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Abstract

The status of the neuroendocrine reproductive axis differs dramatically between early
development, puberty, and various stages of adulthood, and also differs in several critical ways
between the sexes, including its earlier pubertal activation in females than males and the presence
of neural circuitry that generates preovulatory hormone surges in females but not males. The
reproductive axis is controlled by various hormonal and neural pathways that converge upon
forebrain gonadotropin-releasing hormone (GnRH) neurons, and many of the critical age and sex
differences in the reproductive axis likely reflect differences in the “upstream” circuits and factors
that regulate the GnRH system. Recently, the neural Kisspeptin system has been implicated as an
important regulator of GnRH neurons. Here | discuss the evidence supporting a critical role of
Kisspeptin signaling at different stages of life, including early postnatal and pubertal development,
as well as in adulthood, focusing primarily on information gleaned from mammalian studies. | also
evaluate key aspects of sexual differentiation and development of the brain as it relates to the
Kiss1 system, with special emphasis on rodents. In addition to discussing recent advances in the
field of kisspeptin biology, this paper will highlight a number of unanswered questions and future
challenges for kisspeptin investigators, and will stress the importance of studying the kisspeptin
system in both males and females, as well as in multiple species.
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1. Introduction

Physiology and behavior often vary between different developmental stages of an animal’s
life, not to mention between animals of opposite sexes. This is especially true for the
mammalian neuroendocrine reproductive axis, the status of which differs dramatically
between early development, puberty, and various stages of adulthood. The neuroendocrine
reproductive axis also differs between the sexes in several dramatic ways, including its
earlier activation in females than males during pubertal maturation, the presence of neural
circuitry that generates preovulatory hormone surges in females but not males, and the
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display of various sexually dimorphic reproductive behaviors. In adulthood, the reproductive
axis is controlled by various hormonal and neural pathways that converge upon forebrain
gonadotropin-releasing hormone (GnRH) neurons. GnRH neurons direct the activation of
the rest of the reproductive axis by stimulating the pituitary to synthesize and secrete
gonadotropin hormones [luteinizing hormone (LH) and follicle-stimulating hormone (FSH)]
which activate the gonads. Many of the critical age and sex differences in the control of the
reproductive axis are thought to reflect key differences in the “upstream” neural circuits and
factors that regulate the GnRH system.

In the past decade, the newly-discovered kisspeptin system has been implicated as an
important regulator of GnRH neurons, both in development and adulthood. In this review, |
discuss the recent evidence obtained during the “Kisspeptin Era” of reproduction research
that supports a critical role of kisspeptin signaling in the control of the reproductive axis at
different stages of life, including postnatal and pubertal development, as well as in
adulthood. I also review key aspects of sexual differentiation and development of the brain
as it relates to the kisspeptin system. The role of kisspeptin signaling in adulthood has
already been extensively reviewed and | will therefore focus more on the latest findings
connecting the kisspeptin system to sexual differentiation and development, including the
period of pubertal maturation. In addition, though kisspeptin has now been identified in a
wide range of vertebrate species and taxa, this present discussion will focus primarily on
mammals, with special emphasis placed on rodents. Kisspeptin’s role in other vertebrate
classes has been reviewed in recent articles by (Biran et al. 2008; Elizur 2009; Oakley et al.
2009).

2. The Link between the Kiss1 System and Adulthood Fertility

2.1 Discovery and localization of Kiss1 and the kisspeptin receptor

The human KiSS1 gene was first discovered in 1996 as a metastisis-suppressor in human cell
lines (Lee et al. 1996; Lee and Welch 1997). However, its critical role in reproduction would
not surface for another 7 years. In 1999, the gene for an orphan G-protein-coupled receptor,
termed GPR54, was first identified in rodents and discovered in humans soon thereafter (Lee
et al. 1999; Kotani et al. 2001; Muir et al. 2001). In 2001, several groups reported that the
protein product of the Kiss1 gene, Kisspeptin, is a high-affinity ligand for GPR54 (Kotani et
al. 2001; Muir et al. 2001; Ohtaki et al. 2001). Because of this, GPR54 has recently been
renamed Kiss1R (i.e., the kisspeptin receptor).

