in the AVPV was reduced in short 
days, compared to long days, but cell numbers in the ARC were higher in the long-day 
photoperiod, consistent with an earlier observation from this group [ 21 ]. There was no 
signifi cant effect of castration of male Siberian hamsters on kisspeptin levels in either 
nucleus, in either photoperiod; this is clearly different to the result obtained in Syrian 
hamsters [ 57 ]. Testosterone treatment increased kisspeptin-ir cell number in the AVPV 
of castrated Siberian hamster males, an effect which was much greater under short 
days (in which kisspeptin cell numbers are very low to begin with) [ 58 ]. This result, at 
least under short-day photoperiod, is consistent with that seen in the Syrian hamster 
(see above), and the result for the AVPV is similar to that seen in the mouse [ 59 ]. On 
the other hand, testosterone reduces  Kiss1  expression in the ARC of the castrated 
mouse [ 59 ], but does not appear to do so in either Syrian or Siberian hamsters, indicat-
ing key species differences. 

 It has been noted that changes in kisspeptin gene expression or peptide levels in the 
ARC could relate to changes in metabolic regulation with season [ 21 ]. Another point 
of consideration is that the AVPV is considered to be the site of positive feedback 
effects of estrogen on GnRH/LH secretion in mice and rats (and hamsters), whereas 
the ARC is the seat of negative feedback control via kisspeptin cells [ 33 ]. Accordingly, 
it is interesting that there are seasonal changes in the AVPV of the hamster in both 
sexes. These data are complex and further studies are required before the seasonal 
control of reproduction in the two different hamster species is fully understood.  

    Kisspeptin and Seasonal Reproduction 

 As indicated in the Introduction, an increase in the negative feedback effect of estro-
gen on GnRH/LH secretion is a fundamental cause of seasonal anestrus in the ewe 
[ 9 ,  11 ]. In normal Soay ewes, expression of  Kiss1  in the ARC fell when the animals 
were transitioned from a photoperiod of 8 h light and 16 h dark to longer day lengths 
[ 60 ], consistent with the short-day breeding pattern of this species. Other studies 
have shown that the number of  Kiss1 -expressing and kisspeptin-immunoreactive 
(-ir) cells in the ARC is greater in the brains of ovariectomized ewes at the time they 
would normally (if gonad int.ct) be breeding. This effect was seen irrespective of 
whether the animals were treated with long-term estrogen implants [ 30 ,  49 ], but the 
inhibitory effects of long-term estrogen treatment on  Kiss1  mRNA and kisspeptin 
expression in the ARC (indicative of negative feedback) are greater during the 
 nonbreeding season [ 30 ]. These data suggest the seasonal change in sensitivity to 
estrogen, which is a major mechanism for seasonal reproduction (see above), is 
affected, at least in part, by changing responsiveness of the kisspeptin cells to estro-
gen. The subcellular mechanisms that underlie this fundamental change in respon-
siveness to estrogen have not been elucidated, and it is not known if the level of ERα 
expression in ARC kisspeptin cells changes with season. This seasonal effect on 
 Kiss1  was seen in the ARC, but not the POA, supporting the notion that the negative 
feedback effect is promulgated by this subset of kisspeptin cells. In another study [ 61 ], 
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however, a signifi cant increase in immunoreactive kisspeptin cells was seen in both 
the ARC and the POA of ewes transferred to from long-day (16 h light:8 h dark) to 
short-day (8 h light:16 h dark) photoperiod (replicating the shift to the breeding 
season). In this latter study, the sheep were ovariectomized and given estrogen 
implants, and the increase in kisspeptin-ir neuron number was seen in the same time 
frame as the release from estrogen negative feedback. This adds further weight to 
the assertion that the seasonality of reproduction in the ewe involves a change in the 
responsiveness of kisspeptin cells to estrogen. 

 In addition to seasonal changes in kisspeptin gene expression and synthesis in 
the ovine brain, there is also greater kisspeptin input to the GnRH neurons in the 
breeding than nonbreeding season [ 30 ]. This most likely originates from the POA 
kisspeptin cells (see above). Thus, at least in sheep, both the level of kisspeptin 
expression and the level of kisspeptin input to GnRH neurons are higher during the 
breeding season, while the negative feedback effects of estrogen on kisspeptin are 
lower at this time of the year. This further asserts the case for a major role of kiss-
peptin in the seasonality of reproduction. 

 As the seasonal change in kisspeptin expression in ewes is replicated by manipu-
lation of photoperiod, it appears this change in the diurnal pattern of the light/dark 
cycle may be the primary stimulus governing kisspeptin change. Work in hamsters 
supports this notion, although there are differences between Syrian and Siberian 
hamsters that complicate interpretation in these species. Transfer from long days 
(16 h light:8 h dark) to short days (8 h light:16 h dark) reduced the number of cells 
expressing  Kiss1  in male and female Syrian hamsters, in both the AVPV and the 
ARC, as measured via in situ hybridization [ 55 ,  62 – 64 ]. These data are consistent 
with those obtained in the sheep [ 49 ], but different to those seen in the Siberian 
hamster, in which immunohistochemistry was used to measure an increase in kiss-
peptin- ir cell number in the ARC under short-day photoperiod [ 21 ]. Interestingly, 
Siberian hamsters that did not respond to short days (with a reduction in reproduc-
tive function) showed no increase in kisspeptin cell numbers, which remained simi-
lar to those seen under long days [ 21 ]. Although these papers indicate a critical 
species difference between Syrian and Siberian hamsters, it should be noted that 
one study [ 21 ] counted kisspeptin-ir cells, whereas the other [ 57 ] counted  Kiss1 - 
expressing  cells, and thus, different techniques were used. However, it has been 
recognized for some time that Syrian and Siberian hamsters may differ in the mech-
anisms that underlie seasonality of reproductive function [ 65 ]. These differences 
may, at least in part, be due to the differences in the neural sites of action of melato-
nin. Thus, in Siberian hamsters, lesion of the SCN prevents the inhibitory effect of 
exogenous melatonin infusions [ 66 ], but this is not the case in Syrian hamsters [ 67 ].  

    Role of the A14/A15 Dopaminergic Nucleus 

 In sheep, dopaminergic neurons located in the A15 region of the forebrain appear to 
be involved in the seasonality of breeding (reviewed in refs. [ 68 ,  69 ]). These dopami-
nergic cells act in some way to reduce GnRH pulse frequency during the nonbreeding 
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season [ 70 ,  71 ]. Although these A15 dopaminergic cells are activated by estrogen 
during the nonbreeding season, they do not express ERα [ 72 ]. Estrogen regulation 
may be via afferents to these cells, such as glutamatergic cells of the POA [ 73 ]. 
Neither do the A14/A15 dopaminergic cells project directly to GnRH cell bodies [ 74 ], 
so the question arises as to how there might be any involvement in the regulation of 
reproduction. The answer may be found in anterograde tracing experiments, which 
show projections from the A14/A15 region to the caudal ARC and the median emi-
nence [ 69 ]; it is possible that these dopaminergic cells regulate kisspeptin cells at this 
level, but further work is required before this is established as a bona fi de pathway. 
A working model was provided by Goodman et al. for the sheep [ 69 ], which is that 
estrogen feedback to the ventromedial hypothalamus and the retrochiasmatic nucleus 
is relayed to the A15 dopaminergic elements that then project to kisspeptin neurons in 
the ARC to regulate kisspeptin control of the GnRH neurons. The mechanism by 
which melatonin, and hence, photoperiod, might regulate this pathway is not known.  

    Role of Melatonin in the Photoperiodic Control 
of Kisspeptin Neurons 

 Evidence for seasonal changes in kisspeptin cell activity being controlled by melatonin 
has been provided by work in hamsters, because the decline in  Kiss1  expression that is 
seen in Syrian hamsters under short-days is lost if the animals are pinealectomized 
[ 63 ]. This outcome was recapitulated in a later study, such that the number of  Kiss1 -
expressing cells in the ARC of male and female Syrian hamsters held in short days was 
increased following pinealectomy (i.e., removal of endogenous melatonin), with no 
change in the AVPV population [ 57 ]. Furthermore, pinealectomy of hamsters in long 
days prevents  Kiss1  downregulation upon subsequent transfer to short-day photope-
riod [ 63 ]. Because it is accepted that melatonin acts at the level of the mediobasal 
hypothalamus [ 75 ,  76 ] in sheep at least, this observation is consistent with some mech-
anism at this level—perhaps the ARC—to control reproductive function. Moreover, 
these Syrian hamster data suggest that  Kiss1  expression in the AVPV and ARC is 
downregulated in short days via different mechanisms: in the ARC, short days inhibit 
 Kiss1  via a direct melatonin effect on the hypothalamus, whereas in the AVPV, the 
short-day decrease in  Kiss1  expression appears to be secondary to the melatonin-
driven reduction of sex steroid feedback levels. 

 Under long days (active reproductive photoperiod), male Syrian hamsters treated 
with melatonin for 8 weeks showed a reduction in both paired testis weight and plasma 
testosterone levels [ 57 ]. This was accompanied by a fall in the number of  Kiss1 -
expressing cells in both the AVPV and the ARC, consistent with the effect of simulated 
transfer from long-day to short-day photoperiod. In the absence of testes, melatonin 
caused a reduction in cell number in the ARC within 1 week (with no change in AVPV 
cell number), leading to the suggestion that testosterone may potentiate the effect of 
melatonin [ 57 ]. This work in Syrian hamsters supports the notion that melatonin drives 
the photoperiodic control of reproduction, through a mechanism upstream of the kiss-
peptin cells. It has not been established that kisspeptin cells express melatonin receptors 
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in this species, but kisspeptin cells do not express melatonin receptor 1A (the signaling 
form of the receptor) in the ovine brain [ 77 ]. Because the time frame of the action of 
melatonin (several days or even weeks) compared to the immediate effects of 
kisspeptin on GnRH secretion, it seems most likely that some other cell type trans-
duces the melatonin signal to the ARC kisspeptin cells. Recent evidence for a circa-
dian-based molecular mechanism within the pars tuberalis of the pituitary couples the 
variations of the melatonin signal with the variations of thyroid hormones within 
the hypothalamus [ 78 ]. Given that most of the kisspeptin cells of the ARC express the 
thyroid hormone receptor [ 79 ], it is possible that there may be some involvement of 
melatonin to modulate thyroid hormone secretion, which, in turn, impacts upon kiss-
peptin function, to govern seasonal changes in breeding patterns.  

    Kisspeptin and Gonadotropin Inhibitory Hormone 
as Key Reciprocal Regulators in Seasonal Breeding 

 Gonadotropin inhibitory hormone (GnIH), also called RFRP-3, is a neuropeptide 
produced in cells of the dorsomedial nucleus/paraventricular nucleus of the hypo-
thalamus in mammals. GnIH was originally isolated from the quail brain [ 80 ] and is 
associated with seasonality in birds [ 81 ]. In the ewe, GnIH gene expression and 
protein production are higher during the nonbreeding season than in the breeding 
season [ 30 ], and terminal projections from GnIH cells to GnRH neurons increase 
during the nonbreeding season [ 30 ]. Using an antagonist (RF9) to the GnIH recep-
tor, Caraty et al. [ 82 ] were able to demonstrate release of LH, indicating that endog-
enous GnIH must act to restrain GnRH/LH secretion. The response to the antagonist 
was higher in the nonbreeding season than the breeding season, perhaps for the 
same reason that responses to kisspeptin are greater at this time (see above). These 
recent fi ndings suggest that kisspeptin and GnIH act in concert to control seasonal 
cycles of breeding in mammals such as sheep. It should be noted however, that this 
antagonist may act through the putative GnIH receptor (also known as NPFF1) or 
NPFF2 receptors, having cardiovascular effects [ 83 ], and may also interact with 
other, as yet unidentifi ed receptors. In the sheep, GnIH exerts dual effects on the 
GnRH neurons, as well as on pituitary gonadotropes. The effect on the gonado-
tropes is by means of projections of the GnIH neurons to the external zone of the 
median eminence [ 84 ] and secretion into the hypophyseal portal blood [ 85 ]. Portal 
blood levels of GnIH are higher in the anestrous season, indicating a role in the sup-
pression of pituitary function in this reproductive state. There is virtually no projection 
of GnIH neurons to the external zone of the median eminence in the hamster [ 86 ], 
so pituitary action may not be relevant in these animals. 

 In hamsters, the level of GnIH expression has also been found to respond to sea-
son, but with results different to those seen in sheep. In particular, studies in Syrian 
and Siberian hamsters surprisingly showed increased levels of GnIH expression and 
numbers of immunoreactive cells under long-day (stimulatory) photoperiod [ 87 ], 
with no change being observed in Wistar rats (which are not seasonal breeders). 
Castration had no effect on GnIH gene expression during long days, and testosterone 
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treatment had no effect in short days, leading to the conclusion that GnIH is not 
regulated by this gonadal steroid. Pinealectomy prevented the reduction in GnIH 
gene expression under short days, and melatonin treatment of long-day animals led 
to a reduction in GnIH gene expression within 3 weeks [ 87 ]. Most recently, another 
study in Siberian hamsters confi rmed the results of the earlier work, confi rming the 
changes in GnIH expression with long- and short-day photoperiod and regulation by 
melatonin, with corroborative immunohistochemical data [ 86 ]. In addition, these 
authors showed that GnIH fi ber input to GnRH cells was reduced under short-day 
photoperiod. Importantly, it was shown that intracerebroventricular infusion of 
GnIH inhibited plasma LH levels in animals under long-day photoperiod but stimu-
lated LH levels when animals were under short-day photoperiod. This led the authors 
to speculate that GnIH is inhibitory when LH levels are high and stimulatory when 
LH levels are low. These data implicate GnIH in “seasonality” in hamsters, but the 
higher levels of activity of GnIH neurons under long-day photoperiod (the breeding 
condition) indicate that it is unlikely that changes in GnIH are of major importance 
in the reproductive state that is controlled by photoperiod. However, GnIH certainly 
has signifi cant roles in the regulation of appetite [ 84 ,  88 ] and stress [ 89 ], and the 
former is controlled by photoperiod in seasonally breeding mammals. 

 In summary, in sheep at least, there is good indication that seasonality is due to 
reciprocal changes in the infl uence of kisspeptin and GnIH on GnRH secretion, with 
the added effect of an increase in GnIH action on pituitary gonadotropes in anestrus; 
the same is not true for hamsters.  

    Response to Kisspeptin in Breeding and Nonbreeding “Seasons” 

 In sheep, the response to kisspeptin is greater in the nonbreeding season than in the 
breeding season [ 90 ], which appears to be due to a higher level of kisspeptin recep-
tor expression in GnRH neurons and a higher GnRH response to kisspeptin in the 
nonbreeding season [ 31 ]. In a consistent manner, a higher response to kisspeptin, in 
terms of LH secretion, is seen in Siberian hamsters under short-day (nonbreeding) 
photoperiod compared to long-day (breeding) photoperiod [ 91 ]. The higher response 
to kisspeptin in nonbreeding animals may be a refl ection of the lower GnRH/LH 
pulse frequency at this time, allowing for greater build up of releasable pools of 
GnRH and LH respectively.  

    Induction of Reproductive Function with Kisspeptin During 
Photoperiodic Quiescence 

 The recognition that kisspeptin cells are major regulatory elements of the gonado-
tropic axis (for review, see ref. [ 92 ]), together with the above-mentioned observa-
tions, strongly indicates that acyclicity in ewes during the nonbreeding season is 
associated with reduced kisspeptin function in the ARC. In order to determine 
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whether kisspeptin treatment reactivates the gonadotropic axis and causes ovulation, 
we conducted studies in two breeds of sheep raised in both Northern and Southern 
hemispheres. Intravenous infusion of a low dose of kisspeptin-10 was given to 
acyclic anoestrus ewes over 48 h [ 93 ]. This treatment stimulated gonadotropin 
secretion, induced LH surges, and caused ovulation in more than 80 % of the anes-
trous animals. Analysis of the hormonal changes induced by this chronic kisspeptin 
infusion is illustrated in Fig.  19.2 , indicating a sharp, albeit transient, increase in 
serum gonadotropin levels that was maintained for 4–5 h. Thereafter, while FSH 
returned to basal levels, LH secretion stayed at follicular phase levels (1–2 ng/mL) 
up until a well-synchronized LH surge occurred some 16–22 h later. Thus, in terms 
of mechanism, kisspeptin infusion induced a sequence of events similar to a normal 
follicular phase, which culminated in the positive feedback of estrogen in these 
animals with a quiescent hypothalamo-pituitary axis. This included an initial rapid 
stimulation of GnRH secretion, leading to the stimulation of LH secretion to follicu-
lar phase levels, which subsequently activated the ovaries and ultimately led to the 
initiation of the positive feedback circuits within the brain and the induction of the 
preovulatory LH surge.

   An interesting question is why stimulation by kisspeptin can lead to a sustained 
level of LH secretion and not be overcome by the negative feedback effect of estro-
gen, which is pronounced in the anestrous season. At least one likely explanation is 

  Fig. 19.2    Effect of an intravenous infusion of kisspeptin-10 on LH, FSH, and estradiol secretion 
patterns in a representative acyclic anestrous ewe. Administration of kisspeptin led to an immediate 
increase in plasma concentrations of LH ( open circles ) and FSH ( closed squares ) for a 4–5 h 
period. This was followed by a reduction in the concentrations of the two gonadotropins, but LH 
concentrations remained above baseline until a preovulatory surge of the two gonadotropins was 
eventually observed. Plasma estradiol concentrations ( black triangles ) were also increased by kiss-
peptin infusion and remained elevated until the occurrence of a gonadotropin surge. Redrawn from 
ref. [ 95 ]       
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that this mechanism involves regulation of kisspeptin cells of the ARC and, since 
the treatment with exogenous kisspeptin overrides this, it allows a sustained GnRH 
secretion. Another interesting fi nding of these studies was that constant infusion of 
kisspeptin is effi cacious in stimulating gonadotropin secretions, but intermittent 
intravenous injection was not [ 93 ]. Other work in primates has suggested that con-
stant infusion of high kisspeptin amounts causes downregulation of the kisspeptin 
receptor [ 19 ]. In peripubertal female rats, circulating LH concentrations remain 
elevated after 7 days of continuous cerebral infusion of kisspeptin, an effect which 
is not observed in cyclic rats [ 94 ]. Therefore, it is very likely that, within a given 
range of concentrations, which might vary according to the species and develop-
mental stage, continuous infusion of kisspeptin can stimulate GnRH, and hence 
gonadotropin secretion, for extended periods of time. This latter observation is 
especially relevant from a practical perspective, as it might lead to new treatments 
to control fertility. Indeed, it was demonstrated that 24 h of constant infusion of 
kisspeptin in acyclic anestrous ewes was the minimal duration required to induce 
the secretion of estrogen [ 95 ] to a level known to cause positive feedback [ 96 ]. For 
this to be practicable, however, we need to produce kisspeptin agonists with higher 
potency than the natural molecules, but there is only one report of such a compound 
with slightly higher activity than kisspeptin-10 [ 97 ]. An alternative strategy to 
address the problem could be to increase the half-life of the kisspeptin molecule in 
plasma, rather than its intrinsic potency. This strategy has already been applied suc-
cessfully in the case of GnRH agonist molecules used in the treatment of various 
forms of cancers [ 98 ]. Generation of long-lasting agonists of kisspeptin could pro-
vide sustained stimulation of the GnRH/gonadotropic axis. 

 In essence, the demonstration that i.v. administration of kisspeptin can stimulate 
ovulation in seasonally anestrous ewes and in prepubertal ewes [ 99 ] offers a means 
of controlling reproduction in farm animals. For practical use, however, the devel-
opment of new pharmacological tools will nevertheless prove essential to devise 
new strategies and make progress towards practical exploitation. 

 As with the issues relating to the role of kisspeptin and response to photoperiod 
in hamsters, our current understanding is somewhat unclear because of differences 
between the two species. Chronic central administration of kisspeptin-10 for 4 
weeks to male Syrian hamsters on short days was shown to increase testis weight 
and plasma testosterone to levels seen under long-day photoperiod [ 63 ]. However, 
a paper by Greives et al. [ 58 ] indicated that various treatment paradigms of periph-
eral administration of kisspeptin-10 (infusion by osmotic mini-pump or daily i.p. 
injection) failed to activate reproductive function in male Siberian hamsters on 
short-day photoperiod. Neither did daily kisspeptin-10 injections prevent reproduc-
tive regression during transition from long days to short days. At face value, this 
indicates that male Siberian hamsters are markedly different from female sheep, in 
which kisspeptin infusion activates the reproductive axis in the nonbreeding season. 
On the other hand, continuous treatment of Syrian hamsters with kisspeptin-54 
delivered by osmotic mini-pumps did not stimulate the reproductive axis in short-
day (inhibitory) photoperiod, but intermittent treatment (two injections each day) 
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did so [ 100 ]. These authors suggested that failure of continuous delivery could have 
been partly due to degradation of kisspeptin in the mini-pumps, an inappropriate 
dose, and/or downregulation of the kisspeptin receptors after chronic treatment. 
Another point of difference    between the two studies was that Ansel et al. [ 100 ] used 
kisspeptin-54, whereas Greives et al. [ 58 ] used kisspeptin-10. Nevertheless, there is 
little difference in the potency of the two forms, even though kisspeptin-54 shows a 
slightly delayed effect [ 101 ]. 

 The above fi ndings raise the question of why does continuous peripheral kiss-
peptin treatment of sexually quiescent Syrian hamsters fail to activate the gonads, 
whereas continuous treatment of ewes does so Furthermore, one might ask why 
intermittent kisspeptin treatment of anestrous ewes was not effective, whereas con-
stant infusion was so [ 93 ]. The answers are not yet known, but may be because the 
acute response in the anestrous ewe is a rise in LH secretion, suffi cient to cause a 
rise in plasma estrogen levels, and it is the latter that then leads to a positive feed-
back response and an ovulatory LH surge. In this respect, nuances in the response 
to kisspeptin, in relation to species and the type of response being sought (male vs. 
female), need careful consideration.  

    Concluding Remarks 

 Kisspeptin cells appear to be integrally involved in the transitions into and out of the 
breeding seasons. Generally, there is an increase in the activity of ARC kisspeptin 
cells in the breeding season and a reduction in the nonbreeding season. Because 
these cells are estrogen responsive, they are able to transduce the enhanced negative 
feedback effect of estrogen that suppresses GnRH secretion in the nonbreeding 
 season. Consistent with the fi ndings in terms of cellular function, some kisspeptin 
treatments allow maintenance of reproductive function in hamsters housed in short- 
day (inhibitory) photoperiod and cause ovulation in anestrous ewes. 

 Data from hamsters and sheep strongly suggest that the seasonal changes in 
kisspeptin function are due to photoperiod, and more specifi cally, the pattern of 
melatonin secretion, but a means by which melatonin acts to cause these changes is 
a fundamental issue that requires some resolution before we can fully understand 
mechanisms of seasonal breeding. 