The Kiss1 gene encodes a 145 amino acid protein which, in primates, is processed to
produce a 54 amino acid peptide called kisspeptin, which, like several other neuropeptides,
possesses a distinct structural RF-amide motif (Arg-Phe-NH,) in its C-terminal region.
(Note that in rodents, the mature kisspeptin product is 52 amino acids with a RY C-
terminal). In a wide range of mammals, including rats, mice, hamsters, sheep, non-human
primates, and humans, Kiss1 mMRNA has been detected by either in situ hybridization or RT-
PCR in two discrete regions of the hypothalamus, the anteroventral periventricular nucleus
——periventricular nucleus continuum (AVPV/PeN) and the arcuate nucleus (ARC; the
homologue of the primate infundibular nucleus) (Gottsch et al. 2004; Shahab et al. 2005;
Smith et al. 2005; Kauffman et al. 2007; Rometo et al. 2007; Shibata et al. 2007; Smith
2009). Immunohistochemistry studies have identified kisspeptin protein immunoreactivity in
these same two hypothalamic regions in several species (Adachi et al. 2007; Decourt et al.
2008; Ramaswamy et al. 2008; Smith et al. 2008; Clarkson et al. 2009; Ohkura et al. 2009).
In some cases, mild kisspeptin immunoreactivity has been reported in the dorsomedial
nucleus (DMN); however, Kiss1 mRNA has never been detected in this region using several
techniques, raising the possibility that the kisspeptin-immunoreactivity in the DMN reflects
non-specific binding of some kisspeptin antibodies to other RF-amide peptides [reviewed in
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(Mikkelsen and Simonneaux 2009; Oakley et al. 2009)]. Interestingly, the Kiss1 gene is also
expressed in several peripheral tissues, most notably, the placenta, ovary, testis, pituitary,
pancreas, and adipose tissue (Kotani et al. 2001; Ohtaki et al. 2001; Terao et al. 2004;
Castellano et al. 2006; Torricelli et al. 2008). However, little is currently known regarding
kisspeptin’s role outside the brain, and the present review will focus on the roles of neural
kisspeptin. Like Kissl, the Kiss1R gene is expressed in both peripheral tissues (placenta,
pancreas, kidney, testis, and pituitary) and the brain, most notably the hypothalamus,
preoptic area, hippocampus, habenula, and amygdala. At present, there is not a good
antibody available for detection of Kiss1R protein, precluding localization of the receptor at
the protein level.

2.2 Stimulation of the adult reproductive axis by kisspeptin

Although Kissl and Kiss1R were discovered in 1996 and 1999, respectively, the role of the
Kiss1 system in regulating reproduction was not realized until 2003 when three groups
independently reported that humans and mice with mutations in the Kiss1R gene display
striking deficits in reproductive function, including impaired sexual maturation, low levels
of sex steroids and gonadotropins, acyclicity, and infertility (de Roux et al. 2003; Funes et
al. 2003; Seminara et al. 2003). These initial findings were soon echoed by other similar
reports in Kiss1R knockout (KO) mice (Messager et al. 2005; Kauffman et al. 2007; Lapatto
et al. 2007), and also extended to mice lacking a functional Kiss1 gene (d'Anglemont de
Tassigny et al. 2007; Lapatto et al. 2007; Clarkson et al. 2008). The initial findings in
humans suggested that kisspeptin signaling, via Kiss1R, was essential for proper pubertal
development and reproductive function. This conjecture was tested and extended in a flurry
of scientific activity in the years that followed. It is now clear that hypothalamic Kisspeptin
directly activates GnRH neurons to stimulate the reproductive axis. The evidence for this is
summarized as follows:

1. In mice, rats, hamsters, sheep, primates (including humans) and other mammals,
Kisspeptin treatment potently stimulates LH and FSH secretion (Dhillo et al. 2005;
Kinoshita et al. 2005; Messager et al. 2005; Navarro et al. 2005; Navarro et al.
2005; Shahab et al. 2005; Greives et al. 2007; Kauffman et al. 2007).

2. The stimulatory effect of kisspeptin on gonadotropin secretion is prevented with
co-treatment of GnRH receptor antagonists (Gottsch et al. 2004; Irwig et al. 2004;
Shahab et al. 2005), suggesting that kisspeptin activates the reproductive axis at the
level of GnRH neurons.

3. Kisspeptin treatment induces Fos expression in GnRH neurons (Irwig et al. 2004;
Kauffman et al. 2007) and evokes prolonged firing of action potentials in GhRH
neurons of mouse brain explants (Han et al. 2005; Pielecka-Fortuna et al. 2008).

4. Kisspeptin stimulates the in situ release of GnRH from rodent hypothalamic
explants and in vivo release of GnRH into the ovine portal system (Messager et al.
2005; d'Anglemont de Tassigny et al. 2008).

5. Kisspeptin fibers appear to make appositions with GnRH neuron somata or axons
(Clarkson and Herbison 2006; Decourt et al. 2008; Ramaswamy et al. 2008).

6. GnRH neurons express Kiss1R (Irwig et al. 2004; Han et al. 2005; Messager et al.
2005), suggesting that kisspeptin directly stimulates GnRH cells.