 In sheep at least, there appears to be a reciprocal change in the function of GnIH 
cells and kisspeptin cells that are complementary, such that reduced activity of kiss-
peptin and increased function of GnIH both suppress reproductive function in the 
anestrous season. This does not seem to be the case in Syrian or Siberian hamsters, 
where GnIH expression is surprisingly decreased during inhibitory (short day) pho-
toperiod. Even though kisspeptin cells play a pivotal role in the reproductive 
response to photoperiod, a greater level of understanding of the afferents to kiss-
peptin cells is required before we can determine how seasonality of reproduction is 
actually controlled by melatonin.      
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    Abstract     Stressful stimuli abound in modern society and have shaped evolution 
through altering reproductive development, behavior, and physiology. The recent 
identifi cation of kisspeptin as an important component of the hypothalamic regula-
tory circuits involved in reproductive homeostasis sparked a great deal of research 
interest that subsequently implicated kisspeptin signaling in the relay of metabolic, 
environmental, and physiological cues to the hypothalamo–pituitary–gonadal axis. 
However, although it is widely recognized that exposure to stress profoundly 
impacts on reproductive function, the roles of kisspeptin within the complex mecha-
nisms underlying stress regulation of reproduction remain poorly understood. We 
and others have recently demonstrated that a variety of experimental stress para-
digms downregulate the expression of kisspeptin ligand and receptor within the 
reproductive brain. Coincidently, these stressors also inhibit gonadotropin secretion 
and delay pubertal onset—processes that rely on kisspeptin signaling. However, a 
modest literature is inconsistent with an exclusively suppressive infl uence of stress 
on the reproductive axis and suggests that complicated neural interactions and sig-
naling mechanisms translate the stress response into reproductive perturbations. 
The purpose of this chapter is to review the evidence for a novel role of kisspeptin 
signaling in the modulation of reproductive function by stress and to broaden the 
understanding of this timely phenomenon.  
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        Introduction 

 Kisspeptin has been widely recognized as a key regulator of the hypothalamo–
pituitary–gonadal (HPG) axis, and thus reproductive development and function. 
The roles of kisspeptin in the control of sexual differentiation, puberty, surge and 
pulsatile modes of gonadotropin secretion, gonadal steroid hormone feedback, 
pregnancy, lactation, and reproductive senescence have been well studied in a 
wide variety of clinical and animal models, as well as in vitro. However, the dis-
covery of kisspeptin was associated with research on metastasis suppression 
mechanisms in malignant melanoma cells [ 1 ], and kisspeptin has been implicated 
in several peripheral, as well as central, processes, both physiological and patho-
logical, that have little direct relevance to reproduction, including hippocampal 
seizures [ 2 ], cardiovascular vasoconstriction [ 3 ], renal fl uid homeostasis [ 4 ], and 
pancreatic glucose- induced insulin secretion [ 5 ]. 

 Although, by far, the most signifi cant populations of kisspeptin-expressing neurons 
are found in the arcuate nucleus (ARC) and preoptic area (including the anteroventral 
periventricular (AVPV) and preoptic periventricular (PeN) nuclei in rodents) of the 
hypothalamus, both chiefl y involved in regulation of reproductive functions, kisspeptin 
fi bers are abundant in the paraventricular nucleus (PVN) of the hypothalamus [ 6 ], where 
perikarya of neurons that secrete corticotropin-releasing factor (CRF, a key neuroendo-
crine mediator of the stress response) and the stress- associated peptide hormones, argi-
nine vasopressin (AVP) and oxytocin, are located [ 7 ]. Furthermore, numerous kisspeptin 
neurons project to limbic structures (namely the bed nucleus of the stria terminalis 
(BNST) and the medial nucleus of the amygdala (MeA)) [ 6 ], which innervate the PVN 
via gamma-aminobutyric acid (GABA)ergic inputs [ 8 ]. Therefore mammalian neuro-
anatomy potentially permits an intimate interaction between the HPG and stress axes, 
within which kisspeptin signaling may play a key role. 

 Experimental interventions commonly used so simulate a range of stressful situ-
ations and evoke a physiological stress response are referred to as stress paradigms. 
Administration of the  Escherichia coli  endotoxin, lipopolysaccharide (LPS), elicits 
reproducible acute infl ammation that serves as a paradigm of immunological stress. 
Restraint of experimental animals is a well-defi ned acute psychological stress 
model. Social isolation has been used to replicate the effects of psychosocial stress, 
and is considered a mild stressor. Social status or rank refl ects a more complex and 
chronic psychosocial stressor. The paradigms of metabolic stress are comparatively 
more diverse: nutritional disbalance, short-term fasting, chronic malnutrition, 
insulin- induced hypoglycemia and exercise are all considered to exert physiological 
stress on individuals, although perhaps through different mechanisms. These have 
been extensively reviewed in the context of pubertal onset [ 9 ,  10 ] and reproductive 
function in adults [ 11 ]. Numerous other stress paradigms are routinely employed in 
research, and many share overlapping effects on the stress response and reproduc-
tive processes; a comprehensive review of each is beyond the scope of this chapter. 
Therefore we focused our discussion on the restraint, LPS,  insulin- induced hypo-
glycemia and social isolation experimental stress paradigms.  
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    Puberty, Stress and Kisspeptin 

 One major facet of reproductive research that concerns the effects of both kisspeptin 
and stress is puberty. Characterized as the transition from juvenile to adult state of 
reproductive development, growth, and adrenal maturation, pubertal timing in 
mammals (including man) is controlled by a multiplicity of complex interactions 
between genetic and environmental factors, with the latter providing fi ne tuning to 
maximize reproductive potential to fi t the prevailing or predicted environment. 
There is unequivocal evidence that chronic stress exposure suppresses the activity 
of the HPG axis and delays puberty. However, less well recognized is the advance-
ment of puberty by environmental factors, such as psychosocial stress within the 
family domain, including absence of father, as well as parental and mother–daughter 
confl ict [ 12 ], with striking parallels in an animal model of weak parent–offspring 
bonding [ 13 ]. The age at which girls are reaching puberty has been trending down-
wards in recent decades, coincident with the increasing prevalence of overweight 
and obesity;    this is in keeping with evidence that overnutrition advances puberty 
[ 14 ] and body fatness and a rapid elevation in BMI are predictors of earlier onset of 
puberty. However, recent studies reveal that this downward trend is evident irrespec-
tive of BMI, suggesting that other factors are involved [ 14 ,  15 ]. Animal models of 
delayed puberty (e.g., intrauterine growth retardation [ 16 ,  17 ] or neonatal exposure 
to LPS [ 18 ]) or advanced puberty (e.g., low maternal care [ 13 ] or high-fat diet [ 19 ]) 
also fail to show a clear correlation between body weight, body fat, or its central 
signaling biomarker, leptin, and the timing of puberty. 

 Kisspeptin/Kiss1r signaling is a prerequisite for physiological development of 
the reproductive system, since inactivating mutations in  KISS1  [ 20 ] or  KISS1R  
[ 21 ,  22 ] result in pubertal failure and hypogonadotropic hypogonadism in 
humans.     Kiss1 - and  Kiss1r -knockout mouse models largely produce a similar 
reproductive phenotype [ 23 – 25 ], although  Kiss1 -knockdown results in a less 
severe phenotype [ 26 ]. However, a recent report challenged the dogma that kiss-
peptin signaling is required for puberty and adult fertility in mice [ 27 ]. 
Nevertheless, levels of hypothalamic  Kiss1  and  Kiss1r  expression peak at puberty 
(Fig.  20.1 ) [ 18 ,  28 ,  29 ], and kisspeptin administration stimulates precocious 
puberty in rats [ 30 ]. Furthermore, polymorphisms in the  KISS1  gene [ 31 ] and 
activating mutations in  KISS1R  [ 32 ] are associated with central precocious 
puberty in humans. A variety of well-defi ned acute and chronic stress paradigms 
and experimental parameters of pubertal development have facilitated in vivo 
research aiming to elucidate the effects of stress on reproductive maturation. 
However, to this end, few studies have directly addressed the involvement of kiss-
peptin in the alteration of pubertal dynamics in response to stress.

   Exposure to an immune challenge, such as LPS, in the early neonatal period has 
been shown to have profound and long-lasting effects on the stress response 
 throughout later life in the rat, evident through increased CRF gene expression in 
the PVN of the hypothalamus and an increase in the pulse frequency and amplitude 
of corticosterone (CORT) release [ 33 ]. We have shown that neonatal exposure to 
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LPS delays puberty and disrupts estrous cyclicity, concordant with downregulation 
of  Kiss1 , but not  Kiss1r , mRNA expression in the medial preoptic area (mPOA) 
(Fig.  20.1 ) [ 18 ,  34 ]. This decrease in  Kiss1  expression could provide a mechanism 
for the observed delay of puberty. By contrast, the lack of effect of neonatal LPS 
treatment on  Kiss1  or  Kiss1r  expression in the ARC would indicate that kisspeptin/
Kiss1r signaling in this brain region is not an obvious contributing factor to pubertal 
delay. Interestingly, the postponement of LPS treatment from postnatal days 3 and 
5 to postnatal days 7 and 9 failed to delay puberty, suggesting there is a discrete 
developmental time window that is sensitive to immunological challenge [ 18 ]. 

  Fig. 20.1    Effects of neonatal lipopolysaccharide (LPS, 50 μg/kg ip) or saline control given at 
postnatal day (pnd) 3–5 on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area 
(mPOA) ( a ) and arcuate nucleus (ARC) ( c ) and on kisspeptin receptor ( Kiss1r ) mRNA expression 
in the mPOA ( b ) and ARC ( d ) in female rats at pnd 14, pnd 32, (the day of vaginal opening (dVO)), 
and at 11 weeks of age (Adult).  Kiss1  and  Kiss1r  mRNA levels were measured in brain micro-
punch samples from the mPOA or ARC using real-time reverse transcriptase–polymerase chain 
reaction. Quantifi cation for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples; the values 
are expressed as a ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA 
(mean ± SEM). * P  < 0.05 vs. the respective treatment group at different time points;  #  P  < 0.05 vs. 
saline control at same time point;  n  = 5–9 per group (from Knox AM, Li XF, Kinsey-Jones JS, 
Wilkinson ES, Wu XQ, Cheng YS, et al. Neonatal lipopolysaccharide exposure delays puberty and 
alters hypothalamic Kiss1 and Kiss1r mRNA expression in the female rat. J Neuroendocrinol. 
2009 Aug;21(8):683–9. Reprinted with permission from John Wiley & Sons)       
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 A variety of stressors that suppress GnRH pulse generator frequency, including 
LPS, downregulate hypothalamic  Kiss1  and  Kiss1r  expression in adult rats [ 35 ,  36 ]. 
Although the neural inputs to the mPOA and ARC that mediate the stress-induced 
suppression of  Kiss1  and  Kiss1r  expression within these loci remain to be deter-
mined, CRF is a prime candidate, not only because of its pivotal role in stress- 
induced suppression of the GnRH pulse generator [ 37 – 41 ], but also with respect to 
data showing that intracerebroventricular (icv) administration of CRF profoundly 
decreased  Kiss1  and  Kiss1r  mRNA levels in both the mPOA and ARC [ 35 ]. 
Moreover, we have shown that icv administration of CRF or CRF antagonist delays 
or advances puberty, respectively, without altering the circulating levels of CORT, 
suggestive of CRF regulation of kisspeptin at puberty in the female rat [ 42 ]. Indeed, 
the delay in puberty consequent to administration of CRF was associated with a 
marked reduction in  Kiss1  mRNA expression in the mPOA, but not the ARC [ 42 ]. 
Interestingly, we have shown a reduction in  CRF , CRF receptor type 1 ( CRF - R1 ), 
and CRF receptor type 2 ( CRF - R2 ) mRNA expression in the PVN, the core regulatory 
component of the HPA axis, across pubertal transition in female rats (Fig.  20.2 ) [ 42 ]. 
Since bilateral lesions of the PVN do not alter the response of the HPG axis to stress 
in adult rats [ 43 ], the site and mechanism of action of the endogenous CRF tone that 
plays a critical role in the timing of puberty remain elusive. In the Japanese quail, 
genetic selection for high or low HPA axis stress responsivity delays or advances 
puberty, respectively [ 44 ]. A decrease in  CRF  and  CRF - R1  expression was observed 
also in the mPOA, with no change in the ARC, across the pubertal transition in the 
rat (Fig.  20.2 ) [ 42 ]. However, possible interaction between CRF and kisspeptin sig-
naling systems in the mPOA remains to be examined.

   The importance of the limbic brain, in particular the amygdaloid complex, in 
the control of reproductive function and stress responsivity is well recognized 
[ 8 ,  45 ]. Overexpression of CRF in the central nucleus of the amygdala (CeA) 
disrupts estrous cyclicity and reduces GnRH expression [ 46 ]. Further, there is 
upregulation of CRF in the CeA with delayed puberty in neonatally LPS-treated 
female rats (Li XF and O’Byrne KT; unpublished observation). The MeA is also 
a major regulator of the HPG and HPA axes [ 47 ], and there are extensive recip-
rocal connections between the MeA and CeA [ 48 ,  49 ]. Stimulation and ablation 
studies in prepubertal rats have revealed a critical role for the MeA in the timing 
of puberty, with lesions advancing puberty [ 50 ] and stimulation delaying 
puberty [ 51 ]. Moreover, we have shown that intra-MeA administration of CRF 
delays puberty in female rats (Li XF and O’Byrne KT; unpublished observa-
tion). Although extensive projections from the MeA to the mPOA [ 49 ] provide 
an anatomical substrate for a potential interaction with kisspeptin signaling sys-
tems that may mediate this inhibitory effect on pubertal timing, their neuro-
chemical phenotype and modus operandi remain unknown. 

 Recent studies have shown that kisspeptin neurons project to many brain loc., 
including the PVN, which are not considered components of the HPG axis [ 6 ]. 
Although kisspeptin administration did not alter glucocorticoid secretion in vivo in 
monkeys [ 52 ] and rats [ 53 ], it did decrease  CRF  mRNA expression in a PVN neural 
cell line, thus raising the possibility of a novel mechanism for the regulation of the 
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HPA axis by kisspeptin, as proposed by Rao and colleagues [ 53 ]. Indeed, the inverse 
relationship between PVN CRF and mPOA  Kiss1  expression across the pubertal 
transition in the female rat (Figs.  20.1  and  20.2 ) is striking, though causality is 
unknown. In conclusion, a variety of stressors impact on pubertal timing, poten-
tially by interfering with hypothalamic kisspeptin/Kiss1r signaling, though further 
research is required to elucidate the neural mechanisms involved in this interaction. 
   The dynamics of pubertal development constitute a powerful correlate of HPG axis 
function vulnerable to stress, and the wealth of evidence for the involvement of 
kisspeptin makes the developing reproductive system a useful tool for the study of 
interactions between stress and kisspeptin signaling.  

  Fig. 20.2    Developmental changes in CRF, CRF-R1, and CRF-R2 across puberty in the medial 
preoptic area (mPOA) ( a – c ), hypothalamic paraventricular nucleus (PVN) ( d – f  respectively), and 
arcuate nucleus (ARC) ( g – i  respectively). Time points include postnatal day 14 (d14), 32 (d32), 
day of vaginal opening (dVO: 40.9 ± 0.9 days, mean ± SEM), and adult (postnatal day 77).  CRF , 
 CRF - R1,  and  CRF - R2  mRNA levels were measured in brain micropunch samples from the mPOA, 
PVN, and ARC using a real-time reverse transcriptase–polymerase chain reaction. Note the peak 
in  CRF  mRNA levels in the mPOA and PVN in the late prepubertal phase that has receded by the 
time of puberty and the gradual decline in  CRF - R1  expression in the mPOA across the pubertal 
transition. Quantifi cation for  CRF ,  CRF - R1 ,  CRF - R2,  and  HPRT1  mRNA was carried out on all 
samples and the values are expressed as a ratio of  CRF ,  CRF - R1,  or  CRF - R2  to  HPRT1  mRNA 
(mean ± SEM). * P  < 0.05 vs. other time points;  #  P  < 0.05 vs. dVO;  $ P < 0.05 vs. adult;  n  = 6–10 per 
group (from Kinsey-Jones JS, Li XF, Knox AM, Lin YS, Milligan SR, Lightman SL, et al. 
Corticotrophin-releasing factor alters the timing of puberty in the female rat. J Neuroendocrinol. 
2010 Feb;22(2):102-9. Reprinted with permission from John Wiley & Sons)       
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    The GnRH Pulse Generator, Stress, and Kisspeptin 

 The dynamics of the pulsatile secretion of GnRH are believed to be controlled by 
a neural construct, probably resident within the mediobasal hypothalamus 
(MBH), termed the “GnRH pulse generator” [ 54 ]. The discovery of kisspeptin as 
a powerful and indispensible GnRH secretagogue, and the ensuing surge of aca-
demic discoveries linked to kisspeptin signaling, provide ample grounds on 
which to base the hypothesis that ARC kisspeptin neurons that coexpress neuro-
kinin B (NKB), dynorphin A (Dyn), and the alpha subtype of the estrogen recep-
tor (ERα) are the substrate of the GnRH pulse generator. These so-called KNDy 
neurons generate stimulatory and inhibitory signals to downstream mediators of 
reproductive function, provide estradiol-sensitive feedback to GnRH neurons, 
and seem to relay a wide variety of physiological and environmental stimuli to 
the HPG axis. Furthermore, the hypophysial GnRH and systemic LH pulses, as 
well as multiple electrophysiological manifestations of the GnRH pulse genera-
tor, serve as components of what can be described as a detailed bioassay for the 
many extrinsic stimuli that infl uence the HPG axis. For this reason, the study of 
the GnRH pulse generator is an indispensible tool for addressing the interactions 
of the stress system and the HPG axis. 

 The regulation of kisspeptin signaling by stress neural networks is evident in 
adult as well as peripubertal animals, despite a decline in ARC and mPOA kiss-
peptin expression following puberty [ 18 ,  55 ]. In adult female rats treated with LPS, 
levels of  Kiss1  and  Kiss1r  mRNAs were decreased in the ARC and mPOA, in asso-
ciation with a suppression of GnRH pulse generator frequency (Figs.  20.3  and  20.4 ) 
[ 35 ]. Administration of kisspeptin reversed the reduction in serum LH levels associ-
ated with acute infl ammation, and the LPS-induced suppression of LH secretion 
and  Kiss1  mRNA expression are blocked by the anti-infl ammatory drug, indometh-
acin [ 56 ]. Adult male rats treated with LPS have less abundant kisspeptin- 
immunoreactive cell bodies in the ARC than saline-injected controls, and the 
LPS-induced reduction in LH and testosterone (T) secretion in this animal model is 
independent of the anorexic effects of infl ammation [ 57 ].

    Adult female rats treated neonatally with LPS show decreased  Kiss1  but elevated 
 Kiss1r  mRNA expression in the mPOA (Fig.  20.1 ) [ 18 ]. The same repercussions are 
observed following acute or chronic CORT administration in adult female rats but with 
identical changes in  Kiss1 / Kiss1r  expression extending to the ARC (Fig.  20.5 ) [ 35 ]. 
Furthermore, such early life stress exposure programs the stress response in adult-
hood by inducing chronic hypercorticosteronemia [ 33 ] and upregulating the mPOA 
expression of  CRF - R1  mRNA in response to acute homotypic stress exposure [ 58 ]. 
Such programming evidently sensitizes the animals to stress exposure in later life, 
with augmented stress-induced CORT secretion [ 33 ], disrupted estrous cyclicity [ 34 ], 
and suppression of the GnRH pulse generator [ 58 ] in rats treated neonatally with 
LPS than in saline-treated controls. On the contrary, neonatal LPS challenge in male 
rat pups attenuated the response to homotypic stress challenge in adulthood by 
restricting the increase in hypothalamic and testicular expression of mRNA encoding 
the proinfl ammatory cytokines TNF-α and IL-1β in response to LPS injection in 
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  Fig. 20.3    Effects of restraint, insulin-induced hypoglycemia (IIH), and lipopolysaccharide (LPS) 
stress on pulsatile LH secretion in ovariectomized estradiol (E 

2
 )-replaced rats. Representative 

examples showing ( a ) normal LH pulses in a rat in the absence of restraint stress, ( b ) restraint (1 h) 
stress-induced interruption of LH pluses, ( c ) normal LH pulses in a rat receiving an intravenous 
injection of vehicle (0.3 mL saline), ( d ) the inhibitory effects of insulin-induced hypoglycemic 
(insulin, 0.25 IU/kg in 0.3 mL saline i.v.) on LH pulses, ( e ) normal LH pulses in a rat receiving an 
intravenous injection of vehicle (0.3 mL saline) for the immunological stress, and ( f ) the inhibitory 
effects of LPS (0.5 μg/kg in 0.3 mL saline i.v.) on LH pulses. ( g ) Summaries showing the effects 
the three different stress paradigms on pulsatile LH secretion. * P  < 0.05 vs. 2-h baseline control 
period within the same treatment group;  n  = 8 per group (from Kinsey-Jones JS, Li XF, Knox AM, 
Lin YS, Milligan SR, Lightman SL, et al. Corticotrophin-releasing factor alters the timing of 
puberty in the female rat. J Neuroendocrinol. 2010 Feb;22(2):102-9. Reprinted with permission 
from John Wiley & Sons)       
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adulthood, and thus preventing infl ammatory suppression of LH secretion [ 59 ]. 
Indeed, the HPA axis is differentially modulated by the male and female gonadal 
steroids: hypothalamic activation of ERα augments the diurnal and stress-induced 
rises in circulating CORT, thus impairing glucocorticoid negative feedback on the 
HPA axis [ 60 ], while T enhances this feedback mechanism by increasing the avail-
ability of bioactive CORT, thereby decreasing circulating glucocorticoid levels [ 61 ]. 
In summary, neonatal LPS challenge modulates kisspeptin/Kiss1r signaling in 
adults and differentially programs responsiveness to stress later in adulthood in 
males and females.

   Intravenous administration of insulin dramatically decreases plasma glucose, 
inducing acute hypoglycemia—a well-established paradigm of metabolic stress. 
Such stress rapidly elevates serum cortisol and suppresses both the endocrine and 
the electrophysiological correlates of the GnRH pulse generator in ovariectomized 

  Fig. 20.4    Effects of restraint, insulin-induced hypoglycemia (IIH), and lipopolysaccharide (LPS) 
stress on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area (mPOA) ( a ) and arcuate 
nucleus (ARC) ( b ), and on kisspeptin receptor ( Kiss1r ) mRNA expression in the mPOA ( c ) and 
ARC ( d ) in ovariectomized estradiol (E 

2
 )-replaced rats.  Kiss1  and  Kiss1r  mRNA levels were mea-

sured in brain micropunch samples from the mPOA or ARC using real-time RT-PCR. Quantifi cation 
for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples and the values are expressed as a 
ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA (mean ± SEM). * P  < 0.05 vs. 
respective control.  #  P  < 0.05 vs. restraint or LPS controls;  n  = 8 per group (from Kinsey-Jones JS, 
Li XF, Knox AM, Wilkinson ES, Zhu XL, Chaudhary AA, et al. Down-regulation of hypothalamic 
kisspeptin and its receptor, Kiss1r, mRNA expression is associated with stress-induced suppres-
sion of luteinising hormone secretion in the female rat. J Neuroendocrinol. 2009 Jan;21(1):20-9. 
Reprinted with permission from John Wiley & Sons)       
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rhesus monkeys [ 62 ]. The inhibitory effect of insulin-induced hypoglycemia on 
pulsatile secretion of LH in adult female monkey and rats is CRF-dependent [ 38 ,  62 ], 
and involves CRF-R2, but not CRF-R1, at least in the rat [ 40 ]. Like other stressors, 
such as restraint (psychological) and LPS (immunological), hypoglycemia down-
regulates  Kiss1  mRNA expression in the ARC and  Kiss1r  mRNA expression in 
the ARC and mPOA (Figs.  20.3  and  20.4 ) [ 35 ]. However, since kisspeptin expres-
sion is sensitive to metabolic cues [ 10 ], overnight fasting alone was suffi cient to 

  Fig. 20.5    Effects of acute (2 mg/kg, s.c. injection) or chronic (2 × 200 mg 21-day release s.c. pel-
lets) CORT administration on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area 
(mPOA) ( a ) and arcuate nucleus (ARC) ( b ), and on  Kiss1r  mRNA expression in the mPOA ( c ) and 
ARC ( d ) in ovariectomized estradiol (E 

2
 )-replaced rats.  Kiss1  and  Kiss1r  mRNA levels were mea-

sured in brain micropunch samples from the mPOA or ARC using real-time RT-PCR. Quantifi cation 
for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples and the values are expressed as a 
ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA (mean ± SEM). * P  < 0.05 vs. 
respective controls;  n  = 6–8 per group (from Kinsey-Jones JS, Li XF, Knox AM, Wilkinson ES, 
Zhu XL, Chaudhary AA, et al. Down-regulation of hypothalamic kisspeptin and its receptor, 
Kiss1r, mRNA expression is associated with stress-induced suppression of luteinising hormone 
secretion in the female rat. J Neuroendocrinol. 2009 Jan;21(1):20-9. Reprinted with permission 
from John Wiley & Sons)       
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decrease basal levels of the mPOA  Kiss1  message, an effect that was not amplifi ed 
by insulin administration (Fig.  20.4 ) [ 35 ]. In fact, prolonged (72 h) fasting sup-
presses ARC kisspeptin expression and LH secretion, and prolongs the estrous 
cycle in gonadal intact adult female rats [ 63 ]. In summary, the suppression of the 
ARC kisspeptin expression by acute metabolic deprivation appears responsible for 
the inhibition of pulsatile LH secretion and the subsequent prolongation of the 
estrous cycle, and may be mediated by CRF-R2. 

 Psychological stress is often harder to defi ne than other forms of stress, although 
restraint stress applied to experimental animals has long been employed as a model 
for a range of emotional and behavioral disturbances and psychiatric disorders. 
Clinically relevant psychological stressors stimulate the HPA axis and the sympa-
thetic nervous system, as does acute restraint. Furthermore, this stress paradigm 
effectively suppresses the HPG axis, as is evident from disrupted LH pulsatility and 
downregulation of ARC  Kiss1  and mPOA  Kiss1  and  Kiss1r  mRNA expression fol-
lowing restraint in adult female rats (Figs.  20.3  and  20.4 ) [ 35 ]. However, unlike 
other stressors, restraint has no effect on ARC expression of  Kiss1r  [ 35 ]. The 
restraint-induced suppression of the LH pulse in adult female rats is blocked by 
direct injections of a nonselective CRF antagonist into the locus ceruleus; however, 
such treatment did not affect the hypoglycemic stress-induced suppression of LH 
secretion [ 64 ]. icv administration of either type-specifi c (CRF-R1 or CRF-R2) 
CRF-R antagonists also blocked the inhibitory effects of restraint stress on pulsa-
tile LH secretion in this animal model [ 39 ,  40 ]. Since the ARC and mPOA expres-
sion of  Kiss1  and  Kiss1r  mRNA is robustly downregulated by icv administration of 
CRF [ 35 ], it is logical to hypothesize that the effects of restraint stress on LH secre-
tion are downstream of the CRF-induced suppression of kisspeptin/Kiss1r 
signaling. 

 Isolation has been widely accepted as a mild social stressor. In female mice the 
stress of chronic isolation increases anxiety [ 65 ], undermines the regularity of 
estrous cyclicity, and downregulates mPOA  Kiss1r  expression [ 66 ]. Adult rat 
social isolates display a dysregulated CORT response, with acute stress (predator 
odor) markedly exacerbating the rise in CORT compared to grouped animals—an 
effect that is enhanced with age [ 67 ]. Individual reactivity or vulnerability to 
stress can refl ect differences in dominance status among social animals. Variation 
in basal glucocorticoid levels has been identifi ed to be dependent upon social rank 
in numerous species. Dominant female squirrel monkeys [ 68 ], cynomolgus mon-
keys [ 69 ], and baboons [ 70 ] demonstrate reduced cortisol levels compared with 
subordinates in the same social group, an effect that is also observed in the teleost 
fi sh ( Haplochromis burtoni ) [ 71 ], the naked mole rat ( Heterocephalus glaber ) [ 72 ], 
pig [ 73 ], and horse [ 74 ]. Similarly, subordinate mice [ 75 ] and rats [ 76 ] display 
higher basal CORT release than their dominant counterpart. In response to stress, 
however, subordinate rats displayed a signifi cantly reduced, or even completely 
absent, CORT response as compared to their dominant counterparts [ 76 ]. This out-
come is not uncommon in other species, including primates (e.g., olive baboon) [ 77 ], 
although this phenotype can be markedly modifi ed subject to particular stylistic 
traits of social behavior in primate species [ 77 ]. Thus, subordination may result in 
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changes in both the basal and stress-induced activity of the HPA axis. Generally, 
these facets have been interpreted as refl ecting the chronic stress of social 
subordinance. 

 Social status is important in determining reproductive function in addition to 
stress reactivity in a wide variety of species. The common marmoset is a well- 
studied primate model of socially mediated infertility, in which subordinate 
females display impaired hypothalamic GnRH secretion and anovulation [ 78 ], 
and receipt of aggression from female conspecifi cs reduces LH pulse frequency 
[ 79 ]. The role of kisspeptin signaling in socially induced infertility in the common 
marmoset or other primates has not been reported. However, subordination in 
other species, including the naked mole rat, which exhibit extreme socially 
induced suppression of the HPG axis [ 80 ] displays downregulated kisspeptin in 
the AVPV [ 81 ]. Similarly, in the teleost fi sh,  Astatotilapia burtoni , reduced  Kiss1r  
expression was observed in whole brain of reproductively suppressed subordinate 
males [ 82 ]. 

 Naturally, there are many caveats in extrapolating these data to humans. 
Nevertheless, it is of note that about 35% of women presenting with secondary 
amenorrhea are diagnosed with functional hypothalamic amenorrhea. In these 
women, effective stress management results in reversal of the extant low LH pulse 
frequency and hypercortisolism, and restoration of fertility in the vast majority [ 83 ]. 
The cynomolgus monkey has proved an exquisite primate model of functional 
hypothalamic amenorrhea, in which CRF-R1 antagonism restores normal GnRH 
pulse generator frequency suppressed by a combination of mild psychosocial and 
metabolic stressors that simulate the stressor indices of functional hypothalamic 
amenorrhea in women [ 84 ,  85 ]. Although the role of kisspeptin signaling has not 
been examined in this primate model, intermittent kisspeptin administration stimu-
lates gonadotropin release in women with hypothalamic amenorrhea [ 86 ]. 
Furthermore, continuous kisspeptin infusion restores pulsatile LH secretion in men 
with hypogonadotropic hypogonadism resulting from loss-of-function mutations in 
NKB ligand and receptor [ 87 ]. 

 A vast body of literature supports the notion that the GnRH pulse generator, as 
well as other reproductive networks within which kisspeptin signaling plays a key 
role, is exquisitely sensitive to changes within the environment, either as a direct 
consequence of perceived stressful stimuli or through autonomic suppression of 
nonessential physiological processes. Kisspeptin has widely been dubbed a central 
gatekeeper of reproductive function; however, such a moniker does not adequately 
befi t the suitor in the context of stress suppression of the HPG axis. Expression of  
Kisspeptin and/or its receptor is downregulated by a variety of stressors and media-
tors of the stress response, “surrendering” gracelessly at the mere sight of “intrud-
ers” and thus allowing the instillation of a suppressive “regime.”    It is perhaps this 
submissive nature of the kisspeptin/Kiss1r system that allows stressful stimuli to 
deregulate reproductive processes and, in some individuals, lets this develop into 
reproductive pathologies. To consolidate the grounds for an interaction between 
kisspeptin signaling and the stress response, we proceed to reviewing recent data 
that suggest potential neural mechanisms for this interaction.  
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    Mechanisms Integrating Stress Networks 
and Kisspeptin Signaling 

 Despite many similarities in which various stressors activate the HPA axis and/or 
the sympathetic nervous system, as well as inhibit the HPG axis, a number of dis-
parities are also evident from current literature. First, the central mediators of the 
stress response are differentially implicated in the suppression of the GnRH pulse 
generator. Consistent with a CRF-dependent mechanism of stress suppression of the 
HPG axis are the fi ndings that, in the female rat, (1) icv administration of CRF [ 38 ] 
or a selective CRF-R2 agonist [ 39 ] prolongs the LH pulse interval; (2) CRF-R2 
antagonism blocks the suppression of pulsatile LH secretion induced by restraint 
[ 39 ], insulin-induced hypoglycemia, and LPS [ 40 ]; and (3) the inhibitory effect of 
restraint stress on LH secretion is blocked by a selective CRF-R1 antagonist [ 40 ]. 
However, blockade of CRF-R1 did not affect the hypoglycemia- and LPS-induced 
suppression of the GnRH pulse generator [ 40 ]. Furthermore, while CRF, insulin- 
induced hypoglycemia, and LPS downregulated the expression of both kisspeptin 
and its receptor in the ARC and mPOA, restraint did not affect the ARC expression 
of  Kiss1r  [ 35 ]. These fi ndings point at the notion that different stressors employ dif-
ferential neural mechanisms for the activation of the stress response and suppres-
sion of the reproductive axis. 

 Second, while various stress paradigms, as well as icv CRF administration, potently 
downregulate  Kiss1  and  Kiss1r  mRNA expression in the ARC and mPOA, concomi-
tant with suppression of pulsatile LH secretion, both acute and chronic administration 
of physiological CORT downregulate  Kiss1 , but upregulate  Kiss1r  expression, with 
no net effect on LH pulses [ 35 ]. Indeed, acute stress-induced CORT release has no 
effect on pulsatile LH secretion in the monkey [ 88 ]. Further, treatment with metyra-
pone, an inhibitor of adrenal steroidogenesis that prevented the CRF-induced rise in 
CORT levels, did not reverse the inhibitory effects of CRF on GnRH pulse generator 
frequency in the rhesus monkey [ 89 ]. The decrease in the ARC expression of  Kiss1  
mRNA following CORT administration has also been shown in male mice, and CORT 
was hypothesized to infl uence kisspeptin neurons directly, in light of the expression of 
glucocorticoid receptors (GR) by these cells [ 36 ], despite previous reports that gonadal 
GR mediate the stress-induced CORT feedback on the HPG axis [ 90 ]. In mice, how-
ever, CORT did decrease LH levels, albeit at a pharmacological dose [ 36 ]. Kisspeptin, 
on the other hand, affects neither CORT nor adrenocorticotropin hormone (ACTH) 
levels under basal or restraint stress conditions, in adult male rats [ 53 ]. It is apparent, 
therefore, that central and peripheral processes of the HPA axis modulate hypotha-
lamic kisspeptin signaling in different ways. It is important to note that components of 
the stress axis do not act in isolation in vivo, and hence multiple parameters of the 
stress response need to be considered when extrapolating conclusions regarding the 
stress feedback to the kisspeptin/Kiss1r system. 

 Third, different neuronal populations appear to mediate the suppressive effects of 
different types of stress. In addition to the aforementioned involvement of  CRF- R1 and 
CRF-R2 in the suppression of pulsatile LH secretion under various stress paradigms, 
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neurons projecting from the locus ceruleus [ 64 ], the BNST [ 41 ], and the amygdala [ 45 ], 
as well as several neuropeptides, including AVP, Dyn, and calcitonin gene-related pep-
tide (CGRP), along with the chiefl y inhibitory amino acid neurotransmitter 
γ-aminobutyric acid (GABA), have all been shown to play key roles in the stress-induced 
suppression of reproductive function. These mechanisms are further discussed below. 
Finally, while stress is commonly known to confer an energetic advantage to an organ-
ism at the expense of its nonessential bodily functions, e.g., reproduction, in some sce-
narios, stressful stimuli may serve to enhance the functions of the HPG axis and, in 
particular, induce premature LH surges and ovulation [ 91 ,  92 ]. These observations hint 
at a complex network of stress-reactive neurons spanning numerous regions of the brain, 
without a clearly identifi ed central mediator of the integration of stress stimuli with 
reproductive function, in the context of kisspeptin signaling. 

 To date, various limbic structures have been differentially implicated in the modu-
lation of the effects of different stressors on the HPA axis [ 8 ]. We have recently shown 
evidence for the involvement of the MeA and CeA in psychogenic and immunological 
stress-induced suppression of the GnRH pulse generator, respectively [ 45 ]. Adult 
female rats in which the MeA was chemically lessoned showed an attenuated restraint-
induced, but  not  hypoglycemia- or LPS-induced, decrease in LH pulse frequency 
[ 45 ]. The extent of the LPS-induced suppression of pulsatile LH secretion was 
strongly reduced in CeA-lesioned animals vs. intact controls, though the CeA lesions 
had  no  effect on the LH pulse following restraint or hypoglycemic stress [ 45 ]. These 
data suggest that these two amygdaloid loci are not involved in mediating the hypo-
glycemic stress-induced suppression of the LH pulse. Indeed, we have previously 
shown that removal of the area postrema of the caudal brainstem prevents insulin-
induced glucoprivic suppression of pulsatile LH secretion [ 93 ]. 

 CRF neurons of the BNST connect the PVN with the amygdala, hippocampus, 
and prefrontal cortex [ 94 ]. Further, non-CRF interneurons project to mPOA GnRH 
perikarya [ 95 ]. When stimulated electrochemically, lateral BNST neurons prevent 
ovulation by abrogating the preovulatory surge of LH, while medial BNST neurons 
advanced the LH surge in proestrus rats [ 96 ]. Administration of CRF directly into 
the dorsolateral BNST of adult female rats dose dependently suppresses pulsatile 
LH secretion and activates GABA neurons in the mPOA [ 41 ]. Furthermore, intra- 
BNST injection of a selective CRF-R2 antagonist blocked the restraint-induced, but 
not IIH-induced, suppression of pulsatile LH secretion [ 41 ]. 

 The brainstem noradrenergic locus ceruleus is innervated by CRF neurons pro-
jecting from CeA [ 97 ], BNST [ 98 ], and PVN [ 99 ]. Bilateral electrolytic lesions of 
the locus ceruleus disrupt both the pulsatile [ 100 ] and surge [ 101 ] modes of LH 
release. Intra-cerulear administration of CRF to adult OVX rats dose dependently 
suppresses pulsatile LH secretion and activates GABA neurons in the mPOA [ 64 ]. 
These effects are amplifi ed by estradiol [ 64 ]. Furthermore, intra-cerulear injection 
of a nonselective CRF receptor antagonist blocked the restraint-induced, but not 
glucoprivic, suppression of pulsatile LH secretion [ 64 ]. 

 Although CRF signaling appears indispensible in mediating stress-induced sup-
pression of the HPG axis, other neuropeptide and amino acid signaling molecules 
have also been implicated in the inhibition of GnRH neurons. AVP and CRF, both 
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expressed by parvocellular neurons of the PVN, act synergistically to stimulate ACTH 
secretion from the anterior pituitary, although different mechanisms are involved in 
regulating AVP and CRF expression in response to acute and chronic stress exposure 
[ 102 ]. AVP neurons of the suprachiasmatic nucleus (SCN) of the hypothalamus inner-
vate the kisspeptin neuron population in the AVPV, and estradiol has been shown to 
increase the number of these monosynaptic connections [ 103 ]. Moreover, icv admin-
istration of kisspeptin increases plasma AVP levels in rats [ 104 ], although without 
altering the fi ring rate of AVP/oxytocin neurons of the supraoptic nucleus of the hypo-
thalamus [ 105 ]. This could suggest that kisspeptin is involved in a feedback mecha-
nism bridging the stress response with reproductive function. 

 CGRP neurons project from the caudal aspect of the organum vasculosum of the 
lamina terminalis (OVLT), via the AVPV, to the medial preoptic nucleus [ 106 ], and 
form direct contacts with CRF neurons of the CeA [ 107 ,  108 ]. Central administra-
tion of CGRP induces c-fos expression in the CeA [ 109 ], mPOA, and PVN [ 110 ]. 
Moreover, CGRP-treated rats demonstrate elevated circulating CORT levels [ 110 , 
 111 ] and GnRH pulse generator inhibition [ 110 ,  112 ], effects that are dependent on 
CRF-R1 signaling [ 109 ]. Administered intra-mPOA, CGRP dose dependently sup-
pressed LH pulse frequency [ 112 ], while intra-PVN administration of CGRP stimu-
lates ACTH and CORT release [ 111 ]. A GnRH cell line expresses CGRP receptors, 
and CGRP dose dependently suppresses GnRH release in vitro [ 113 ]. These data 
strongly implicate hypothalamic CGRP signaling in the inhibition of the GnRH 
pulse generator in response to HPA axis activation. 

 The endogenous opioid peptide, Dyn, is coexpressed with kisspeptin and NKB 
in ARC KNDy neurons that project to GnRH neurons [ 114 ,  115 ]. Central adminis-
tration of a Dyn analog, selective for the kappa-subtype of the opioid receptor 
(KOR), suppresses pulsatile LH secretion in female rats [ 116 ], and KOR antago-
nism blocks the CGRP- and NKB-mediated suppression of pulsatile LH secretion 
[ 116 ,  117 ]. Because endogenous opioid peptides play an important role in stress- 
induced suppression of the reproductive axis, and since KNDy neurons express 
KOR, Dyn might inhibit the GnRH pulse generator through autocrine inhibition of 
the kisspeptin tone. 

 RF-amide-related peptide type-3 (RFRP-3), a member of the same RF-amine 
superfamily as kisspeptin and a mammalian ortholog of avian gonadotropin- 
inhibitory hormone (GnIH), is inhibitory to both GnRH neuron fi ring [ 118 ,  119 ] 
and LH secretion [ 120 ,  121 ], while RFRP receptor antagonists are stimulatory to 
LH secretion [ 122 ,  123 ]. In addition to the widespread distribution of RFRP-3 neu-
ron fi bers in the hypothalamus, with abundant close appositions to GnRH cells 
[ 124 ], these fi bers are also present in the hypothalamic PVN and limbic areas, 
including the BNST and MeA [ 120 ,  125 ]. Taken together, these data provide an 
anatomical substrate for the hypothesis that stress-induced suppression of the HPG 
axis is mediated, in part, by RFRP-3. 

 Indeed, there are numerous PVN CRF neurons with close RFRP-3 fi ber apposi-
tions [ 126 ] and there is abundant expression of  GPR147  mRNA, encoding the puta-
tive RFRP receptor, in the PVN [ 127 ]. Further, central administration of RFRP-3 
evokes c-fos expression in the PVN, increases ACTH release, and induces anxiety 
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in the rat [ 127 ]. It has also been suggested that RFRP-3 plays a key role in stress- 
induced suppression of gonadotropin secretion, since an increase in hypothalamic 
 RFRP  mRNA expression was associated with reduced LH secretion in response to 
immobilization stress in the rat [ 128 ]. In addition, hypothalamic RFRP-3 neurons 
express CRF-R1 and GR [ 128 ], and CRF per se increased  GPR147  mRNA expres-
sion, concomitant with reduced  GNRH1  mRNA levels in the GnRH-expressing N39 
cells in vitro [ 129 ]. Moreover, RFRP-3 blocks kisspeptin-induced activation of 
GnRH neurons [ 119 ]. It is conceivable that functional interactions between the 
excitatory kisspeptin and inhibitory GnIH signaling pathways fi ne-tune the response 
of the GnRH neural system to stressors, thus minimizing reproductive dysfunction. 

 GABAergic transmission underlies a signifi cant proportion of inhibitory stimuli 
in the brain, including those at GnRH neurons [ 130 ,  131 ]. Activity of GABA neu-
rons in the mPOA is stimulated by central CRF administration [ 41 ,  64 ], as well as 
by a range of stress paradigms [ 45 ,  132 – 134 ]. We have recently shown mPOA 
GABA receptors (GABA 

A
 R and GABA 

B
 R) to be differentially involved in mediat-

ing the suppressive effects of immunological and psychological stress on LH secre-
tion, respectively [ 135 ]. Furthermore, both GABA 

A
 R and GABA 

B
 R antagonists 

block the inhibition of the LH pulse by CRF [ 135 ]. Therefore, the CRF neurons 
projecting to the mPOA seem to mediate the GABA receptor-dependent effects of 
stress on the GnRH neural system. Since AVPV kisspeptin neurons are predomi-
nantly GABAergic [ 136 ] and GABA 

A
 R antagonism potently induces kisspeptin 

secretion in the stalk-median eminence of prepubertal monkeys [ 137 ], the balance 
between stimulatory kisspeptin and inhibitory GABA inputs appears to govern 
marked changes in the pattern of GnRH neurosecretion. Indeed, the pubertal 
increase in GnRH release is preceded by a reduction in GABAergic inhibition, and 
disinhibition of GnRH secretion through GABA 

A
 R antagonism induces precocious 

puberty in juvenile monkeys [ 138 ]. Thus, it is probable that stress-induced suppres-
sion of GnRH secretion is secondary to the inhibition of kisspeptin and/or GnRH 
neurons by GABA.  

    Conclusion 

 The complexity of the neural networks and signaling mechanisms involved in the 
translation of sensory stimuli into a stress response, complicated further by periph-
eral feedback mechanisms (CORT and ACTH), as well as evidence for the conver-
gence of multiple stimulatory and inhibitory neuronal populations, makes a 
reductionist approach to the interpretation of the interactions between stress and 
reproduction suboptimal. Direct neural pathways are not a prerequisite for stress 
suppression of kisspeptin signaling. Synaptic transmission through interneurons 
[ 139 ], and/or paracrine volume transmission of neuropeptidergic signals [ 140 ], may 
also be involved in the regulation of GnRH neurosecretion by signaling systems 
associated with the stress response. Hypotheses arising through anatomical obser-
vations must be consolidated by functional data; however, intracellular events 
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should also be taken into consideration. While considerable effort has been made to 
untangle the individual neural pathways that may contribute to the stress suppres-
sion of reproductive function, revealing the true complexity of the networks in ques-
tion, a meaningful model of the complex interaction between stress and reproduction 
is warranted. Perhaps future mathematical modeling will aid the assembly of the 
components of the stress and reproductive systems brought to light to date and, 
ultimately, provide a better understanding of the neural connectivity and signaling 
mechanisms involved. In summary, kisspeptin signaling is a novel component of the 
stress neurocircuitry implicated in the perturbation of reproductive development 
and function under stress conditions.      
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    Abstract     Sex steroid hormones, most notably estradiol, play a pivotal role in the 
sex-specifi c organization and function of the kisspeptin system. Endocrine- 
disrupting compounds are anthropogenic or naturally occurring compounds that 
interact with steroid hormone signaling. Thus, these compounds have the potential 
to disrupt the sexually dimorphic ontogeny and function of kisspeptin signaling 
pathways, resulting in adverse effects on neuroendocrine physiology. This chapter 
reviews the small but growing body of evidence for endocrine disruption of the kiss-
peptin system by the exogenous estrogenic compounds bisphenol A, polychlorinated 
   biphenyl mixtures, and the phytoestrogen genistein. Disruption is region, sex, and 
compound specifi c, and associated with shifts in the timing of pubertal onset, irreg-
ular estrous cycles, and altered sociosexual behavior. These effects highlight that 
disruption of kisspeptin signaling pathways could have wide ranging effects across 
multiple organ systems, and potentially underlies a suite of adverse human health 
trends including precocious female puberty, idiopathic infertility, and metabolic 
syndrome.  