Collectively, these findings demonstrate that kisspeptin-Kiss1R signaling in the brain is both
necessary and sufficient for promoting normal adulthood GnRH secretion and maintaining
fertility. Of note, kisspeptin administration fails to stimulate LH secretion or induce Fos in
GnRH neurons in Kiss1R KO mice as it does in wildtype (WT) mice (Kauffman et al. 2007),
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suggesting that kisspeptin’s effects on the GnRH axis are mediated specifically by Kiss1R
(and not another yet-to-be-identified receptor).

2.3 Regulation of adult Kiss1 neurons by gonadal steroids and circadian signals

The secretion of GnRH in adulthood is regulated by feedback of gonadal sex steroids [i.e.,
testosterone (T) and estradiol (E5)], but the neuroanatomical and molecular mechanisms
underlying this regulation are not entirely known. GnRH neurons do not express estrogen
receptor o (ERa) or the androgen receptor (AR), the receptor subtypes thought to mediate
steroidal feedback, suggesting that other sex steroid-sensitive neurons upstream of GnRH
neurons receive and transmit steroid feedback signals to the reproductive axis. Recent
evidence has implicated hypothalamic Kiss1 neurons as these upstream steroid-sensitive
neurons. In adult rodents, sheep, and primates, Kiss1 gene expression in the brain is strongly
regulated by E; and T. Interestingly, in rodents, the effects of gonadal steroids on Kiss1
expression are region-specific: in the ARC, E; or T inhibits the expression of Kiss1, whereas
in the AVPV/PeN these steroids increase Kiss1 gene expression (Fig. 1) (Smith et al.
2005;Smith et al. 2005;Kauffman et al. 2007). Conversely, in the absence of adulthood
gonadal steroids (such as in gonadectomized animals), Kiss1 levels are increased in the ARC
and decreased in the AVPV/PeN (Smith et al. 2005;Smith et al. 2005;Kauffman et al.
2007;Kauffman et al. 2009). The regulatory effects of sex steroids on Kiss1 expression are
likely direct, as most adult Kiss1 neurons express estrogen receptor-o (ERa), and many
express androgen receptor (AR) and ERp (Smith et al. 2005;Smith et al. 2005;Smith et al.
2006;Clarkson et al. 2008). A recent study has suggested that the ability of E; to inhibit
Kissl expression in the ARC and stimulate Kiss1 in the AVPV/PeN reflects different modes
of intracellular E; signaling in each region, with “classical” E; sighaling working in AVPV/
PeN Kiss1 neurons and “non-classical” E, signaling existing in ARC Kiss1 cells (Gottsch et
al. 2009).

The differential effects of E; and T on Kiss1 neurons in the ARC and AVPV/PeN may
reflect kisspeptin’s involvement in gonadal steroid-mediated negative and positive feedback
control of reproduction (Fig. 1). In sheep, rodents, and primates, the ARC (or its primate
homolog, the infundibular nucleus) comprises the neural elements that mediate gonadal
steroid negative feedback regulation of GnRH (Ferin et al. 1974;Smith and Davidson
1974;Scott et al. 1997), and Kiss1 neurons in the ARC likely provide the cellular mechanism
orchestrating this phenomenon. This conjecture is based on the already discussed facts that
ARC neurons project to GnRH cells, ARC Kiss1 cells express ERa and AR, and gonadal
steroids dramatically inhibit ARC Kiss1 expression. Moreover, the ability of gonadectomy
to stimulate the reproductive axis is not observed in gonadectomized Kiss1R KO mice
(Dungan et al. 2007), suggesting that the stimulation of GnRH neurons after removal of sex
steroids is normally induced by kisspeptin signaling. In support of this, gonadectomy
concurrently stimulates both ARC Kiss1 expression and LH secretion, and the post-
gonadectomy increase in LH secretion is blocked by a selective kisspeptin antagonist
(Roseweir et al. 2009).

In female rodents, the AVPV/PeN mediates the positive feedback effects of E, on GnRH
secretion, thereby triggering the preovulatory LH surge (Herbison 2008). Kiss1 neurons in
the AVPV/PeN appear to comprise the cellular conduit for this positive feedback process.
Supporting this contention, AVPV/PeN Kiss1 neurons express ERa (Smith et al. 2005;
Smith et al. 2005; Smith et al. 2006) and directly innervate GnRH cell bodies (Wintermantel
et al. 2006) (Fig. 1). Moreover, Kissl expression in the AVPV/PeN is increased, along with
Fos in Kissl cells, during the preovulatory LH surge (Smith et al. 2006; Robertson et al.
2009). Furthermore, central infusion of kisspeptin antiserum or antagonist blocks the
preovulatory LH surge (Kinoshita et al. 2005; Pineda et al. 2010), and Kiss1 KO mice
lacking kisspeptin cannot generate an LH surge in response to E, treatment (Clarkson et al.
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2008). Lastly, the preovulatory LH surge is known to be gated by a circadian clock in the
suprachiasmatic nucleus (de la Iglesia and Schwartz 2006), and we recently determined that
Kiss1 neurons in the AVPV/PeN of E,-treated females display a significant circadian pattern
of gene expression and neuronal activation, in direct synchrony with the circadian timing of
LH secretion (Robertson et al. 2009). Interestingly, we found that the circadian activation of
AVPV/PeN Kissl neurons was dependent on the presence of E, (Robertson et al. 2009),
suggesting that E, may regulate the LH surge by both increasing kisspeptin production and
promoting circadian activation of kisspeptin cells. Collectively, these findings indicate that
Kiss1 neurons in the AVPV/PeN are stimulated by both E; and circadian signals, thereby
generating the precisely-timed preovulatory LH surge in adult female rodents. Note that the
positive feedback event in sheep, and perhaps other non-rodent species, may be mediated by
Kiss1 neurons in the ARC rather than the AVPV/PeN (or preoptic region), a possibility
which is an active topic of research in several labs (reviewed in (Kauffman et al. 2007;
Smith 2009).