        Introduction 

 Environmental endocrine disruptors (EDCs) have garnered considerable attention in 
recent years, partly because of their omnipresence, but also because the endocrine dis-
ruption hypothesis provides a plausible explanation for the rapid prevalence of numer-
ous neuroendocrine disorders. For example, in the United States and other Western 
countries, the age of female pubertal onset is undeniably advancing [ 1 – 5 ]. Although 
theories regarding the underlying etiology of this trend abound, the  specifi c confl uence 
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of external forces driving this acceleration of female maturation remains largely uniden-
tifi ed. If “puberty begins with a kiss [ 6 ],” is it conceivable that perturbation of kisspeptin 
signaling by environmental hormone mimics might underlie this and other adverse 
health trends? Disruption of the kisspeptin system is an appealing hypothesis because 
aberrant organization or function of this system could manifest as a wide range of seem-
ingly disparate, but related, disorders including altered pubertal timing, fertility prob-
lems, and metabolic disorder. Although this area of kisspeptin research is relatively new 
and limited in scope, it is evident that the ontogeny and function of kisspeptin (and 
related RF-amide) pathways, particularly the sexually dimorphic aspects, are vulnerable 
to endocrine disruption. Because kisspeptin signaling pathways likely evolved to help 
coordinate reproductive status with salient environmental cues, this may be an unfortu-
nate liability of a system honed to optimize reproductive fi tness. Thus, understanding 
how kisspeptin signaling pathways are perturbed by EDCs could have a profound 
impact on the fi elds of evolutionary ecology and toxicology by demonstrating that dis-
ruption within one key neuroendocrine system could ultimately underlie a suite of 
adverse human health trends including early female puberty, unexplained infertility [ 7 – 9 ], 
obesity [ 10 ,  11 ], and related neuroendocrine disorders.  

    The Endocrine Disruption Hypothesis 

 The term “endocrine disruptor” was coined at a small working group convened at 
the Wingspread Conference Center in 1991 to discuss what common mechanism(s) 
might underlie a suite of concerning effects observed in wildlife [ 12 ,  13 ] and if 
these phenomena were predictive of adverse human health outcomes. Effects 
included thinning eggshells in birds, abnormal gonadal and genital morphology in 
alligators, altered sex ratios in turtle clutches, and a rapidly increasing prevalence of 
intersex in fi sh. Controversial since it was fi rst voiced, the endocrine disruption 
hypothesis posits that environmental chemicals have the capacity to interfere with 
the endocrine system and confer disease in wildlife and humans. Within less than a 
decade, numerous international agencies assembled their own meetings to weigh in 
on the issue and craft a common defi nition. The United States Environmental 
Protection Agency (EPA) currently defi nes an EDC as, “an exogenous chemical 
substance or mixture that alters the structure or function(s) of the endocrine system 
and causes adverse effects at the level of the organism, its progeny, populations or 
subpopulations of organisms based on scientifi c principles, data, weight-of-evidence, 
and the precautionary principle” (EDSTAC Final Report; available at   http://www.
epa.gov/endo/pubs/edspoverview/fi nalrpt.htm    ). Although it remains a highly con-
troversial topic, in 2009, the Endocrine Society issued a statement supporting the 
hypothesis and concluding that experimental and epidemiological studies have suf-
fi ciently converged with human clinical observations “to implicate EDCs as a sig-
nifi cant concern to public health.” In June of 2012, The Endocrine Society followed 
up on this document and published its own defi nition of an EDC, which is nearly 
identical to the EPA’s but eliminates the requirement that the effects be “adverse.” 
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 To date, the EPA has identifi ed hundreds of compounds that meet this defi nition and 
thousands of others are suspected of having similar properties (for more information visit 
  http://www.epa.gov/endocrine/Project.html    ) [ 14 ,  15 ]. These compounds are contained in 
a wide array of consumer products, including cosmetics and other personal care items, 
pesticides, plastics, building materials, food containers, medical equipment, epoxy resins, 
paper products, furniture, electronics, and as “inert” ingredients in pharmaceuticals. They 
also contaminate our air, water, food supply, and bodies, including those of the unborn 
[ 16 ]. Not all EDCs are anthropogenic, however. Numerous plant-derived compounds, 
most notably the phytoestrogens, also meet the defi ning criteria of an EDC. Understanding 
how these naturally occurring compounds impact neuroendocrine systems, such as the 
kisspeptin system, will help elucidate the evolved mechanisms by which organisms are 
sensitive to synthetic compounds with similar structural and chemical properties. Growing 
awareness of how ubiquitous EDC exposure has become has generated substantial, and 
growing, public concern regarding the potential long-term risks they pose for wildlife and 
human health. Systematic evaluation of this risk requires uncovering the mechanisms by 
which these compounds act within our bodies to confer disease.  

    Endocrine Disruption or Environmental Sensing? 

 The idea that environmental chemicals can interact with mammalian physiology is not 
a radical notion. All living things evolved in a soup of chemicals, and interspecies 
chemical warfare is a defi ning element, if not a critical driver, of evolutionary history. 
For example, plants and animals generate potent neurotoxins, such as venoms and 
poisons, to protect against predation or enhance their own deadly prowess. Cytochrome 
P450 enzymes (CYP), required for steroid hormone synthesis, appear to have evolved 
as a defense against botanical poisons and then repurposed [ 17 ]. Moreover, plant alka-
loids have historically been, and continue to be, our single greatest source of medici-
nal therapeutics. Some of the most well known are caffeine, cocaine, nicotine, 
strychnine, morphine, quinine, and mescaline, a powerful hallucinogen. Plant- derived 
compounds can also be endocrine disrupting [ 18 ]. Phytoestrogens have proven to be 
an important environmental cue and endocrine-active compound for numerous spe-
cies, including rodents [ 19 ], birds [ 20 ], cheetahs [ 21 ], and grazers like cattle and sheep 
and the southern white rhinoceros [ 22 – 25 ]. There are several classes of phytoestro-
gens, all of which structurally resemble mammalian estrogens. Like bisphenol 
A (BPA) and other synthetic EDCs, phytoestrogens have historically been thought to 
act primarily through estrogen receptors [ 26 ], but they are also tyrosine-kinase inhibi-
tors [ 27 ,  28 ] and modulate DNA methylation and chromatin confi guration [ 29 ]. 
Genistein (GEN) is a member of the most well-known class, the isofl avones, which are 
most abundant in soybeans and soy-based foods. Others, such as the coumestans, are 
prevalent in alfalfa, clover, and other pasture legumes, including the ones sheep and 
other  herbivores typically graze on. Phytoestrogens play an important role in plant 
defense [ 30 ], including the recruitment of nitrogen-fi xing bacteria [ 31 ] and conferring 
resistance to fungi [ 32 ]. Thus plants produce them when under stress including  disease, 
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drought, and extreme temperatures. As such, at high levels they are a signal of poor 
environmental conditions and thus convey important information about when it might 
be an optimal time to invest in reproduction. Not surprisingly, a high level of phytoes-
trogen intake has been shown to suppress ovulation and fertility, even in humans [ 19 ]. 

 Sheep raised on legume-rich pastures develop a well-characterized suite of reproduc-
tive pathologies resulting in reduced conception rates and embryonic loss [ 9 – 11 ]. 
Recognized since the 1940s, this syndrome is called “clover disease” and can be ame-
liorated by rearing the animals on subterranean clover cultivars that produce fewer 
phytoestrogens. Prolonged exposure, however, can ultimately result in permanent infer-
tility, even in adult ewes [ 25 ]. Other features of clover disease include estrous cycle 
irregularity, pyometra, endometrial hyperplasia, leiomyoma of the cervix and uterus, 
and cystic ovaries. These effects highlight that exposure to inappropriate levels, or 
during particularly vulnerable windows of development, can result in deleterious effects. 
Human reproductive physiology is also responsive to phytoestrogens. Menstrual cycle 
irregularities have been reported in humans consuming a soy-rich diet [ 16 ] and use of 
soy-based infant formula has been associated with a higher risk of menstrual cycle 
disorders and uterine fi broids in young women [ 33 ,  34 ]. Anthropogenic EDCs likely 
exploit these evolved systems for sensing external cues of environmental quality, 
resulting in similar pathologies. Investigation of the specifi c mechanisms by which syn-
thetic and naturally occurring EDCs act to affect vertebrate physiology has now begun 
to hone in on the kisspeptin system because it is rapidly becoming clear that it is an 
essential driver of reproductive maturation and function across species. 

 Exploration of how EDCs perturb the organization and function of the kisspeptin sys-
tem has proven to be a useful approach for the kisspeptin fi eld in general because it yields 
both critical information about the underlying mechanisms contributing to EDC pathol-
ogy, but also how this system responds to ecologically relevant environmental cues across 
the life span. Because a core element of EDC research is the timing-specifi c consequences 
of exposure, to date, most of the work on the kisspeptin system within this fi eld has focused 
on the long-term, sex-specifi c, impacts of perinatal exposure. This research has already 
begun to identify species, age, and sex-specifi c sensitivities to endogenous hormones and 
EDCs within kisspeptin signaling pathways across different life stages. As the fi eld grows, 
it will ultimately yield a wealth of information about how species differences in the kiss-
peptin system may have evolved, and a better understanding of how this system responds 
to ecologically relevant environmental cues across the life span.  

    Kisspeptin System Endocrine Disruptors: Bisphenol A, 
Polychlorinated Biphenyls, and Genistein 

 Although they are now recognized to have multiple modes of action within the 
endocrine system, EDCs are thought to act, primarily, by interfering with steroid 
hormone signaling. The subclass of EDCs that has been most comprehensively 
studied is the group which acts on nuclear estrogen receptors (ERs) (for detailed 
reviews, see [ 16 ,  35 – 37 ]). This group contains many well-known EDCs, including 
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some (i.e., dichlorodiphenyltrichloroethane (DDT), diethylstilbesterol (DES), and 
the PCBs (polychlorinated biphenyls)) which are no longer used in the USA because 
of their well-documented impacts on wildlife and human health. These compounds 
remain a health concern, however, because they are still present in the environment 
and in our bodies. Once bound to a nuclear ER (ERα; Esr1 or ERβ; Esr2), each 
EDC induces a unique conformational change which ultimately determines the 
activity of the complex (agonist or antagonist). 

 One feature of ERα and ERβ which allows for such a diverse range of EDCs to 
impact their function is a relatively large and promiscuous ligand-binding pocket. 
Although they are highly selective for estradiol (E2), other endogenous and exoge-
nous ligands have been shown to bind with relatively high affi nity. ERβ, for exam-
ple, is activated by E2 in the sub-nanomolar range, but the binding affi nity for the 
androgen metabolite 5alpha-androstane-3beta,17beta-diol (3β-diol) is similar, sug-
gesting 3β-diol can also act as a potent endogenous ligand [ 26 ,  38 ]. Structurally, 
3β-diol and estrogenic EDCs share several properties with E2, most importantly 
phenolic rings with hydroxyls that can readily undergo hydrogen binding with the 
amino acids lining the interior of the ligand-binding pocket [ 39 ,  40 ]. In general, the 
relative binding affi nities of environmental EDCs are at least 1,000-fold lower than 
E2, with the exception of some phytoestrogens (100-fold lower than E2) [ 26 ,  41 ]. 
Their transcriptional activity is also typically orders of magnitude lower than for E2. 
Thus, historically, estrogenic EDCs have been considered “weak” estrogens. 
Although it has rapidly become apparent that this defi nition is too narrow and that 
their activity is more complex, context specifi c, and dose dependent (for a detailed 
review, see [ 16 ]), it is their estrogenic properties that make them capable of interact-
ing with the kisspeptin system. Exposures during development are hypothesized to 
be particularly adverse because disrupted sex-specifi c organization of kisspeptin 
pathways could confer lifelong consequences including altered pubertal timing, 
infertility, and metabolic disorders. To date, only three compounds have been stud-
ied for their capacity to interfere with kisspeptin signaling pathways: BPA, PCB 
mixtures, and the phytoestrogen GEN (Fig.  21.1 ).

   BPA was initially developed as a synthetic estrogen [ 42 ] and entered commercial 
production in the 1950s. It is now a high-volume production chemical incorporated 
in numerous products from which it readily leaches, including polycarbonate plas-
tics, the epoxy resins that line the interior of food cans, dental sealants, thermal 
paper receipts, and plastic water pipes [ 43 – 47 ]. Human exposure is nearly ubiqui-
tous, with urinary levels higher in children than adults [ 48 ]. Although long consid-
ered weakly estrogenic, the specifi c mechanisms by which BPA interacts with 
molecular and cellular targets within the hypothalamus and elsewhere are not yet 
clearly established [ 49 ]. Classically, BPA is thought to disrupt nuclear ER activity, 
but it has also been shown to have rapid actions via membrane ERs [ 49 ,  50 ]. 

 PCBs are organochlorides of which there are 209 congeners with different degrees 
of chlorination. Although their physical and chemical properties vary across conge-
ners, in general, their low fl ammability, high thermal conductivity, and exceptional 
solubility in organic solvents and oils made them suitable for a wide range of applica-
tions. They were used in a variety of combinations as coolant fl uids in electric motors, 
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transformers, and capacitors, but also as plasticizers and stabilizers in paints and 
cement, fi re retardants, hydraulic fl uid, adhesives, pesticide mixtures, and sealants. 
Structurally, there are two classes of PCBs, a coplanar group which makes them 
chemically similar to dioxins and a noncoplanar group which is less toxic. PCBs were 
almost always sold as complex mixtures, each of which differed considerably in terms 
of toxicity. Many are known to have estrogenic, antiestrogenic, or antiandrogenic 
properties [ 51 ]. In general, the desirable physical properties of the PCBs which made 
them so useful, including their exceptional physical and chemical stability, unfortu-
nately confer resistance to decomposition. In 1979, they were classifi ed as persistent 
organic pollutants by the EPA and subsequently banned in the USA. Because of their 
persistence, they remain prevalent in the environment, and tend to bioaccumulate up 
the food chain and within lipid-rich tissues. Thus, body burdens remain high in some 
populations [ 16 ,  52 ], and human exposure is ubiquitous and ongoing. 

 GEN is an isofl avone phytoestrogen found in soy and other legumes, and has been 
extensively studied for both its benefi cial and endocrine-disrupting properties [ 19 ,  53 ]. 
Intake of GEN is increasing primarily because people are choosing to  consume more 
soy-rich foods (such as soy milk, tofu, and tempeh) to take advantage of their pur-
ported health benefi ts. Increased consumption has been associated with reduced risk 
of hormone-dependent cancer (breast and prostate), cardiovascular disease, and osteo-
porosis [ 19 ]. Importantly, in Western populations that do not traditionally consume an 
abundance of soy-rich foods, intake may be higher than perceived because soy is 
increasingly being incorporated into a wide array (upwards of 60%) of processed food 
products, such as cereals, crackers, processed meats, bread, and granola bars to 
increase their nutritional value [ 54 ]. Dietary supplements containing high levels of 
GEN and other isofl avonoid phytoestrogens are also widely available [ 55 ]. Exposure 
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Estrogen
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plastics/epoxy resins

Isoflavone
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  (no longer used but persists

 in the environment)

Compound Structure Description

  Fig. 21.1    Structure of 17β-estradiol and three common EDCs. Generally, the presence of a phenolic 
ring indicates the potential for estrogenic activity either by classical or rapid signaling pathways       
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to GEN and other phytoestrogens is typically much higher than for most synthetic 
EDCs, even among individuals that do not consume a legume-rich diet (Table  21.1 ). 
Thus, it is important to consider the potential long- term impacts of exposure, particu-
larly during development. Concern regarding the use of soy-based infant formula is 
emerging because epidemiology studies have associated its use with elevated risk of 
menstrual irregularities and uterine fi broids [ 33 ,  34 ]. Infants maintained on these for-
mulas consume as much as 6–9 mg/kg of isofl avone phytoestrogens per day, which is 
6–11-fold higher than a typical adult exposure [ 56 ]. GEN exposure can also occur in 
utero through placental transfer or after birth via lactation [ 57 ,  58 ].

       Mechanisms of Kisspeptin System Endocrine Disruption 

 The detailed neuroanatomy, sexual differentiation, and steroid hormone regulation of 
the kisspeptin system are provided in other chapters, and thus will not be repeated here. 
Key aspects that make this system vulnerable to endocrine disruption, including how 
kisspeptin is infl uenced by perinatal estrogens, are worth highlighting (Fig.  21.2 ). In 
rodents, two primary hypothalamic populations of kisspeptin neurons have been charac-
terized: one in a region comprising the anteroventral periventricular (AVPV) nucleus 
and the medial aspects of the rostral periventricular nucleus (AVPV/PeN, an area some-
times referred to as the rostral periventricular area of the third ventricle (RP3V)), and a 
second in the arcuate (ARC) nucleus. Additionally, a third, smaller population was sub-
sequently identifi ed in the medial amygdala (MeA) [ 79 ,  80 ]. There is now evidence that 

    Table 21.1    Comparison of E2, BPA, PCB, and GEN levels in newborns, infants, and adults   

 E2 ng/mL 
 GEN 
ng/mL 

 BPA 
ng/mL 

 PCBs 
ng/mL  References 

 Plasma, adult Western 
woman (across the cycle) 

 0.25–5.4  1–2  0.3–5  0.1–14.3  [ 59 – 65 ] 

 Amniotic fl uid, Western  0.4–1.7  [ 66 ,  67 ] 
 Cord blood, Western  1–3  0.1–7.2  [ 62 ,  64 ] 
 Plasma, adult Japanese 

woman 
 7.2–83  1.4–2  [ 58 ,  68 – 70 ] 

 Cord blood, Japan  19.4–45  2.2  [ 58 ,  68 ,  70 ,  71 ] 
 Breast milk  8–13.5  1.3  5.4–63.1  [ 64 ,  72 ,  73 ] 
 Plasma, breast-fed infant  <0.04–0.08  2–4.7  [ 56 ,  74 ] 
 Plasma, infant-fed bovine 

formula 
 <0.04–0.08  9.4  [ 56 ] 

 Plasma, infant-fed soy 
formula 

 <0.04–0.08  684–757  [ 56 ,  75 ] 

   GEN levels are typically higher than BPA or PCB levels for all age groups and in all fl uids listed 
 Compiled values represent the range of those previously reported and do not take into account 
methodological differences (including controlling for lipid levels for the PCB values listed), sam-
ple sizes, or differences between steady state and peak levels. Thus, values presented should be 
considered representative. Circulating E2 levels were obtained from references [ 76 – 78 ] and the 
UK General Practice Notebook (  http://www.gpnotebook.co.uk/simplepage.cfm?ID=570818627&
linkID=24801&cook=yes    ) (Table adapted from [ 19 ])  
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all three of these populations are sensitive to EDCs, particularly during the neonatal 
critical period.  Kiss1  expression is also found in numerous peripheral tissues important 
for reproduction and energy balance including the gonads, placenta, adipose tissue, pan-
creas, and pituitary [ 81 – 84 ], but to date, nothing is known about how EDCs might infl u-
ence  Kiss1  expression or kisspeptin activity in these tissues. EDC exposure is 
hypothesized to contribute to  diseases, such as metabolic syndrome and compromised 
fertility, involving these  Kiss1 -expressing organ systems. Thus, it is appealing to specu-
late that endocrine disruption of the peripheral kisspeptin system may play an important, 
but as yet unappreciated, role in the etiology of these disorders.

   Within the hypothalamus, the ontogeny and function of kisspeptin signaling 
pathways are profoundly infl uenced by gonadal steroid hormones. Importantly, 
early life exposure to estrogens sexually differentiates this system, resulting in dis-
tinct anatomical and functional differences between males and females (Table  21.2 ). 
For example, in rodents, females have more AVPV/PeN  Kiss1  neurons, fi brous pro-
jections, putative contacts on GnRH neurons, and  Kiss1  mRNA expression than 
males, a sex difference that emerges around the second week of life [ 85 – 88 ]. In the 
adult rodent ARC,  Kiss1  expression and neuron number appear to be equivalent in 
both sexes [ 88 ,  89 ], although the density of  Kiss1  fi bers in the ARC is appreciably 
greater in females (the functional signifi cance of which remains poorly understood). 
Intriguingly, unlike in the AVPV/PeN,  Kiss1  mRNA levels in the ARC are robust 
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  Fig. 21.2    Infl uence of perinatal estrogen (E2) exposure on the three primary populations of Kp 
neurons and their efferent projections in female rodents. In general, early life exposure to estrogens 
masculinizes the kisspeptin system including  Kiss1  mRNA expression, neuron number, density of 
efferent projections, and putative synapses on GnRH neurons. The MeA population is an exception 
in that neonatal E2 administration has the opposite effect and acts to decrease male  Kiss1  expres-
sion. For each population, sex differences in neuron number are indicated, as well as their 
co- occurrence with ER subtypes. All three have now been shown to be impacted by EDCs as 
detailed in Table  21.2  (Figure adapted from a slide generously provided by Alexander Kauffman)       
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and sexually dimorphic at birth (higher in females) and then equivalent by postnatal 
day (PND) 19 and thereafter [ 87 ,  90 ]. The functional signifi cance of this transient 
early life sex difference remains to be determined. Exogenous administration of 
estrogens, or aromatizable androgens, during the neonatal critical period produces 
the male phenotype [ 91 ,  92 ], demonstrating that this is a particularly sensitive win-
dow of vulnerability to endocrine disruption and that organizational changes are 
likely to be permanent.

   Although a small subset of AVPV/PeN kisspeptin neurons co-express ERβ in females 
[ 93 ,  94 ], suggesting that either ER subtype could contribute to the estrogen- dependent 
sex-specifi c ontogeny and function of the kisspeptin system, it is generally accepted that 
ERα is the primary ER isoform mediating estrogen activity on kisspeptin neurons. This 
is particularly clear in the AVPV/PeN. Estradiol administration successfully stimulates 
AVPV/PeN kisspeptin neurons in ERβ knockout mice but not in ERα knockout mice 
[ 93 ]. Additionally, a role for ERα in the masculinization of the AVPV/PeN kisspeptin 
system is suggested by the observation that neonatal administration of the ERα-selective 
agonist PPT, but not the ERβ-selective agonist DPN, results in abrogated AVPV/PeN 
 Kiss1  mRNA levels [ 95 ] and immunoreactive (−ir) fi bers [ 96 ] in female rats. Thus, 
EDCs with the capacity to interact with ERα, or its expression, presumably have the 
greatest potential to disrupt the sex-specifi c ontogeny and function of the AVPV/PeN 
aspect of the kisspeptin system. In the ARC, steroid action is more complex and may be 
conferred by other routes including the androgen receptor and “nonclassical” estrogen 
signaling pathways [ 97 ]. For example, ARC  Kiss1  expression is suppressed by neonatal 
administration of E2, but not ligands selective for ERα or ERβ, suggesting that the E2 
effect must be mediated via a “nonclassical” pathway (Fig.  21.3 ) [ 95 ]. These regional 
differences in E2 signaling within the kisspeptin system suggest that endocrine disrup-
tors could have region-specifi c effects, and that compounds capable of interacting with 
membrane ERs may specifi cally modulate the ARC population of kisspeptin neurons.

   Comparatively less is known about the MeA population of kisspeptin neurons. It is 
sexually dimorphic in mature rodents, with higher levels of  Kiss1  in males (Table  21.2 ) 
[ 79 ]. Similar to the AVPV/PeN population,  Kiss1  expression in the MeA appears to be 
exclusively driven by ERs because estradiol, but not the non- aromatizable androgen 
DHT, modulates expression [ 79 ]. The functional role of this population remains to be 
elucidated, although it is hypothesized to be involved in coordinating responses to 
pheromonal and other olfactory cues related to social and reproductive behavior.  

    BPA Effects on the Rodent Kisspeptin System 

    Females 

 Exposure to BPA has been shown to impact female reproductive physiology in numer-
ous rodent models (reviewed in [ 16 ]). Effects include accelerated female puberty, 
irregular estrous cycles, and premature anestrous. These effects could result from 
disruption anywhere within the hypothalamic pituitary gonadal (HPG) axis, from the 
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ovary to the hypothalamus. Reproductive maturation and function is coordinated by 
the release of gonadotropins [ 98 ,  99 ]; thus, altered GnRH activity could underlie the 
suite of reproductive effects induced by BPA exposure. Because kisspeptin neurons 
are considered critical “gatekeepers” of GnRH activity, disruption of this sex-specifi c 
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  Fig. 21.3    Impact of neonatal exposure to agonists selective for ERα or ERβ on hypothalamic  Kiss1  
expression in the pubertal female rat. Neonatal administration of estradiol benzoate (EB) abrogated 
 Kiss1  expression in both the AVPV/PeN and the ARC. The ERα agonist PPT masculinized AVPV/
PeN expression levels, but had no impact on  Kiss1  expression in the ARC. Neonatal agonism of 
ERβ by DPN had no effect on  Kiss1  levels in either region. Interestingly, coadministration of the ER 
agonists did not recapitulate the effect of EB in the ARC suggesting that a nonclassical mechanism 
of estrogen signaling confers the effect of EB in this hypothalamic region. These data suggest that 
developmental exposure to EDCs could have region-specifi c effects on  Kiss1  neurons, especially if 
they have differential activity on ERα and ERβ (Modifi ed from Patisaul HB, Losa-Ward SM, Todd 
KL, McCaffrey KA, Mickens JA. Infl uence of ERbeta selective agonism during the neonatal period 
on the sexual differentiation of the rat hypothalamic-pituitary-gonadal (HPG) axis. Biol Sex Differ. 
2012 Jan 19;3(1):2. Copyright ©2012 Patisaul et al.; licensee BioMed Central Ltd)       
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function could be a central mechanism by which exposure to an estrogenic endocrine 
disruptor, such as BPA, induces a suite of reproductive effects. 

 The fi rst indication that the kisspeptin system could be vulnerable to endocrine 
disruption was reported in 2009. Subcutaneous injection of 100 or 500 μg BPA 
between PNDs 1 and 5 resulted in reduced hypothalamic  Kiss1  levels on PND 30 in 
rats of both sexes [ 91 ]. In males, this effect persisted through PND 75 and was 
accompanied by a persistent decrease in basal LH levels, suggesting that steroid 
negative feedback on gonadotropin secretion was impaired. This effect implicates 
the ARC as the site of disruption, a possibility that could not be delineated from this 
initial study because  Kiss1  expression was quantifi ed in whole hypothalamus. Thus, 
it remained unclear which population of  Kiss1  neurons BPA impacted: AVPV/PeN, 
ARC, or both. This study used relatively high doses of BPA which are not relevant 
when considering the potential impacts of human exposure. Importantly, however, 
it established the “proof of principle” that the kisspeptin system could be impacted 
by EDCs. It also identifi ed the neonatal critical period as a vulnerable exposure 
window, and demonstrated that both sexes are at risk. 

 A subsequent series of papers provided the fi rst piece of evidence that BPA 
effects on the kisspeptin system could be region and sex specifi c. Newborn rats were 
subcutaneously injected with BPA (50 μg/kg or 50 mg/kg) daily for the fi rst four 
days of life. Estradiol benzoate (EB) was used as a positive control because it is well 
established that estrogen administration during this critical period masculinizes the 
HPG axis. Consistent with what had been published previously [ 100 ], females 
exposed to the lower dose displayed early vaginal opening, a hallmark of puberty in 
the rat, and females in both exposure groups developed irregular estrous cycles 
[ 101 ]. The animals were then ovariectomized and sequentially administered EB and 
progesterone over 48 h to stimulate a gonadotropin surge [ 102 ]. GnRH activation, 
assessed by quantifying the co-localization of GnRH and FOS, in both BPA expo-
sure groups was as robust as in the unexposed controls, suggesting that BPA did not 
masculinize this aspect of the HPG axis. Accordingly, the density of kisspeptin-ir 
fi bers in the AVPV/PeN was not signifi cantly impacted by BPA exposure but sig-
nifi cantly lower in females masculinized by EB [ 96 ]. 

 By contrast, in the ARC, the plexus of kisspeptin-ir fi bers was less dense in the 
50 mg/kg BPA exposed females, an observation consistent with impaired steroid 
negative feedback and may account for the observed estrous cycle irregularities. 
A potential limitation of these studies, however, is the use of kisspeptin-ir fi bers as 
a marker of kisspeptin content. This was done because the soma do not readily label 
in the rat, particularly in the AVPV/PeN. A subsequent study by this group showed 
that the magnitude of the sex difference in kisspeptin-ir fi bers closely mirrors that of 
 Kiss1  mRNA in the AVPV/PeN [ 88 ]. By contrast, although the sex difference in the 
density of ARC kisspeptin-ir fi bers is pronounced by weaning, there is no sex dif-
ference in the number of kisspeptin-ir soma or  Kiss1  expression [ 88 ,  89 ]. An incom-
plete understanding of the functional relevance of the sex difference in ARC fi ber 
density makes the impact of EDCs on this aspect of the kisspeptin system diffi cult 
to interpret. One possibility is that elevated fi ber labeling in females results from 
increased kisspeptin storage or transport. Conversely, kisspeptin secretion could be 
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greater in males thereby resulting in lower levels of immunoreactivity. That the 
density of the ARC kisspeptin-ir fi ber plexus is clearly infl uenced by sex steroids, 
resulting in reduced levels in males and estrogen-exposed females, also raises ques-
tions as to their point of origin. If the fi bers arise from the AVPV/PeN population, 
then this sex difference in ARC fi ber density is consistent with the sex difference in 
neuron number and  Kiss1  expression found in the AVPV/PeN.  

    Males 

 Data regarding the vulnerability of the male kisspeptin system to BPA is limited and 
confl icting. Subcutaneous injection of 50 μg/kg BPA over the fi rst 4 days of life did 
not affect kisspeptin-ir fi ber density in either the AVPV/PeN or the ARC of adult 
male rats [ 96 ]. A follow-up study by the same group employing a similar exposure 
paradigm but with an additional dose (50 μg/kg or 50 mg/kg BPA) found that on 
postnatal day (PND) 10, when  Kiss1  expression is just beginning to become appar-
ent in the AVPV/PeN, expression was unaltered by BPA compared to unexposed 
control males [ 103 ]. In contrast, females exposed to either dose had fewer  Kiss1 - 
expressing  neurons compared to unexposed females. ARC  Kiss1  levels were 
unchanged in either sex on PND 4 or 10. 

 Exposure spanning a longer duration or encompassing a different developmental 
critical period may be required to modify male kisspeptin signaling pathways [ 104 ]. 
Males exposed to 2 μg/kg BPA from the tenth day of gestation through the fi rst week 
after birth by injection to the dam had signifi cantly more AVPV/PeN kisspeptin 
perikarya than unexposed males in peripuberty and adulthood. Moreover, these 
males displayed an E2-induced LH surge comparable in magnitude to females, indi-
cating that BPA inhibited the defeminization of the neuroendocrine circuitry required 
to mediate steroid positive feedback. This was accompanied by a signifi cant reduc-
tion in GnRH neuron numbers, an observation which is diffi cult to reconcile in light 
of the other data. An important caveat of this study is that the axonal transport 
blocker colchicine was administered prior to sacrifi ce to enhance visualization of 
kisspeptin soma, which is not readily immunolabeled in the rat. Although colchicine 
is often used for this technical purpose, it can also alter the synthesis of the com-
pound of interest [ 105 ], making it a potential confounder for a toxicological study. 

 Emerging evidence indicates that  Kiss1  expression in the male MeA is also vul-
nerable to BPA exposure. In rats, exposure to low levels of BPA through drinking 
water across gestation and lactation (via the dam) and peripuberty (via direct con-
sumption) abrogates  Kiss1  expression in the pubertal male MeA, but not the female 
MeA. Decreased MeA  Kiss1  expression was accompanied by higher levels of anxi-
ety and the downregulation of other genes associated with sociosexual behavior 
including ERβ (Patisaul et al., in review). The downregulation of  Kiss1  by BPA was 
recapitulated by Ethinyl estradiol (EE) exposure, suggesting it is an estrogenic 
effect, an outcome which is unusual because estrogen typically masculinizes, rather 
than demasculinizes the rodent brain. Importantly, serum BPA levels in this study 
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were within the range reported for humans (Table  21.1 ; [ 43 ]), suggesting that the 
results may have human relevance. These data provide the fi rst indication of what 
the functional role of this Kp population might be and the fi rst piece of evidence that 
they are sensitive to low levels of environmental estrogens. 

 Overall, there is sparse but clear evidence of BPA effects on the ontogeny and 
function of kisspeptin signaling pathways in both sexes (Table  21.2 ). What 
remains to be determined is if effects occur at levels considered relevant to humans 
and in species other than rodents. Human plasma BPA levels are generally in the 
range of 2–4 ng/mL [ 43 ] and exposure is primarily oral, so this route of adminis-
tration is considered more relevant when assessing the potential for human risk. It 
will also be important to explore effects in non-rodent species because, as dis-
cussed at length in the preceding chapters, there are substantive species differ-
ences in the location and function of kisspeptin neurons, most notably in the 
preoptic region [ 106 ].   

    PCB Effects on the Rodent Kisspeptin System 

    Females 

 In rodents, perinatal PCB exposure induces a suite of reproductive effects compa-
rable to BPA. Human relevant exposure levels have sex-dependent effects on 
 reproductive physiology, hypothalamic sexual differentiation, and neuroendocrine 
gene and protein expression in adulthood [ 107 ,  108 ]. Two studies, both conducted 
by the same group, have shown that PCBs can interfere with the ontogeny of the 
kisspeptin system. Because PCBs are present in the environment and the body as 
mixtures, the impacts of two different PCB mixtures were examined. The fi rst, 
Aroclor 1221, was a popular commercial mixture composed of lightly chlorinated 
PCB congeners with a half-life on the order of days. The second consisted of a 
reconstituted PCB mixture containing three heavily chlorinated PCB congeners 
(PCB138, PCB153, and PCB180) with half-lives on the order of decades and known 
to bioaccumulate in the environment and human tissues [ 109 ,  110 ]. Exposure on 
only two days of late gestation (gestational days 16 and 18) to 1 mg/kg of either 
mixture resulted in signifi cantly elevated preoptic levels of the kisspeptin receptor 
( Kiss1r,  previously identifi ed as GPR54) in females but reduced levels in males, by 
the day of birth. This effect is likely estrogenic because it was recapitulated by ges-
tational EB exposure in both sexes [ 111 ]. 

 A cohort of offspring were subsequently reared through young adulthood and 
irregular estrous cycles were observed in both PCB exposed groups [ 112 ]. The ova-
ries appeared healthy, suggesting an overall disruption within the neural aspects of 
the HPG axis. The density of kisspeptin-ir fi bers in the AVPV/PeN was signifi cantly 
reduced by both PCB mixtures and to the same degree as EB, indicating masculin-
ization. Correspondingly, the percentage of GnRH neurons co-expressing FOS on 
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the afternoon of proestrus was as low in the PCB exposed groups as the EB exposed 
group, an observation indicative of the failure to generate a preovulatory GnRH 
surge via steroid positive feedback. Corroborating indices of masculinization 
included male-typical AVPV volume in both PCB exposed groups, and male-like 
levels of ERα-ir neurons in the A1221 exposed group. Intriguingly, luteinizing hor-
mone (LH) levels were signifi cantly attenuated in the A1221 exposed group, but not 
the PCB mixture group, despite signifi cantly impaired GnRH activation in the latter 
group. It remains to be determined what the compensatory mechanism for this, 
resulting in normal LH levels, might be.  

    Males 

 In contrast to females, effects of gestational PCB exposure were relatively mild in 
adult males. AVPV/PeN kisspeptin-ir was unaltered as were AVPV ERα cell num-
bers. Serum testosterone levels were signifi cantly depreciated in the group exposed 
to the PCB mixture but not EB or A1221. Serum progesterone levels, however, were 
signifi cantly lower in both PCB groups but unaltered by EB, suggesting an alterna-
tive mechanism of action for this endpoint. Notably, male puberty was delayed by 
PCB exposure, an effect which may indicate disruption of ARC kisspeptin signaling 
pathways. This possibility remains to be examined. 

 Importantly, the dose of Aroclor used for these two studies has previously been 
shown to produce reproductive effects in female rats [ 113 ,  114 ], and the dose of 
PCB congeners approximates the typical body burden of human infants [ 107 ,  115 ]. 
Because these exposure levels employed for these studies are considered to be 
human relevant [ 113 ,  114 ,  116 ], these results raise the possibility that the human 
kisspeptin system may be vulnerable to disruption by exposure to PCBs and other 
EDCs at current exposure levels (Table  21.2 ).   

    Infl uence of Genistein and other Phytochemicals 
on the Kisspeptin System 

 Considering that kisspeptin neurons are likely a critical component of a complex 
neural network tuned by evolutionary forces to coordinate reproductive activity in 
response to a milieu of environmental cues [ 117 ,  118 ], it is arguably expected that 
this system should be sensitive to phytoestrogens. Research spanning six decades 
has established that phytoestrogens interfere with the organizational role of endog-
enous estrogen in the developing mammalian reproductive system [ 19 ]. Very lim-
ited data, however, regarding the impact of phytoestrogens on kisspeptin signaling 
networks has been generated thus far. These studies have primarily used approaches 
similar to those described for BPA and the PCBs, which focus on the impacts of 
acute exposure over discrete developmental periods. 
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 Similar to what has been reported for the PCBs, developmental exposure to 
GEN, an isofl avone found in soy and other legumes, has a masculinizing infl uence 
on the rat female kisspeptin system (Table  21.2 ). Early life exposure to GEN, like 
BPA and the PCBs, advances female puberty and produces estrous cycle irregulari-
ties [ 119 ], implying disrupted ontogeny of the HPG axis. In female rats, neonatal 
exposure to 10 mg/kg GEN, but not 1 mg/kg, resulted in a lower density of AVPV/
PeN kisspeptin- ir fi bers across the pubertal transition [ 88 ], an effect which persisted 
into adulthood and is indicative of masculinization (Fig.  21.4 ) [ 119 ]. In the ARC, 
kisspeptin- ir fi ber density was unaltered by GEN but signifi cantly lessened by 
developmental EB exposure [ 88 ,  119 ]. Early life exposure to GEN also resulted in 
impaired GnRH activation in ovariectomized, hormone replaced females [ 119 ], an 
effect which is consistent with masculinization of AVPV/PeN kisspeptin signaling 
pathways. Interestingly, the phytoestrogen metabolite equol did not confer a similar 
suite of effects on the female kisspeptin system when administered at the same dose 
[ 119 ], despite being considered a more potent estrogen agonist than GEN [ 120 ]. 
Moreover, no signifi cant impacts of postnatal GEN exposure were found on adult 
male kisspeptin-ir levels [ 96 ]. The collective effects of developmental GEN expo-
sure are similar to those produced by PCBs and emphasize the sex-specifi c vulner-
ability of the kisspeptin system to other estrogenic EDCs.  

    From Endocrine Disruption to the Fetal Basis of Adult Disease 

 Since its conception in 1991, the EDC fi eld has rapidly gained a foothold in clinical 
endocrinology, and this evolution has generated a provocative new idea: diseases of 
adulthood may begin in the womb. This “Fetal Basis of Adult Disease” hypothesis 
is an extension of the “Barker hypothesis” which predicted that individuals con-
ceived during times of stress and nutrient deprivation will develop a “thrifty” phe-
notype that effi ciently extracts and retains nutrients [ 121 ]. Disease results when this 
phenotype is mismatched and the individual lives in conditions where nutrients are 
abundant and thus becomes obese and prone to diabetes, cardiovascular disease, and 
hypertension. It is now hypothesized that early life exposure to chemicals also con-
tributes to disease states that emerge later in life, particularly reproductive and met-
abolic disorders [ 122 ]. The impacts of smoking and alcohol on fetal development 
have long been recognized and give credence to this hypothesis, but the long-term 
impacts of seemingly more innocuous chemicals, such as those that leach from food 
containers, coat our electronic devices, and escape from furniture into house dust 
where we then eat and breathe them, remain unclear. 

 As exemplifi ed by the phytoestrogens, sensitivity to estrogenic chemicals would 
be adaptive in the right context but also capable of conferring disease. Current evi-
dence supports the hypothesis that the kisspeptin system is a crucial component of 
a complex neuroendocrine system, which senses environmental signals and responds 
to optimize critical developmental stages including puberty, mate seeking, and preg-
nancy. For example, despite decades of research to unlock the “black box” that is 
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mammalian puberty, the confl uence of signals required to initiate the precise 
moment of reproductive maturation remains elusive but clearly requires the integra-
tion of numerous environmental cues including dietary quality, stress, body compo-
sition, rank, and the stability of the social group. It is also evident, particularly in 
long-lived species, such as humans and other apes, that external forces can shift the 
timing of pubertal onset in either direction. In primates, for example, environmental 
stress generally induces early puberty in females but delays it in males. Thus, age at 
puberty does not appear to be “predetermined” at birth, but rather established 
through complex and adaptive gene by environment interactions. Determining the 
optimal time to undergo reproductive maturation and begin to compete for mates is 
critical to maximize fi tness. Females that mature too slowly risk shortening their 
overall reproductive life span (and thus their maximum number of pregnancies), 
while males that mature too quickly risk losing out to stronger, larger males in the 
competitive struggle for mates. Thus evolution has likely honed an exquisitely sen-
sitive neural system, of which the kisspeptin system is a critical component, to sense 
the quality and composition of the environment throughout development and subse-
quently pace the tempo of reproductive maturation and function. 

 Uncovering the specifi c mechanisms underlying this phenomenon is para-
mount to understanding the factors potentially contributing to the advancement of 
puberty in girls [ 1 – 5 ] and to test the hypothesis that EDC exposure may exacer-
bate this phenomenon. Thus, ongoing work exploring how EDCs alter the sex-
specifi c  maturation of the kisspeptin system and its governance of pubertal onset 
will yield critical information about the ontogeny of the kisspeptin system, and 
also how it is sensitive to environmental cues. The hypothesis that disruption of 
the kisspeptin system during critical windows of development may shift age at 
puberty is plausible given that the hypothalamic kisspeptin system was fi rst rec-
ognized by the discovery that humans with a mutated form of  KISS1R  are hypo-
gonadal and fail to undergo puberty [ 123 ,  124 ]. This phenotype was recapitulated 
in mice where either  Kiss1  or  Kiss1r  is knocked out [ 125 ]. Chronic administration 
of kisspeptin during the perinatal period accelerates pubertal onset in rats [ 126 ] 
suggesting that premature release may underlie EDC-induced advanced puberty. 
Kisspeptin initiates puberty by stimulating GnRH neurons (a detailed description 
of which is provided in other chapters), upon which  Kiss1r  is constitutively 
expressed [ 127 ]. In the rodent AVPV/PeN,  Kiss1  expression and the density of 
kisspeptin- ir neurons and fi bers increase as puberty approaches and is accompa-
nied by a concomitant increase in the percentage of GnRH neurons with kiss-
peptin-ir appositions [ 85 – 88 ]. Thus, one potential mechanism by which EDC 
exposure could advance puberty is by enhancing the postweaning rise in AVPV/
PeN levels and their synaptic contacts on GnRH neurons. The limited data gener-
ated to date do not support this hypothesis, however. Neonatal exposure to GEN 
or PCBs attenuates AVPV/PeN  Kiss1  fi ber density and their contacts on GnRH 
neurons [ 128 ] during the pubertal transition, an effect that is indicative of mascu-
linization rather than accelerated maturation (Fig.  21.4 ). An alternative hypothe-
sis is that the ARC population of kisspeptin neurons is primarily responsible for 
conferring the onset of puberty. Although there is limited data supporting this idea 
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[ 129 ], it remains to be defi nitively established. Finally, there is the possibility that 
disruption of other RFamides, such as gonadotropin-inhibiting hormone (GnIH and 
the human homologs RFRP-1 and RFRP-3 [ 130 ]), may also contribute to the 
steady advancement of female puberty. Data testing this hypothesis is only just 
beginning to emerge [ 128 ].

       Future Directions 

 There is clear and compounding evidence that kisspeptin signaling pathways are 
vulnerable to endocrine disruption, particularly when exposure occurs in develop-
ment. By extension, work in this area has also revealed how sensitive this system is 
to endogenous hormones and the long-term consequences of perturbation by hor-
mone administration in early life. Thus, the endocrine disruption fi eld contributes 
translational but also fundamental knowledge about the steroid hormone-dependent 
organization and function of the kisspeptin system across the life span, making it a 
truly interdisciplinary area of study. As this research progresses, it will advance 
understanding of the mechanisms by which EDCs act to confer disease, and also 
how hormones shape the sex-specifi c development of the kisspeptin system across 
the life span. Importantly, it will provide insights into the critical developmental 
windows during which kisspeptin neurons are sensitive to gonadal hormones and 
the compounds that mimic them, and also the mechanisms by which sex differences 
in the kisspeptin system emerge. 

  Fig. 21.4    Neonatal exposure to GEN reduces the density of AVPV/PeN fi bers immunoreactive for 
kisspeptin at puberty (PND 28) in female rats. Depicted is a single GnRH neuron ( green ) sur-
rounded by and receiving efferent projections from kisspeptin neurons ( red ). This plexus is signifi -
cantly denser in females than males, a sex difference which becomes more robust across the 
pubertal transition. Neonatal exposure to a high (10 mg/kg) but not a low (1 mg/kg) dose of the 
isofl avone phytoestrogen GEN advances vaginal opening. Early female puberty is accompanied by 
a marked and signifi cant reduction in the density of kisspeptin fi bers in the AVPV/PeN that is 
recapitulated by estradiol benzoate (EB) exposure and suggestive of masculinization       
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 Numerous questions remain, however, making this a prime area for future study. 
For example, all of the work in this area to date has focused on perinatal exposure 
because of the “Fetal Basis of Adult Disease” concept. Thus, nothing is known 
about the effects of EDC exposure, or hormone administration, during other life 
stages such as puberty or adulthood. Impacts on the peripheral kisspeptin system 
also remain unaddressed and will be a particularly critical area of future work. Two 
noteworthy regions are the pancreas and the gonads because they are prime targets 
for EDCs, and the physiological role of  Kiss1  and its receptor in these organs 
remains to be characterized. Moreover, all of the studies to date have been per-
formed in rodents, so it has not yet been established if other species are vulnerable, 
although the effects of GEN implicate sensitivity in numerous other species, includ-
ing humans. Work in sheep and other species for which there is considerable knowl-
edge about the neuroanatomical structure and function of the kisspeptin system 
would be tremendously benefi cial. This is particularly critical when considering if 
any of the EDC effects on the kisspeptin system observed to date are predictive of 
similar effects in humans. This has become a pressing question because effects in 
rodents have now been documented at EDC exposure levels considered human rel-
evant. Confi rmation of EDC effects in other species would help clarify the possibil-
ity that the human kisspeptin system may be liable to disruption and the mechanisms 
by which EDCs impact human health. 

 In general, the possibility that EDCs can alter kisspeptin signaling pathways is 
an appealing hypothesis because it would be profoundly explanatory for a suite of 
adverse human health effects, both reproductive and metabolic, that currently defy 
explanation. Understanding the mechanisms by which EDCs alter the ontogeny and 
function of kisspeptin pathways further elucidates the consequences of endocrine 
disruption, but also contributes fundamental neuroanatomical data that advances 
our understanding of the evolution and sex-specifi c responsivity of this complex 
system to the environment. It is a rapidly growing fi eld with far-reaching implica-
tions for toxicology, endocrinology, and evolutionary biology.      

   References 

     1.    Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony CJ, Bhapkar MV, Koch GG et al 
(1997) Secondary sexual characteristics and menses in young girls seen in offi ce practice: a 
study from the pediatric research in offi ce settings network. Pediatrics 99(4):505–512  

   2.    Partsch CJ, Sippell WG (2001) Pathogenesis and epidemiology of precocious puberty. Effects 
of exogenous oestrogens. Hum Reprod Update 7(3):292–302  

   3.    Aksglaede L, Sorensen K, Petersen JH, Skakkebaek NE, Juul A (2009) Recent decline in age 
at breast development: the Copenhagen Puberty Study. Pediatrics 123(5):e932–e939  

   4.    Proos LA, Hofvander Y, Tuvemo T (1991) Menarcheal age and growth pattern of Indian girls 
adopted in Sweden. I. Menarcheal age. Acta Paediatr Scand 80(8–9):852–858  

     5.    Parent AS, Teilmann G, Juul A, Skakkebaek NE, Toppari J, Bourguignon JP (2003) The tim-
ing of normal puberty and the age limits of sexual precocity: variations around the world, 
secular trends, and changes after migration. Endocr Rev 24(5):668–693  

21 Effects of Environmental Endocrine Disruptors and Phytoestrogens…



474

    6.    Shahab M, Mastronardi C, Seminara SB, Crowley WF, Ojeda SR, Plant TM (2005) Increased 
hypothalamic GPR54 signaling: a potential mechanism for initiation of puberty in primates. 
Proc Natl Acad Sci U S A 102(6):2129–2134  

    7.    Brannian J, Hansen K (2006) Assisted reproductive technologies in South Dakota: the fi rst 
ten years. S D Med 59(7):291–293  

   8.    Nyboe Andersen A, Erb K (2006) Register data on assisted reproductive technology (ART) 
in Europe including a detailed description of ART in Denmark. Int J Androl 29(1):12–16  

     9.    Frey KA, Patel KS (2004) Initial evaluation and management of infertility by the primary 
care physician. Mayo Clin Proc 79(11):1439–43; quiz 43  

    10.    Decherf S, Demeneix BA (2011) The obesogen hypothesis: a shift of focus from the periphery 
to the hypothalamus. J Toxicol Environ Health B Crit Rev 14(5–7):423–448  

     11.    Castellano JM, Bentsen AH, Mikkelsen JD, Tena-Sempere M (2010) Kisspeptins: bridging 
energy homeostasis and reproduction. Brain Res 1364:129–138  

    12.    Hotchkiss AK, Rider CV, Blystone CR, Wilson VS, Hartig PC, Ankley GT et al (2008) 
Fifteen years after "Wingspread"—environmental endocrine disrupters and human and wild-
life health: where we are today and where we need to go. Toxicol Sci 105(2):235–259  

    13.    Colborn T, Clement C (1992) Chemically-induced alterations in sexual and functional devel-
opment: the wildlife/human connection. Princeton Scientifi c, Princeton, NJ  

    14.    Toppari J, Larsen JC, Christiansen P, Giwercman A, Grandjean P, Guillette LJ Jr et al (1996) 
Male reproductive health and environmental xenoestrogens. Environ Health Perspect 
104(Suppl 4):741–803  

    15.    Crisp TM, Clegg ED, Cooper RL, Wood WP, Anderson DG, Baetcke KP et al (1998) 
Environmental endocrine disruption: an effects assessment and analysis. Environ Health 
Perspect 106(Suppl 1):11–56  

         16.    Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR Jr, Lee DH et al (2012) 
Hormones and endocrine-disrupting chemicals: low-dose effects and nonmonotonic dose 
responses. Endocr Rev 33(3):378–455  

    17.    Gonzalez FJ, Nebert DW (1990) Evolution of the P450 gene superfamily: animal-plant ‘war-
fare’, molecular drive and human genetic differences in drug oxidation. Trends Genet 
6(6):182–186  

    18.    Whitten PL, Naftolin F (1991) Dietary plant estrogens: a biologically active background for 
estrogen action. In: Hochberg RB, Naftolin F (eds) The new biology of steroid hormones. 
Raven, New York, pp 155–167  

         19.    Patisaul HB, Jefferson W (2010) The pros and cons of phytoestrogens. Front Neuroendocrinol 
31(4):400–419  

    20.    Leopold A, Erwin M, Oh J, Browning B (1976) Phytoestrogens: adverse effects on reproduc-
tion in California quail. Science 191(4222):98–100  

    21.    Setchell K, Gosselin S, Welsh M, Johnston J, Balisteri W, Kramer L et al (1987) Dietary 
estrogens-a probable cause of infertility and liver disease in captive cheetahs. Gastroenterology 
93:225–233  

    22.    Adams NR (1995) Detection of the effects of phytoestrogens on sheep and cattle. J Anim Sci 
73:1509–1515  

   23.    Adams NR (1995) Organizational and activational effects of phytoestrogens on the reproduc-
tive tract of the ewe. Proc Soc Exp Biol Med 208(1):87–91  

   24.    Bennetts HW, Underwood EJ, Shier FL (1946) A specifi c breeding problem of sheep on 
subterranean clover pastures in Western Australia. Aust Vet J 22:2  

     25.    Tubbs C, Hartig P, Cardon M, Varga N, Milnes M (2012) Activation of Southern White 
Rhinoceros (Ceratotherium simum simum) estrogen receptors by phytoestrogens: potential 
role in the reproductive failure of captive-born females? Endocrinology 153(3):1444–1452  

      26.    Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT et al (1998) 
Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor beta. 
Endocrinology 139(10):4252–4263  

    27.    Dixon RA, Ferreira D (2002) Genistein. Phytochemistry 60(3):205–211  

H.B. Patisaul



475

    28.    Messina MJ, Persky V, Setchell KD, Barnes S (1994) Soy intake and cancer risk: a review of 
the in vitro and in vivo data. Nutr Cancer 21(2):113–131  

    29.    Zhang Y, Chen H (2011) Genistein, an epigenome modifi er during cancer prevention. 
Epigenetics 6(7):888–891  

    30.    Gang DR, Kasahara H, Xia ZQ, Van der Mijnsbrugge K, Bauw G, Boerjan W et al (1999) 
Evolution of plant defense mechanisms. Relationships of phenylcoumaran benzylic ether reduc-
tases to pinoresinol-lariciresinol and isofl avone reductases. J Biol Chem 274(11):7516–7527  

    31.    Bladergroen MR, Spaink HP (1998) Genes and signal molecules involved in the rhizobia- 
leguminoseae symbiosis. Curr Opin Plant Biol 1(4):353–359  

    32.    Kessmann H, Edwards R, Geno PW, Dixon RA (1990) Stress responses in Alfalfa (Medicago 
sativa L.): V. Constitutive and elicitor-induced accumulation of isofl avonoid conjugates in 
cell suspension cultures. Plant Physiol 94(1):227–232  

     33.    D’Aloisio AA, Baird DD, DeRoo LA, Sandler DP (2010) Association of intrauterine and 
early-life exposures with diagnosis of uterine leiomyomata by 35 years of age in the Sister 
Study. Environ Health Perspect 118(3):375–381  

     34.    Strom BL, Schinnar R, Ziegler EE, Barnhart KT, Sammel MD, Macones GA et al (2001) 
Exposure to soy-based formula in infancy and endocrinological and reproductive outcomes 
in young adulthood. JAMA 286(7):807–814  

    35.    Frye C, Bo E, Calamandrei G, Calza L, Dessi-Fulgheri F, Fernandez M et al (2012) Endocrine 
disrupters: a review of some sources, effects, and mechanisms of actions on behavior and 
neuroendocrine systems. J Neuroendocrinol 24(1):144–159  

   36.    Swedenborg E, Pongratz I, Gustafsson JA (2010) Endocrine disruptors targeting ERbeta 
function. Int J Androl 33(2):288–297  

    37.    Gore AC (2008) Developmental programming and endocrine disruptor effects on reproduc-
tive neuroendocrine systems. Front Neuroendocrinol 29(3):358–374  

    38.    Handa RJ, Weiser MJ, Zuloaga DG (2009) A role for the androgen metabolite, 
 5alpha- androstane-3beta,17beta-diol, in modulating oestrogen receptor beta-mediated regu-
lation of hormonal stress reactivity. J Neuroendocrinol 21(4):351–358  

    39.    Blair RM, Fang H, Branham WS, Hass BS, Dial SL, Moland CL et al (2000) The estrogen 
receptor relative binding affi nities of 188 natural and xenochemicals: structural diversity of 
ligands. Toxicol Sci 54(1):138–153  

    40.    Shanle EK, Xu W (2011) Endocrine disrupting chemicals targeting estrogen receptor signal-
ing: identifi cation and mechanisms of action. Chem Res Toxicol 24(1):6–19  

    41.    Barkhem T, Carlsson B, Nilsson Y, Enmark E, Gustafsson J, Nilsson S (1998) Differential 
response of estrogen receptor alpha and estrogen receptor beta to partial estrogen agonists/
antagonists. Mol Pharmacol 54(1):105–112  

    42.    Dodds EC, Lawson W (1936) Synthetic estrogenic agents without the phenanthrene nucleus. 
Nature 137:996  

      43.    Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV (2007) Human exposure to 
bisphenol A (BPA). Reprod Toxicol 24(2):139–177  

   44.    Biedermann S, Tschudin P, Grob K (2010) Transfer of bisphenol A from thermal printer 
paper to the skin. Anal Bioanal Chem 398(1):571–576  

   45.    Cooper JE, Kendig EL, Belcher SM (2011) Assessment of bisphenol A released from reus-
able plastic, aluminium and stainless steel water bottles. Chemosphere 85(6):943–947  

   46.    Liao C, Kannan K (2011) Widespread occurrence of bisphenol A in paper an. paper products: 
implications for human exposure. Environ Sci Technol 45(21):9372–9379  

    47.    Geens T, Goeyens L, Covaci A (2011) Are potential sources for human exposure to bisphe-
nol- A overlooked? Int J Hyg Environ Health 214(5):339–347  

    48.    Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL (2008) Exposure of the U.S. population 
to bisphenol A and 4-tertiary-octylphenol: 2003–2004. Environ Health Perspect 116(1):39–44  

     49.    vom Saal FS, Akingbemi BT, Belcher SM, Birnbaum LS, Crain DA, Eriksen M et al (2007) 
Chapel Hill bisphenol A expert panel consensus statement: integration of mechanisms, 
effects in animals and potential to impact human health at current levels of exposure. Reprod 
Toxicol 24(2):131–138  

21 Effects of Environmental Endocrine Disruptors and Phytoestrogens…



476

    50.    Belcher SM, Chen Y, Yan S, Wang HS (2012) Rapid estrogen receptor-mediated mechanisms 
determine the sexually dimorphic sensitivity of ventricular myocytes to 17beta-estradiol and 
the environmental endocrine disruptor bisphenol a. Endocrinology 153(2):712–720  

    51.    Bonefeld-Jorgensen EC, Andersen HR, Rasmussen TH, Vinggaard AM (2001) Effect of 
highly bioaccumulated polychlorinated biphenyl congeners on estrogen and androgen recep-
tor activity. Toxicology 158(3):141–153  

    52.    Stein J, Schettler T, Wallinga D, Valenti M (2002) In harm’s way: toxic threats to child devel-
opment. J Dev Behav Pediatr 23(1 Suppl):S13–S22  

    53.    Adlercreutz H (1995) Phytoestrogens: epidemiology and a possible role in cancer protection. 
Environ Health Perspect 130(Suppl 7):103–112  

    54.    UK-Committee-on-Toxicity (2003) Phytoestrogens and health. Committee on Toxicity of 
Chemicals in Food, Consumer Products and the Environment, London  

    55.    Setchell KD, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe BE, Brashear WT et al 
(2001) Bioavailability of pure isofl avones in healthy humans and analysis of commercial soy 
isofl avone supplements. J Nutr 131(4 Suppl):1362S–1375S  

       56.    Setchell KDR, Zimmer-Nechemias L, Cai J, Heubi JE (1997) Exposure of infants to phyto- 
oestrogens from soy-based infant formula. Lancet 350:23–27  

    57.    Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE (1998) Isofl avone content of infant 
formulas and the metabolic fate of these phytoestrogens in early life. Am J Clin Nutr 
68:1453S  

      58.    Todaka E, Sakurai K, Fukata H, Miyagawa H, Uzuki M, Omori M et al (2005) Fetal exposure 
to phytoestrogens—the difference in phytoestrogen status between mother and fetus. Environ 
Res 99(2):195–203  

    59.    Valentin-Blasini L, Blount BC, Caudill SP, Needham LL (2003) Urinary and serum concen-
trations of seven phytoestrogens in a human reference population subset. J Expo Anal Environ 
Epidemiol 13(4):276–282  

   60.    Adlercreutz H, Fotsis T, Watanabe S, Lampe J, Wahala K, Makela T et al (1994) Determination 
of lignans and isofl avonoids in plasma by isotope dilution gas chromatography–mass spec-
trometry. Cancer Detect Prev 18(4):259–271  

   61.    Padmanabhan V, Siefert K, Ransom S, Johnson T, Pinkerton J, Anderson L et al (2008) 
Maternal bisphenol-A levels at delivery: a looming problem? J Perinatol 28(4):258–263  

    62.    Schonfelder G, Wittfoht W, Hopp H, Talsness CE, Paul M, Chahoud I (2002) Parent bisphe-
nol A accumulation in the human maternal-fetal-placental unit. Environ Health Perspect 
110(11):A703–A707  

   63.    Peeters PH, Slimani N, van der Schouw YT, Grace PB, Navarro C, Tjonneland A et al 
(2007) Variations in plasma phytoestrogen concentrations in European adults. J Nutr 
137(5):1294–1300  

     64.    Jacobson JL, Fein GG, Jacobson SW, Schwartz PM, Dowler JK (1984) The transfer of poly-
chlorinated biphenyls (PCBs) and polybrominated biphenyls (PBBs) across the human pla-
centa and into maternal milk. Am J Public Health 74(4):378–379  

    65.    Longnecker MP, Klebanoff MA, Brock JW, Zhou H (2001) Polychlorinated biphenyl serum 
levels in pregnant subjects with diabetes. Diabetes Care 24(6):1099–1101  

    66.    Engel SM, Levy B, Liu Z, Kaplan D, Wolff MS (2006) Xenobiotic phenols in early preg-
nancy amniotic fl uid. Reprod Toxicol 21(1):110–112  

    67.    Foster WG, Chan S, Platt L, Hughes CL Jr (2002) Detection of phytoestrogens in samples of 
second trimester human amniotic fl uid. Toxicol Lett 129(3):199–205  

     68.    Nagata C, Iwasa S, Shiraki M, Ueno T, Uchiyama S, Urata K et al (2006) Associations among 
maternal soy intake, isofl avone levels in urine and blood samples, and maternal and umbilical 
hormone concentrations (Japan). Cancer Causes Control 17(9):1107–1113  

   69.    Arai Y, Uehara M, Sato Y, Kimira M, Eboshida A, Adlercreutz H et al (2000) Comparison of 
isofl avones among dietary intake, plasma concentration and urinary excretion for accurate 
estimation of phytoestrogen intake. J Epidemiol 10:127–135  

     70.    Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y (2002) Determination of bisphenol A 
concentrations in human biological fl uids reveals signifi cant early prenatal exposure. Hum 
Reprod 17(11):2839–2841  

H.B. Patisaul



477

    71.    Adlercreutz H, Yamada T, Wahala K, Watanabe S (1999) Maternal and neonatal phytoestro-
gens in Japanese women during birth. Am J Obstet Gynecol 180(3 Pt 1):737–743  

    72.    Ye X, Kuklenyik Z, Needham LL, Calafat AM (2006) Measuring environmental phenols and 
chlorinated organic chemicals in breast milk using automated on-line column-switching-high 
performance liquid chromatography-isotope dilution tandem mass spectrometry. J Chromatogr 
B Analyt Technol Biomed Life Sci 831(1–2):110–115  

    73.    Franke AA, Custer LJ (1996) Daidzein and genistein concentrations in human milk after soy 
consumption. Clin Chem 42(6):955–964  

    74.    Franke AA, Halm BM, Custer LJ, Tatsumura Y, Hebshi S (2006) Isofl avones in breastfed 
infants after mothers consume soy. Am J Clin Nutr 84(2):406–413  

    75.    Cao Y, Calafat AM, Doerge DR, Umbach DM, Bernbaum JC, Twaddle NC et al (2009) 
Isofl avones in urine, saliva, and blood of infants: data from a pilot study on the estrogenic 
activity of soy formula. J Expo Sci Environ Epidemiol 19(2):223–234  

    76.    Winter JSD, Hughes IA, Reyes FI, Faiman C (1976) Pituitary-gonadal relations in infancy: 
patterns of serum gonadal steroid concentrations in man from birth to two years of age. J Clin 
Endocrinol Metabol 42:679–686  

   77.    Farquharson RG, Klopper AI (1984) A study of maternal, retroplacental and umbilical cord 
estradiol levels in term infants delivered by caesarean section. Eur J Obstet Gynecol Reprod 
Biol 16(5):315–320  

    78.    Stricker R, Eberhart R, Chevailler MC, Quinn FA, Bischof P (2006) Establishment of detailed 
reference values for luteinizing hormone, follicle stimulating hormone, estradiol, and proges-
terone during different phases of the menstrual cycle on the Abbott ARCHITECT analyzer. 
Clin Chem Lab Med 44(7):883–887  

      79.    Kim J, Semaan SJ, Clifton DK, Steiner RA, Dhamija S, Kauffman AS (2011) Regulation of 
Kiss1 expression by sex steroids in the amygdala of the rat and mouse. Endocrinology 
152(5):2020–2030  

    80.    Wilson C (2011) Neuroendocrinology: Kiss1 expressed in the amygdala in rodents. Nat Rev 
Endocrinol 7(6):313  

    81.    Terao Y, Kumano S, Takatsu Y, Hattori M, Nishimura A, Ohtaki T et al (2004) Expression of 
KiSS-1, a metastasis suppressor gene, in trophoblast giant cells of the rat placenta. Biochim 
Biophys Acta 1678(2–3):102–110  

   82.    Ohtaki T, Shintani Y, Honda S, Matsumoto H, Hori A, Kanehashi K et al (2001) Metastasis 
suppressor gene KiSS-1 encodes peptide ligand of a G-protein-coupled receptor. Nature 
411(6837):613–617  

   83.    Kotani M, Detheux M, Vandenbogaerde A, Communi D, Vanderwinden JM, Le Poul E et al 
(2001) The metastasis suppressor gene KiSS-1 encodes kisspeptins, the natural ligands of the 
orphan G protein-coupled receptor GPR54. J Biol Chem 276(37):34631–34636  

    84.    Castellano JM, Gaytan M, Roa J, Vigo E, Navarro VM, Bellido C et al (2006) Expression of 
KiSS-1 in rat ovary: putative local regulator of ovulation? Endocrinology 147(10):4852–4862  

     85.    Clarkson J, Boon WC, Simpson ER, Herbison AE (2009) Postnatal development of an 
estradiol- kisspeptin positive feedback mechanism implicated in puberty onset. Endocrinology 
150(7):3214–3220  

   86.    Clarkson J, Herbison AE (2006) Postnatal development of kisspeptin neurons in mouse hypo-
thalamus; sexual dimorphism and projections to gonadotropin-releasing hormone neurons. 
Endocrinology 147(12):5817–5825  

    87.    Cao J, Patisaul HB (2011) Sexually dimorphic expression of hypothalamic estrogen receptors 
alpha and beta and kiss1 in neonatal male and female rats. J Comp Neurol 519(15):2954–2977  

           88.    Losa SM, Todd KL, Sullivan AW, Cao J, Mickens JA, Patisaul HB (2010) Neonatal exposure 
to genistein adversely impacts the ontogeny of hypothalamic kisspeptin signaling pathways 
and ovarian development in the peripubertal female rat. Reprod Toxicol 31(3):280–289  

     89.    Kauffman AS (2009) Sexual differentiation and the Kiss1 system: hormonal and develop-
mental considerations. Peptides 30(1):83–93  

    90.    Poling MC, Kauffman AS (2012) Sexually dimorphic testosterone secretion in prenatal and 
neonatal mice is independent of kisspeptin-Kiss1r and GnRH signaling. Endocrinology 
153(2):782–793  

21 Effects of Environmental Endocrine Disruptors and Phytoestrogens…



478

      91.    Navarro VM, Sanchez-Garrido MA, Castellano JM, Roa J, Garcia-Galiano D, Pineda R et al 
(2009) Persistent impairment of hypothalamic KiSS-1 system after exposures to estrogenic 
compounds at critical periods of brain sex differentiation. Endocrinology 150(5):2359–2367  

    92.    Kauffman AS, Gottsch ML, Roa J, Byquist AC, Crown A, Clifton DK et al (2007) Sexual dif-
ferentiation of Kiss1 gene expression in the brain of the rat. Endocrinology 148(4):1774–1783  

     93.    Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA (2005) Regulation of Kiss1 
gene expression in the brain of the female mouse. Endocrinology 146(9):3686–3692  

    94.    Smith JT, Popa SM, Clifton DK, Hoffman GE, Steiner RA (2006) Kiss1 neurons in the fore-
brain as central processors for generating the preovulatory luteinizing hormone surge. 
J Neurosci 26(25):6687–6694  

     95.    Patisaul HB, Losa-Ward SM, Todd KL, McCaffrey KA, Mickens JA (2012) Infl uence of 
ERbeta selective agonism during the neonatal period on the sexual differentiation of the rat 
hypothalamic-pituitary-gonadal (HPG) axis. Biol Sex Differ 3(1):2  

         96.    Patisaul HB, Todd KL, Mickens JA, Adewale HB (2009) Impact of neonatal exposure to the 
ERalpha agonist PPT, bisphenol-A or phytoestrogens on hypothalamic kisspeptin fi ber den-
sity in male and female rats. Neurotoxicology 30(3):350–357  

    97.    Gottsch ML, Navarro VM, Zhao Z, Glidewell-Kenney C, Weiss J, Jameson JL et al (2009) 
Regulation of Kiss1 and dynorphin gene expression in the murine brain by classical and 
nonclassical estrogen receptor pathways. J Neurosci 29(29):9390–9395  

    98.    Gorski RA, Mennin SP, Kubo K (1975) The neural and hormonal bases of the reproductive 
cycle of the rat. Adv Exp Med Biol 54:115–153  

    99.    Elkind-Hirsch K, King JC, Gerall AA, Arimura AA (1981) The luteinizing hormone- 
releasing hormone (LHRH) system in normal and estrogenized neonatal rats. Brain Res Bull 
7(6):645–654  

    100.    Howdeshell KL, Hotchkiss AK, Thayer KA, Vandenbergh JG, vom Saal FS (1999) Exposure 
to bisphenol A advances puberty. Nature 401(6755):763–764  

      101.    Adewale HB, Jefferson WN, Newbold RR, Patisaul HB (2009) Neonatal bisphenol-A expo-
sure alters rat reproductive development and ovarian morphology without impairing activa-
tion of gonadotropin releasing hormone neurons. Biol Reprod 81(4):690–699  

     102.    Birke LI (1984) Effects of estradiol and progesterone on scent-marking behavior of female 
rats. Horm Behav 18(1):95–98  

     103.    Cao J, Mickens JA, McCaffrey KA, Leyrer SM, Patisaul HB (2012) Neonatal bisphenol A 
exposure alters sexually dimorphic gene expression in the postnatal rat hypothalamus. 
Neurotoxicology 33(1):23–36  

     104.    Bai Y, Chang F, Zhou R, Jin PP, Matsumoto H, Sokabe M et al (2011) Increase of anteroventral 
periventricular kisspeptin neurons and generation of E2-induced LH-surge system in male rats 
exposed perinatally to environmental dose of bisphenol-A. Endocrinology 152(4):1562–1571  

    105.    Cortes R, Ceccatelli S, Schalling M, Hokfelt T (1990) Differential effects of intracerebroven-
tricular colchicine administration on the expression of mRNAs for neuropeptides and neu-
rotransmitter enzymes, with special emphasis on galanin: an in situ hybridization study. 
Synapse 6(4):369–391  

    106.    Plant TM, Ramaswamy S (2009) Kisspeptin and the regulation of the hypothalamic- pituitary-
gonadal axis in the rhesus monkey (Macaca mulatta). Peptides 30(1):67–75  

     107.    Lackmann GM (2002) Polychlorinated biphenyls and hexachlorobenzene in full-term neo-
nates. Reference values updated. Biol Neonate 81:82–85  

    108.    Lackmann GM, Schaller KH, Angerer J (2004) Organochlorine compounds in breast-fed 
vs. bottle-fed infants: preliminary results at six weeks of age. Sci Total Environ 
329(1–3):289–293  

    109.    Bentzen TW, Muir DC, Amstrup SC, O’Hara TM (2008) Organohalogen concentrations in blood 
and adipose tissue of Southern Beaufort Sea polar bears. Sci Total Environ 406(1–2):352–367  

    110.    Gladen BC, Doucet J, Hansen LG (2003) Assessing human polychlorinated biphenyl con-
tamination for epidemiologic studies: lessons from patterns of congener concentrations in 
Canadians in 1992. Environ Health Perspect 111(4):437–443  

      111.    Dickerson SM, Cunningham SL, Gore AC (2011) Prenatal PCBs disrupt early neuroendo-
crine development of the rat hypothalamus. Toxicol Appl Pharmacol 252(1):36–46  

H.B. Patisaul



479

     112.    Dickerson SM, Cunningham SL, Patisaul HB, Woller MJ, Gore AC (2011) Endocrine disrup-
tion of brain sexual differentiation by developmental PCB exposure. Endocrinology 
152(2):581–594  

     113.    Steinberg RM, Walker DM, Juenger TE, Woller MJ, Gore AC (2008) Effects of perinatal 
polychlorinated biphenyls on adult female rat reproduction: development, reproductive phys-
iology, and second generational effects. Biol Reprod 78(6):1091–1101  

     114.    Steinberg RM, Juenger TE, Gore AC (2007) The effects of prenatal PCBs on adult female 
paced mating reproductive behaviors in rats. Horm Behav 51(3):364–372  

    115.    Lanting CI, Huisman M, Muskiet FA, van der Paauw CG, Essed CE, Boersma ER (1998) 
Polychlorinated biphenyls in adipose tissue, liver, and brain from nine stillborns of varying 
gestational ages. Pediatr Res 44(2):222–225  

    116.    Takagi Y, Aburada S, Hashimoto K, Kitaura T (1986) Transfer and distribution of accumu-
lated (14C)polychlorinated biphenyls from maternal to fetal and suckling rats. Arch Environ 
Contam Toxicol 15(6):709–715  

    117.    Kriegsfeld LJ, Gibson EM, Williams WP 3rd, Zhao S, Mason AO, Bentley GE et al (2010) 
The roles of RFamide-related peptide-3 in mammalian reproductive function and behaviour. 
J Neuroendocrinol 22(7):692–700  

    118.    Tsutsui K, Bentley GE, Kriegsfeld LJ, Osugi T, Seong JY, Vaudry H (2010) Discovery and 
evolutionary history of gonadotrophin-inhibitory hormone and kisspeptin: new key neuro-
peptides controlling reproduction. J Neuroendocrinol 22(7):716–727  

         119.    Bateman HL, Patisaul HB (2008) Disrupted female reproductive physiology following neo-
natal exposure to phytoestrogens or estrogen specifi c ligands is associated with decreased 
GnRH activation and kisspeptin fi ber density in the hypothalamus. Neurotoxicology 
29(6):988–997  

    120.    Setchell KD, Clerici C (2010) Equol: pharmacokinetics and biological actions. J Nutr 
140(7):1363S–1368S  

    121.    Barker DJ (1997) Maternal nutrition, fetal nutrition, and disease in later life. Nutrition 
13(9):807–813  

    122.    Heindel J, Lawler C (2006) Role of exposure to environmental chemicals in developmental 
origins of health and disease. In: Gluckman P, Hanson M (eds) Developmental origins of 
health and disease. Cambridge University Press, Cambridge  

    123.    de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E (2003) Hypogonadotropic 
hypogonadism due to loss of function of the KiSS1-derived peptide receptor GPR54. Proc 
Natl Acad Sci U S A 100(19):10972–10976  

    124.    Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr, Shagoury JK et al 
(2003) The GPR54 gene as a regulator of puberty. N Engl J Med 349(17):1614–1627  

    125.    Clarkson J, d’Anglemont de Tassigny X, Moreno AS, Colledge WH, Herbison AE (2008) 
Kisspeptin-GPR54 signaling is essential for preovulatory gonadotropin-releasing hormone 
neuron activation and the luteinizing hormone surge. J Neurosci 28(35):8691–8697  

    126.    Navarro VM, Castellano JM, Fernandez-Fernandez R, Barreiro ML, Roa J, Sanchez-Criado 
JE et al (2004) Developmental and hormonally regulated messenger ribonucleic acid expres-
sion of KiSS-1 and its putative receptor, GPR54, in rat hypothalamus and potent luteinizing 
hormone-releasing activity of KiSS-1 peptide. Endocrinology 145(10):4565–4574  

    127.    Messager S, Chatzidaki EE, Ma D, Hendrick AG, Zahn D, Dixon J et al (2005) Kisspeptin 
directly stimulates gonadotropin-releasing hormone release via G protein-coupled receptor 
54. Proc Natl Acad Sci U S A 102(5):1761–1766  

     128.    Losa-Ward SM, Todd KL, McCaffrey KA, Tsutsui K, Patisaul HB (2012) Disrupted organi-
zation of RFamide pathways in the hypothalamus is associated with advanced puberty in 
female rats neonatally exposed to bisphenol A. Biol Reprod 87(2):28  

    129.    Kauffman AS, Navarro VM, Kim J, Clifton D, Steiner RA (2009) Sex differences in the regu-
lation of Kiss1/NKB neurons in juvenile mice: implications for the timing of puberty. Am J 
Physiol Endocrinol Metab 297(5):E1212–E1221  

    130.    Ubuka T, Morgan K, Pawson AJ, Osugi T, Chowdhury VS, Minakata H et al (2009) 
Identifi cation of human GnIH homologs, RFRP-1 and RFRP-3, and the cognate receptor, 
GPR147 in the human hypothalamic pituitary axis. PLoS One 4(12):e8400    

21 Effects of Environmental Endocrine Disruptors and Phytoestrogens…



481A.S. Kauffman and J.T. Smith (eds.), Kisspeptin Signaling in Reproductive Biology, 
Advances in Experimental Medicine and Biology 784, DOI 10.1007/978-1-4614-6199-9_22, 
© Springer Science+Business Media, LLC 2013

    Abstract     Kisspeptins are a family of overlapping neuropeptides, encoded by the 
 Kiss1  gene, that are required for activation and maintenance of the mammalian 
reproductive axis. Kisspeptins act within the hypothalamus to stimulate release of 
gonadotrophic releasing hormone and activation of the pituitary-gonadal axis. 
Robust model systems are required to dissect the regulatory mechanisms that control 
 Kiss1  neuronal activity and to examine the molecular consequences of kisspeptin 
signalling. While studies in normal animals have been important in this, transgenic 
mice with targeted mutations affecting the kisspeptin signalling pathway have 
played a signifi cant role in extending our understanding of kisspeptin physiology. 
Knock-out mice recapitulate the reproductive defects associated with mutations in 
humans and provide an experimentally tractable model system to interrogate regulatory 
feedback mechanisms. In addition, transgenic mice with cell-specifi c expression of 
modulator proteins such as the CRE recombinase or fl uorescent reporter proteins 
such as GFP allow more sophisticated analyses such as cell or gene ablation or 
electrophysiological profi ling. At a less complex level, immortalized cell lines have 
been useful for studying the role of kisspeptin in cell migration and metastasis and 
examining the intracellular signalling events associated with kisspeptin signalling.  
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        Introduction 

 Mammalian fertility is regulated by neuroendocrine signals in the hypothalamus 
that integrate hormonal, metabolic and environmental cues with activation of the 
reproductive axis. Gonadotropin releasing hormone (GnRH) neurons are vital for 
the normal function of the reproductive axis as they release GnRH into the hypoph-
yseal portal system to stimulate gonadotrophic hormone secretion from the anterior 
pituitary gland. The gonadotrophic hormones, luteinizing hormone (LH) and 
follicle- stimulating hormone (FSH), act on the gonads to increase sex steroid pro-
duction required for gametogenesis, ovulation and normal fertility. 

 Kisspeptin and its G-protein coupled receptor (KISS1R or GPR54) are required 
for central activation of the hypothalamic pituitary-gonadal axis at puberty and reg-
ulation of reproductive function in many species, including mammals [ 1 ,  2 ]. 
Kisspeptins are produced by the  Kiss1  gene, which encodes a 145 or 138 amino- 
acid precursor protein in humans, depending upon a frameshift polymorphism, that 
is cleaved into overlapping C-terminal amidated peptides (KP54, KP14, KP13 and 
KP10) with similar binding affi nities for the kisspeptin receptor [ 3 – 5 ]. 

 Kisspeptins are expressed predominantly in two discrete neuronal populations in 
the rodent hypothalamus, the anterioventral periventricular nucleus (AVPV) and the 
arcuate nucleus (ARC) [ 6 ]. Kisspeptin neurons make close contact with GnRH neu-
rons [ 7 ], which express the kisspeptin receptor [ 8 ,  9 ], and kisspeptin is a potent 
stimulator of GnRH release [ 10 – 12 ]. The kisspeptin neurons in the AVPV region 
are sexually dimorphic, with a greater number in female rodents [ 13 ,  14 ]. Kisspeptin 
expression is increased in AVPV neurons in response to rising oestrogen levels [ 15 ], 
which stimulate the GnRH/LH surge required for ovulation [ 16 ,  17 ]. In contrast, 
kisspeptin expression in ARC neurons is negatively regulated by oestrogen and 
testosterone [ 15 ,  18 ]. This differential regulation of kisspeptin expression by sex 
steroids indicates a clear biological difference between AVPV and ARC  Kiss1  
neurons. It is generally accepted that the AVPV  Kiss1  neurons are involved in gen-
erating the ovulatory LH surge, while the ARC  Kiss1  neurons may act as a GnRH 
pulse generator [ 19 ]. This pacemaker activity of ARC  Kiss1  neurons is currently 
thought to be controlled by an interplay between neurokinin B (NKB) and dynor-
phin, two neuropeptides that are produced by  Kiss1  neurons in the ARC, but not in 
the AVPV region [ 20 ,  21 ].  

    Transgenic Mice Generation 

 Mice with specifi c alterations to their genome are a powerful tool to study the func-
tion of a protein in the context of the whole animal [ 22 ,  23 ]. Understanding the 
complex neuronal circuitry and the neuropeptides and neurotransmitters that con-
trol the reproductive axis requires studying an intact system. There is conservation 
of function in the reproductive and neuroendocrine systems between mice and other 
mammalian species which allows gene function to be assessed in a whole animal 

W.H. Colledge et al.



483

environment and the data extrapolated to other species, including humans. 
Manipulation of embryonic stem (ES) cells allows precise genetic modifi cations to 
be introduced into mice [ 24 ]. These modifi cations range from precise genetic altera-
tions such as deletions, point mutations and reporter/modulator gene tagging to 
more extensive mutations such as conditional alleles, chromosomal deletions and 
translocations [ 25 ].  

    Transgenic Mice with Global Disruption of  Kiss1r  

 Five transgenic mouse lines have been generated with global disruption of the 
 Kiss1r  gene (Fig.  22.1  and Table  22.1 ). The  Kiss1r   tm1Coll   line has a 702 bp deletion 
encompassing the fi nal 92 bp of exon 1, the whole of intron 1 (509 bp) and the fi rst 
101 bp of exon 2 [ 26 ]. The  Kiss1r   tm1Gstn   line has a 52 bp deletion within exon 2 [ 27 ], 
while the  Kiss1r   tm1.1On   line has a deletion of all fi ve coding exons after a CRE-
mediated recombination event [ 28 ]. These three transgenic lines all contain a  LacZ  
reporter gene driven from the  Kiss1r  promoter and can be used to map the expres-
sion pattern of the kisspeptin receptor in the mouse brain [ 9 ]. The  Kiss1r    tm1Rla   line 
has complete deletion of exon 2 [ 29 ], while the  Kiss1r   Gt1Stei   line has a proviral inser-
tion in intron 2 with no loss of  Kiss1r  coding sequence [ 30 ,  31 ].  Kiss1r  expression 
is disrupted by a splice acceptor within the retrovirus to trap splicing from exon 2 
and two polyadenylation signal sequences to terminate transcription. In situ hybrid-
ization could not detect any  Kiss1r  transcripts in the mutant mice, but as the coding 
exons are still intact it is at least theoretically possible that there might be a very low 
level of residual expression (i.e. a hypomorphic mutation). The retrovirus also 
encodes the reverse tetracycline-dependent transactivator protein (rtTA), which 
should be expressed in cells where the  Kiss1r  gene is transcriptionally active. The 
 Gfp  gene in the provirus will, however, not specifi cally mark neurons expressing the 
kisspeptin receptor, as it is driven by its own promoter. In the absence of an antibody 
with good specifi city for the kisspeptin receptor, confi rmation that these mice have 
null alleles has relied on molecular means such as RT-PCR or in situ hybridization.

        Transgenic Mice with Global Disruption of  Kiss1  

 Three lines of transgenic mice have been described with global disruption of 
the  Kiss1  gene. In the  Kiss1   tm1Coll   line the whole of the  Kiss1  coding region has 
been deleted and replaced with an IRES LacZ sequence [ 32 ]. Similarly, in the 
 Kis1   tm2 ( cre / EGFP ) Coll   line, the coding exons have been replaced with a  Cre / Egfp  fusion 
gene from the pCAG-Cre:GFP vector from Connie Cepko’s laboratory [ 33 , WHC, 
unpublished]. In the  Kiss1   tm1Rla   line, the fi rst  Kiss1  coding exon that contains the 
translational initiation codon has been deleted [ 29 ]. Absence of kisspeptin expres-
sion in these mutant mice has been confi rmed by RT-PCR and by immunohisto-
chemistry using a well-characterized and specifi c anti-kisspeptin antibody [ 34 ].  
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  Fig. 22.1       Genomic arrangement of  Kiss1r  and  Kiss1  targetted loci. The nomenclature for these 
transgenic lines is based on the guidelines established by the International Committee on 
Standardized Genetic Nomenclature for mice (  http://www.informatics.jax.org/mgihome/nomen/
index.shtml    ) and follows that used on the Mouse Genome Informatics website (  http://www.infor-
matics.jax.org/    ). Lab Codes are: Coll (Colledge), Gstn (Gustafson), Rla (Lapatto), Stei (Steiner), 
On (Organon), Ubeo (Boehm).  Kiss1r  and  Kiss1  coding regions are numbered and non-coding 
exons are not shaded. Promoters are  shaded black . Deleted exons are indicated by a  delta  symbol. 
 IRES , internal ribosome entry sequence;  neo , promoter driven neomycin resistance gene;  Cre , cre 
recombinase gene;  Gfp , enhanced green fl uorescent protein gene;  LacZ , β-galactosidase gene; 
 NLS , nuclear localization signal sequence;  rtTA , reverse tetracyclin-responsive transactivator pro-
tein;  LTR , proviral long terminal repeat       

    Phenotype of  Kiss1r  and  Kiss1  Global Knock-Out Mice 

 Analysis of the phenotypes of the  Kiss1r  and  Kiss1  mutant mice has shown the 
importance of kisspeptin signalling in the initiation and maintenance of the repro-
ductive axis [ 26 ,  27 ]. In general, the phenotypes of all the mutant mice lines are 
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broadly similar and these have been reviewed previously [ 22 ,  23 ]. Small differences 
in phenotype are probably due to experimental variation between laboratories. In 
summary, mice with global disruption of  Kiss1r  or  Kiss1  are sterile and do not prog-
ress through puberty. Mutant males have small testes, disruption of spermatogenesis 
and fail to develop secondary sex glands. Mutant females are acyclic, have thread- 
like uteri and small ovaries with no Graafi an follicle or corpus luteum formation. 
These effects are caused by low sex steroid and gonadotrophic hormone levels 
(hypogonadotrophism). The primary defect in the mutant mice is failure of GnRH 
secretion from the median eminence [ 12 ]. In addition, the  Kiss1r  and  Kiss1  mutant 
mice cannot activate kisspeptin or GnRH neurons as judged by  c - fos  induction or 
produce the pre-ovulatory LH surge after appropriate hormonal stimulation [ 17 ], 
although it has also been reported that the  Kiss1r   Gt1Stei   mice can be induced to show 
a modest LH surge [ 30 ]. Most of the data, however, suggest that kisspeptin signal-
ling is also required for normal oestrous cycling and ovulation. 

 While the phenotypes of the global knock-out mice are generally similar, there are 
some subtle differences between  Kiss1r  and  Kiss1  mice, which may be physiologi-
cally informative. The  Kiss1  mutant mice have a slightly less severe reproductive 
defi cit than the  Kiss1r  mice. This is most noticeable in males, where the testes, 
epididymides and seminal vesicle weights are signifi cantly larger in the  Kiss1  
mutant mice compared with the  Kiss1r  mutants and higher numbers of spermatozoa 
are found in the vas deferens (Fig.  22.2a–d ) [ 29 ,  35 ,  36 ]. In addition, the  Kiss1  
mutant mice show more advanced stages of spermatogenesis than the  Kiss1r  
mutants, and this is particularly noticeable when the animals are not exposed to 
dietary phytoestrogens, which can actually stimulate spermatogenesis in these 
mutant mice [ 35 ]. These phenotypic differences are probably related to the slightly 
higher levels of both circulating and intratesticular testosterone in the  Kiss1  mice 
compared with the  Kiss1r  mice. These data suggest that the  Kiss1  mutant mice may 
retain some residual signalling through the kisspeptin receptor, which cannot occur 
in the  Kiss1r  mutant mice. Consistent with this hypothesis is the fi nding that the 
kisspeptin receptor has around a 5% basal signalling activity in the absence of 
ligand binding when expressed in HEK293 cells [ 37 ].

   There is also evidence that both the  Kiss1  and  Kiss1r  mutant mice can release low 
levels of GnRH from the hypothalamus, which may contribute to their partial sexual 
maturation, although they remain infertile. Female mutant mice of either genotype 
show periods of vaginal keratinization typically found during oestrous although 
ovulations do not occur [ 36 ]. Treatment of mutant females with acyline, a GnRH 
antagonist, prevented these periods of keratinization and reduced uterine weights 
and LH levels in the blood. In male mice, acyline treatment reduced testicular 
weights and LH levels in both  Kiss1r  and  Kiss1  mutants. The ligand-independent 
basal activity of the kisspeptin receptor may explain these observations in the  Kiss1  
mutant mice, but the effects in the  Kiss1r  mutant mice suggest another pathway for 
GnRH release. This is unlikely to be mediated by neurokinin B, as it has been shown 
in the  Kiss1r    tm1.1On   mutant mice that this neuropeptide requires the kisspeptin recep-
tor to stimulate LH release [ 28 ]. In contrast, NMDA has been shown to stimulate 
GnRH/LH release in  Kiss1r  mutant mice [ 28 ,  38 ] hence the residual GnRH release 
may be mediated by ionotropic glutamate neurotransmission.  
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    Transgenic Mice with Tagged  Kiss1r  and  Kiss1  Alleles 

 Recently, several transgenic mice have been generated that have functionally intact 
 Kiss1r  and  Kiss1  alleles that express modulator proteins that can be used to facili-
tate a number of downstream studies. The  Kiss1r    tm1.1 ( cre ) Uboe   line has an IRES- Cre 
transgene located just after the translational termination codon in exon 5 of the 
 Kiss1r  gene [ 39 ]. This insertion does not disrupt expression of the kisspeptin recep-
tor and the mice are fertile. Confi rmation that CRE expression was restricted to 
neuronal cells expressing the kisspeptin receptor was obtained by crossing the 
 Kiss1r   tm1.1 ( cre ) Uboe   mice with a reporter strain in which expression of τGFP is depen-
dent upon a CRE-mediated recombination event [ 40 ]. Hypothalamic sections 
through the medial preoptic area showed that 99% of the GnRH neurons were 
labelled with τGFP consistent with the reported expression of the kisspeptin recep-
tor in these neurons [ 8 ,  9 ,  41 ]. 

 The  Kiss1   tm1.1 ( cre / EGFP ) Stei   line contains a  Cre / Gfp  fusion gene inserted within the fi rst 
exon of the  Kiss1  gene just upstream of the ATG translational initiation codon [ 42 ]. 
The pattern of GFP expression in these mice recapitulates the expression  profi le 

  Fig. 22.2    Differences in the extent of hypogonadism between  Kiss1r  and  Kiss1  mutant male mice. 
Samples were collected from 7-month-old mice with at least 11 mice in each data set.  a  vs.  b  vs.  c 
p  < 0.05.  d  vs.  e  vs.  f p  < 0.01 (one way ANOVA followed by Tukey-Kramer multiple conversion test)       
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of the  Kiss1  gene, with prominent expression in the ARC and AVPV regions and 
appropriate regulation by estradiol; although some expression has also been found in 
cortical neurons (see below). Surprisingly, homozygous mutant mice of both sexes 
do not show severe fertility defects. The mutant males appear to be nearly normal, 
with small testes, but they can impregnate females and have normal testosterone 
levels, whereas the females have markedly impaired fertility, but relatively normal 
organ weights (Robert Steiner, personal communication). In situ hybridization 
showed a reduction in the level of  Kiss1  transcripts, so this transgenic mouse model 
probably carries a hypomorphic mutation rather than a null allele. It is noteworthy 
that there is a moderately conserved splice acceptor sequence (AGGAGACTGTAGAC) 
located 21 bases upstream from the ATG codon which may allow some transcripts to 
splice out the  Cre / Gfp  transgene and allow low levels of kisspeptin protein to be 
made. Since kisspeptins are very potent stimulators of GnRH secretion, low levels 
may be suffi cient to maintain the reproductive axis. 

 The  Kiss1   tm1.1 ( cre ) Uboe   mice have an IRES-Cre transgene inserted just after the 
 Kiss1  coding region in exon 2 (Fig.  22.1 ) [ 43 ]. Appropriate expression of the 
 Cre  transgene in ARC and AVPV  Kiss1  neurons was confi rmed by breeding 
the mice with a line expressing a CRE-activated fl uorescent reporter and 97% of 
 Kiss1  neurons were fl uorescently labelled. 

 In addition to the various transgenic mouse lines that have been generated by 
gene targeting, several Kiss-Cre lines have also been made by pronuclear microin-
jection of bacterial artifi cial chromosome (BAC) constructs. One of these BAC vec-
tors contained a DNA fragment with 109 kb of genomic sequence upstream of a Cre 
transgene inserted at the  Kiss1  translational initiation codon [ 44 ]. Three founder 
lines were generated (J2–3, J2–4 and J2–6), and to validate the expression profi le of 
these lines, the mice were bred with CRE-dependent reporter mice (GFP or 
β-galactosidase). The  Tg ( Kiss1 - Cre ) J2 - 4Cfe  line showed the most appropriate 
expression of the  Cre  transgene with GFP or β-galactosidase expression being 
found in the AVPV and the ARC regions of the hypothalamus and 93% of these 
neurons were identifi ed as co-expressing  Kiss1  mRNA by in situ hybridization. The 
 Tg ( Kiss1 - Cre ) J2 - 3Cfe  line showed expression in the ARC, but had very little 
expression in the AVPV region. The reason for the more limited expression pattern 
found in the  Tg ( Kiss1 - Cre ) J2 - 3Cfe  mice is not known, but probably results from 
rearrangement of the  Kiss1  promoter during the BAC integration event and loss of 
important regulatory elements. Expression of the  Tg ( Kiss1 - Cre ) J2 - 4Cfe  transgene 
was also found in the cerebral cortex, which is not a site where  Kiss1  expression has 
been found in adult mice. This ectopic expression could arise from inappropriate 
 Kiss1  promoter activity as a result of the site of the transgene integration. 
Alternatively, the expression in the cortical neurons could indicate that these cells 
expressed  Kiss1  at some point in their development while in the adult this expres-
sion is no longer found. Since the  Kiss1 -Cre transgene was visualized by CRE- 
mediated activation of a reporter gene, any cell that even transiently expressed  Kiss1  
will be permanently marked. This phenomenon has also been observed in the 
 Kiss1   tm1.1 ( cre / EGFP ) Stei   mice, when expression was visualized using a CRE- inducible 
 LacZ  gene and β-galactosidase positive neurons were found extending outside 
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the ARC region [ 42 ] including the cortex (Robert Steiner, personal  communication). 
Thus, it seems likely that some neurons in the cortex express  Kiss1  during develop-
ment and this expression is switched off in the adult.  

    Conditional Gene Ablation 

 One of the limitations of complete disruption of a gene is that the corresponding 
protein is absent throughout development, which may produce pleiotropic changes 
in gene expression and result in compensatory developmental changes. To  overcome 
this problem, conditional mutant alleles are usually generated where expression of 
the gene can be ablated in a tissue-specifi c or temporal way. This is normally 
achieved by creating a targeted allele where a coding exon is fl anked by sequences 
that can be induced to undergo recombination to delete the intervening exon. This is 
usually achieved by CRE-mediated recombination between LoxP sites or FLP- 
mediated recombination between FRT sites. 

 Conditional gene ablation has been used to study the role of  Kiss1  neurons in 
mediating the effects of leptin on puberty in mice. Leptin is produced by white adi-
pose tissue and provides a signal to the hypothalamus about peripheral energy 
reserves [ 45 ]. Mice lacking leptin ( ob / ob ) or the leptin receptor ( db / db ) develop 
obesity and are sterile. Leptin administration advances the onset of puberty in 
rodents [ 46 – 48 ] and restores fertility to ob/ob mice [ 49 ]. To examine how leptin 
mediates its action on the reproductive axis, mice lacking the leptin receptor ( LepR ) 
in  Kiss1  neurons were generated by breeding  Tg ( Kiss1 - Cre ) J2 - 4Cfe  mice with mice 
carrying a LoxP-modifi ed  LepR  allele [ 50 ]. Loss of functional leptin receptors in 
 Kiss1  neurons was confi rmed by treating fasted mice with leptin and examining 
brain sections for leptin-induced phosphorylation of the STAT3 protein. Quantitation 
of pSTAT3 immunoreactivity showed a reduction of 90–95% in the number of 
leptin-responsive  Kiss1  neurons [ 50 ]. Mice of either sex showed no problems with 
the timing of puberty or fertility suggesting that leptin signalling in  Kiss1  neurons 
is not required for these processes. Moreover, the authors also showed that LepR 
neurons in the ventral premammillary nucleus seem to be more important in mediat-
ing the action of leptin on the reproductive axis. One caveat to these data, however, 
is that there are still a small number of  Kiss1  neurons (5–10%) that can still respond 
to leptin signalling in the LepR deleted mice, and it is not known if this would be 
suffi cient to maintain functional inputs into GnRH neurons.  

    Genetic Ablation of GnRH Neurons 

 The  Kiss1r   tm1.1 ( cre ) Uboe   mice have been used to genetically ablate GnRH neurons by 
crossing with a CRE-inducible Diphtheria toxin A transgene [ 39 ]. The Diphtheria 
toxin A inhibits protein synthesis by reducing the activity of elongation factor-2 
(EF-2) causing cell death. The number of GnRH neurons in these transgenic mice 
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was reduced to around 9% and the GnRH neurons that remained showed no  evidence 
of expression of the kisspeptin receptor. Thus, these mice lack the downstream path-
ways for kisspeptin signalling, but surprisingly the female mice showed normal sex-
ual maturation and fertility even though they had signifi cantly smaller ovaries. These 
data suggest that a small number of GnRH neurons (around 10% of normal) that do 
not express the kisspeptin receptor are capable of sustaining the reproductive axis.  

    Genetic Ablation of  Kiss1  Neurons 

 Unexpectedly, genetic ablation of  Kiss1  neurons by CRE-induced expression of a 
Diphtheria toxin A protein did not cause sterility in female mice [ 39 ]. In contrast, 
when the  Kiss1  neurons were ablated in adult females at post-natal day 20 (P20) by 
cell-specifi c expression of a Diphtheria toxin receptor and toxin delivery, the 
females were sterile. The authors suggest that this may be due to developmental 
compensation for loss of the  Kiss1  neurons before P20. One hypothesis is that 
absence of a signalling molecule from  Kiss1  neurons during development may alter 
the physiology of GnRH neurons and allow them to respond to other factors that can 
stimulate GnRH release. The identity of this signalling molecule is not known, nor 
the compensatory changes that might be induced in the GnRH neurons. These could 
include induction of new receptor molecules by the GnRH neurons or increased 
dendritic branching to alter afferent inputs. 

 One important caveat to these neuronal ablation studies is that a small number of 
neurons survive and these may still exert physiological effects. Ablation of the 
GnRH neurons leaves a residual population of around 10%, but it is known that as 
little as 12% of the GnRH neuron population can initiate puberty in mice, although 
higher numbers of these neurons are required for full fertility [ 51 ]. While these 
residual neurons do not seem to express the kisspeptin receptor, this was established 
by lack of activation of a Rosa-YFP transgene [ 52 ], which is known to give low 
expression levels in neurons and may have been below the level of detection. 
Similarly, there is a residual  Kiss1  neuronal population in the AVPV nucleus of 
around 3%. The minimum number of  Kiss1  neurons that are required for fertility is 
not known, but as kisspeptins are extremely potent neuropeptides, relatively few 
may be suffi cient.  

    Transgenic Mice with Fluorescently—Marked GnRH Neurons 

 A number of transgenic mouse lines have been developed with GnRH neurons 
marked with a green fl uorescent protein ([ 53 ], for review, see [ 54 ]) and these have 
been used to examine the electrophysiological effects of kisspeptins on GnRH neu-
rons. Kisspeptins act on the majority of GnRH neurons to initiate a sustained depo-
larization event and increase the action potential fi ring rate [ 55 – 57 ]. Pharmacological 
studies and an assessment of the current–voltage (I–V)  relationships indicate that 
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depolarization is caused by inhibition of voltage-gated potassium channels ( K  
v
 ) 

[ 57 ,  58 ] and activation of canonical transient receptor potential channels (TRPC) 
[ 56 ,  59 ]. Indeed, individual GnRH neurons have been shown by RT-PCR to express 
several TRPC channel subunits [ 59 ]. GnRH neurons also show a rise in intracellu-
lar Ca 2+  after kisspeptin stimulation [ 56 ]. This rise is due not only to inositol-
(1,4,5)-triphosphate (IP 

3
 )-mediated Ca 2+  release from the endoplasmic reticulum, 

but also to Ca 2+  entry through TRPC channels and Ca 2+ -induced Ca 2+  release via 
RyR3 (Fig.  22.3 ) [ 60 ]. Kisspeptin-induced membrane depolarization may also acti-
vate voltage-gated calcium channels (VGCC) to allow additional Ca 2+  entry. The 
VGCC channels would be subsequently closed by a Ca 2+ /calmodulin- dependent 
feedback loop.

   A small number of GnRH neurons (around 2%) show intrinsic oscillations in 
membrane potential often accompanied by neuronal fi ring [ 61 ]. Kisspeptin causes 
these neurons to oscillate closer to the depolarization threshold, effectively making 
these neurons more sensitive to additional depolarization signals and increasing 

  Fig. 22.3    Intracellular signalling events in GnRH neurons after kisspeptin stimulation. Kisspeptin 
binding to its receptor activates the G-protein G 

q/11
  to stimulate phospholipase C (PLC) activity and 

cleavage of PIP 
2
  into IP 

3
  and diacylglycerol (DAG). DAG stimulates canonical transient receptor 

potential channels (TRPC) and inhibits voltage-gated potassium channels ( K  
v
 ) to cause membrane 

depolarization and action potential fi ring. Intracellular calcium levels are increased by release of 
Ca 2+  from endoplasmic reticulum stores (mediated by IP 

3
 R and RyR3) and also by Ca 2+  infl ux 

through TRPC channels. Additional Ca 2+  may also enter the cell after membrane depolarization by 
voltage-gated calcium channels (VGCC) which are subsequently inactivated by calmodulin.  PIP  

 2 
  

phosphatidylinositol 4,5-bisphosphate;  IP  
 3 
  inositol triphosphate;  IP  

 3 
  R  IP 

3
  receptor;  RyR3  ryano-

dine receptor 3       
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their chance of fi ring. If this sub-population of GnRH neurons act as pacemakers to 
co-ordinate the fi ring rate of the non-oscillating GnRH neurons, then this could 
provide a mechanism by which kisspeptin can regulate GnRH pulsatility.  

    Transgenic Mice with Fluorescently Marked  Kiss1  Neurons 

 Transgenic mice in which  Kiss1  neurons are marked with a fl uorescent protein such 
as GFP allow unequivocal identifi cation of these neurons in brain slice preparations 
to interrogate their function and responses to neuromodulators. Patch clamp record-
ings of GFP-labelled neurons in the ARC of female mice have shown that most 
 Kiss1  neurons express both a hyperpolarization-induced cation current (h-current) 
and a T-type Ca 2+  current, which may produce intrinsic pacemaker activity in  Kiss1  
neurons [ 42 ]. Expression of the relevant genes (HCN1-4 and Ca 

v
 3.1) to produce 

these pacemaker channels was confi rmed by RT-PCR analysis from individual 
 Kiss1  neurons.  Kiss1  neurons also respond to NMDA or glutamate by increasing 
their fi ring rates and to GABA by inhibiting fi ring rates [ 42 ]. In male mice, the 
majority of the  Kiss1  neurons in the ARC are depolarized by NKB and show an 
increased fi ring rate [ 21 ]. This observation is consistent with the hypothesis that 
NKB stimulates GnRH release via activation of  Kiss1  neurons in the ARC.  

    Cell Lines 

 Immortalized cell lines provide a less complex model system to study kisspeptin 
signalling pathways and how these infl uence cell biology and behaviour. Cell lines 
have the advantage that they represent a homogeneous cell population without the 
complex neuronal inputs found in vivo, greatly simplifying the experimental analy-
ses. It is also easier to control experimental variables using cell lines rather than 
whole animals. 

 Cell lines were initially used to establish the intracellular signalling pathways 
associated with kisspeptin binding to its receptor. Originally, immortalized cell lines 
transfected with  Kiss1r  were used for these studies (CHO, HEK293, NIH 3T3 and 
Cos7 cells), but similar results have been found in cell lines with endogenous kiss-
peptin receptor expression (for review, see [ 62 ]). Kisspeptin receptor activation was 
found to couple through G 

q/11
  to activate phospholipase C and increase intracellular 

IP 
3
  and Ca 2+  levels [ 3 ,  4 ,  63 ]. Kisspeptin was also found to activate mitogen- 

activated-protein-kinase (MAPK) pathways with increased phosphorylation of 
ERK1/2 and p38MAPK [ 3 ]. Activation of the MAPK pathways is thought to occur 
by Src-dependent transactivation of the EGF receptor [ 64 ,  65 ]. 

 The  Kiss1  gene was originally identifi ed as a suppressor of metastasis [ 66 ] and 
cell lines have been used to study the mechanism by which kisspeptins inhibit cell 
migration. Migratory inhibition may be caused by increased cell adhesion to the 
extracellular matrix at focal adhesion points or increased cell–cell binding at adhe-
rens junctions. Kisspeptin increases the phosphorylation of focal adhesion kinase 
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(FAK) and paxillin proteins, which would increase cell adhesion. Migratory 
 inhibition of the trophoblast-derived cell line HTR8SVneo occurs through an 
ERK1/2- p90rsk pathway to inhibit GSK3β activity and increase β-catenin levels in 
the cytoplasm [ 64 ]. β-Catenin can bind to transmembrane cadherins to promote cell–
cell binding [ 67 ]. In addition, inhibition of migration of the human ovarian cancer 
cell line SKOV3 can be overcome by phorbol ester stimulation of protein kinase C α  
[ 68 ], suggesting that continuous kisspeptin signalling could reduce cell migration by 
inhibiting PKC α  activity. Disruption of PKC α  signalling is associated with increased 
cell adhesion in several different systems [ 69 – 71 ]. In addition to promoting cell 
adhesion, kisspeptins may decrease cell invasion by reducing the expression of pro-
teases such as MMP-2 [ 72 ,  73 ]. Kisspeptins also inhibit the intracellular signalling 
cascade of the pro-metastatic G-protein coupled receptor CXCR4 [ 74 ]. 

    Immortalized GnRH Neurons 

 Since GnRH neurons are the principal target for kisspeptin, immortalized cell lines 
derived from these neurons are useful for studying intracellular signalling pathways 
after kisspeptin stimulation. One of the most widely used GnRH cell lines is GT1-7, 
which was derived from a hypothalamic tumour in a female mouse induced by 
transgenic expression of the SV40 large T-antigen expressed from the GnRH pro-
moter [ 75 ]. Similarly, immortalized GnRH neuronal cell lines (GN and NLT series 
sub-clones) have been derived from an olfactory bulb tumour induced in male mice 
[ 76 ,  77 ] by large T-antigen expression. Since the GN and NLT lines were derived 
from GnRH neurons during their normal migration from the olfactory bulb, they are 
generally considered to represent immature GnRH neurons. 

 To control for the developmental stage at which GnRH neurons are immortal-
ized, Wolfe et al. [ 78 ] generated transgenic mice in which a doxycycline-regulated 
T-antigen transgene was used to select for cell lines (GRT cells) from adult mouse 
hypothalamic explants. Salvi et al. [ 79 ] derived several GnRH cell lines (Gnv 
clones) by immortalizing cells from isolated hypothalami by lentiviral delivery of a 
tetracycline—inducible  v - myc  oncogene. An advantage of these approaches is that 
the immortalized GnRH cell lines are selected in culture, which should limit the 
acquisition of mutations associated with tumour formation in vivo. 

 GT1-7 cells retain markers of GnRH neurons including expression of the kiss-
peptin receptor [ 80 – 83 ] and the ability to secrete GnRH in an autonomous pulsatile 
manner [ 84 ,  85 ]. It should also be noted, however, that the GT1-7 cell line also 
shows gene expression not normally found in GnRH neurons including the oestro-
gen receptor alpha (ERa) and  Kiss1  [ 80 ,  83 ,  86 ]. Kisspeptin stimulation of GT1-7 
cells causes an increase in intracellular Ca 2+  [ 87 ], ERK1/2 phosphorylation and 
GnRH secretion [ 80 ,  82 ], similar to the responses observed in GnRH neurons. 

 GT1-7 cells have also been used to study the mechanisms of transcriptional regu-
lation of the  Kiss1  gene. Transient transfection of luciferase reporter plasmids with 
different lengths of the  Kiss1  promoter has shown that oestrogen can stimulate 
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 promoter activity [ 88 ]. Chromatin immunoprecipitation (CHIP) analysis showed 
that ERα and the transcription factor SP1 form a complex in vivo to mediate this 
oestrogen activation. Interestingly, while SP1 acted as a transcriptional activator, the 
SP3 protein functioned as a transcriptional repressor [ 88 ]. This could provide a 
mechanism to explain the differential regulation of  Kiss1  transcription by oestrogen 
between AVPV and ARC  Kiss1  neurons. If  Kiss1  neurons in the AVPV region 
expressed high levels of SP1, then  Kiss1  expression would be stimulated by oestro-
gen. Conversely, if  Kiss1  neurons in the ARC expressed high levels of SP3, then 
 Kiss1  expression would be repressed by oestrogen. 

 Other transcription factors have been shown to be expressed in ARC  Kiss1  neu-
rons in the rat, including TTF1 [ 89 ], YY1, EAP1 and CUX1, and these have been 
shown to be recruited to the  Kiss1  promoter in HeLa cells by CHIP assays [ 86 ]. 
GT1-7 cells have been used to examine the effects of these transcription factors on 
 Kiss1  promoter activity. EAP1 and CUX1 isoform p110 were found to repress tran-
scription from the  Kiss1  promoter, while YY1 and TTF1 had no effect in GT1-7 
cells [ 86 ].  

    Cell Lines Expressing  Kiss1  

 The laboratory of Denise Belsham has generated a large number of immortalized 
cell lines from hypothalamic neurons of mice [ 90 ] and rats [ 91 ]. Cells were immor-
talized by retroviral transduction of SV40 large T-antigen to primary cultures of 
dissociated cells from embryonic hypothalamic tissues. Clonal cell lines were iso-
lated for further characterization by PCR to identify their expression profi le of neu-
roendocrine markers. Each cell line had a unique signature of receptor and 
neuropeptide expression. Only one out of six mouse lines was reported to express 
 Kiss1  (mHypoE-36/1), but all six mouse lines expressed  Kiss1r  [ 92 ]. It is perhaps 
surprising that the mHypoE-36/1 cell line expresses both  Kiss1  and  Kiss1r  since 
 Kiss1r  expression has not been reported in  Kiss1  neurons in vivo [ 9 ]. The majority 
(25 out of 32) of the rat cell lines (rHypoE series) expressed  Kiss1  [ 91 ]. It is not 
clear why the proportion of  Kiss1  expressing cell lines was higher in the rat than the 
mouse; perhaps the rat  Kiss1  neurons are more mitotically active at this embryonic 
stage than in the mouse and consequently more susceptible to viral transduction. 
To our knowledge, these  Kiss1  expressing cell lines have not been used yet to study 
the physiology of kisspeptin neurons.  

    Limitations of Cell Line Models 

 While the use of immortalized cell lines has some advantages over whole animal 
studies, there are a number of limitations and caveats to this reductionist approach. 
Cell lines are no longer in the context of their normal environment, lacking input 
from other neurons or glial cells. They are not subjected to the normal regulatory 
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inputs that might modulate their physiological responses to neurotransmitters or neu-
ropeptides. Most of the immortalized cell lines are derived from embryonic neurons 
since retroviral delivery of SV40 T-antigen requires proliferating cells and does not 
work in post-mitotic adult neurons. This raises the question of how accurately immor-
talized cells model adult neurons. In addition, cell immortalization is associated with 
a number of genetic and epigenetic changes, which may alter the gene expression 
profi le of the cell compared with its progenitor. For example, the rHypoE-7 and rHy-
poE-8 cell lines co-express  Kiss1  and  Pomc  [ 91 ], but co-expression has not been 
found in vivo [ 93 ] and we have failed to detect POMC co-expression in the  Kiss1   tmColl   
mice (see Fig.  22.4 ). Moreover, RT-PCR analysis of mRNA isolated from adult 
Kiss1-GFP neurons has also failed to detect  Pomc  expression [ 42 ] (Table  22.2 ).

         Future Directions 

 Undoubtedly, transgenic mice will continue to play a signifi cant role in understand-
ing the key molecules that regulate the mammalian reproductive axis. Mouse muta-
genesis programmes, such as those being undertaken by the International Knock-out 

  Fig. 22.4    Absence of POMC expression in  Kiss1  neurons. POMC neurons ( arrowed ) were visual-
ized by immunohistochemistry using an anti-beta-endorphin antibody.  Kiss1  neurons were visual-
ized by β-galactosidase activity ( blue dots ). No co-localization of POMC in  Kiss1  neurons was 
observed in the arcuate nucleus of the hypothalamus of male heterozygous  Kiss1   

tm1Coll
   mice. ( a ,  c ) 

2 weeks old; ( b ,  d ) 1 month old. ( a ,  b ) with 1:5,000 dilution of anti-beta-endorphin antibody 
(Peninsula Laboratories Inc.). ( c ,  d ) No primary antibody.  3V  third ventricle. Scale bars = 500 mm       
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Mouse Consortium (IKMC,   http://www.knockoutmouse.org/    ), will generate mice 
with reproductive defects and thereby identify novel genes involved in this process. 
The remit of the IKMC is to mutate all protein coding genes in mice through gene 
targeting and gene trapping in C57Bl/6 ES cells [ 94 ,  95 ]. Some of these gene target-
ing vectors produce a mutant allele that can be used to generate mice with a  LacZ  
reporter—tagged allele, a LoxP conditional allele or a null allele [ 96 ]. 

 Transgenic mice may also be used to examine the way in which  Kiss1  neurons 
integrate within the neuronal circuitry of the hypothalamus and how their function 
is co-ordinated with different physiological states. A fundamental step in under-
standing how  Kiss1  neurons are regulated by upstream signals requires an accurate 
defi nition of their neuronal connections. One approach would be to use a genetically 
modifi ed pseudorabies virus that requires a CRE-mediated recombination event to 
generate a replication competent virus [ 97 ]. Delivery of this virus into Kiss-CRE 
transgenic mice will activate the virus specifi cally in  Kiss1  neurons and allow retro-
grade spread into synaptically connected neurons, which can be visualized by GFP. 
Using this approach it should be possible to trace primary, secondary and tertiary 
inputs into  Kiss1  neurons to map the neuronal circuitry. 

 Model systems have been essential in understanding the role of kisspeptin sig-
nalling in regulating the mammalian reproductive axis. Studies using cell lines pro-
vide important clues about regulatory pathways, which can be confi rmed in vivo 
using transgenic mice. Transgenic mice will continue to be used to answer funda-
mental questions such as the interplay between NKB, dynorphin and other neuro-
modulators in regulating  Kiss1  neuronal activity and GnRH pulsatility, identifi cation 
of upstream regulators of  Kiss1  and how  Kiss1  neurons are regulated by afferent 
inputs from other regions of the brain.      

   Table 22.2    Cell lines with kisspeptin expression   

 Cell Line  Origin 
 Detection 
method  References  Comments 

 LNCaP  Human prostatic 
carcinomas 

 RIA  [ 98 ]  Highest kisspeptin secretion 
from DU145 cell line 

 PC3  Mainly Kp54 secreted 
 DU145 

 MIN6  Mouse insuloma  RT-PCR  [ 99 ]  Kp has been reported to 
increase insulin secretion 
from mouse Islets of 
Langerhans in culture 

 Jeg3  Human placental 
choriocarcinoma 

 RT-PCR  WHC, 
unpublished 

 MCF-7  Human breast 
adenocarcinoma 

 RT-PCR  [ 100 ]  High  Kiss1  expression 
correlates with high 
expression of AP-2a 
transcription factor 

 rHypoE-7  Embryonic rat 
hypothalamus 

 RT-PCR  [ 91 ]  Immortalized by SV40 
T-antigen  rHypoE-8 

 mHypo- 36/1  Embryonic mouse 
hypothalamus 

 RT-PCR  [ 90 ,  92 ]  Immortalized by SV40 
T-antigen 
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