In addition to being differentially regulated by gonadal steroids, the ARC and AVPV/PeN
Kiss1 populations differ in several other ways. First, the two Kiss1 populations appear to
stimulate different parts of the GnRH neuron: AVPV/PeN Kiss1 neurons project to and
stimulate GnRH cell bodies, whereas evidence now hints that ARC Kiss1 neurons project to
GnRH fiber terminals in the median eminence (Fig. 1) (Wintermantel et al.
2006;d'Anglemont de Tassigny et al. 2008;Ramaswamy et al. 2008). Second, as discussed
below, Kissl expression in the adult AVPV/PeN is sexually differentiated whereas that in
the ARC is not (Kauffman et al. 2007). Third, the cellular phenotype of Kiss1 neurons
differs between region: ARC Kiss1 neurons co-express the neuropeptides dynorphin and
neurokinin B, whereas AVPV/PeN neurons do not; however, Kiss1 neurons in the AVPV/
PeN express galanin, and in some species, tyrosine hydroxylase (Kauffman 2009;Navarro et
al. 2009;0akley et al. 2009). Thus, it is important to keep in mind that Kiss1 neurons in the
AVPV/PeN and ARC exhibit critical physiological and anatomical differences which may
underlie different biological functions of the two populations.

3. Sexual Differentiation and the Kiss1 System: A Bidirectional Relationship

3.1 Mechanisms of sexual differentiation of the brain and behavior

Mammals, including humans, exhibit sex differences in numerous anatomical, physiological,
and behavioral traits, ranging from complex copulatory, sociosexual, and parental behaviors
to endocrine secretion patterns. In addition to sex differences in the physiology and behavior
of normal animals, there are numerous health disorders and diseases in humans which
present with dissimilar frequency between the sexes, including depression (2.5X more
common in women), autism (4X more common in boys), idiopathic hypogonadotropic
hypogonadism (5X more common in men), or precious puberty (10X more common in girls)
(Wing 1981; Weissman et al. 1984; Cesario and Hughes 2007; Fechner et al. 2008).
Presumably, many of the sex differences in physiology and behavior reflect underlying sex
differences in brain circuitries and neural mechanisms. Indeed, the central nervous system is
anatomically and physiologically differentiated between the sexes (13, 66, 92), including
numerous documented sex differences in diverse brain regions ranging from the cerebral
cortex to the hypothalamus to the amygdala (see reviews by (Cooke et al. 1998; Simerly
1998; de Vries and Sodersten 2009; Forger 2009). The nature of sex differences in the brain
are diverse and region- and trait-specific; for example, neural sex differences range from
differences in synapse morphology to neuron number to specific gene expression levels.
Moreover, neural sex differences do not all favor the same one sex over the other, and
hence, many traits are male-biased whereas others are female-biased. For example, the
medial preoptic nucleus of rats contains more neurons in males than females, whereas the
AVPV is typically larger and possesses more tyrosine hydroxylase-expressing neurons in
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females than in males. Note that while numerous sex differences in brain structures and
cellular phenotypes have been identified, in many cases, the specific overlaying behavior or
physiology that these neural sex difference control has remained a mystery (discussed in
(Shah et al. 2004; de Vries and Sodersten 2009).

There are several ways that sex differences in the brain can develop, including sex
chromosome gene-dependent mechanisms and gonadal sex steroid-dependent mechanisms
(Arnold et al. 2003). To date, most sex differences in the brain have been attributed to sex
differences in the actions of gonadal steroid secretions during key stages of development
(the so-called “organizational hypothesis”), whereas only a handful of sexually-dimorphic
traits in mammals have been attributed to differences in sex chromosome genes between
males and females (De Vries et al. 2002; Gatewood et al. 2006; Park et al. 2008). Whether
the small number of sexually-dimorphic traits exhibiting this sex chromosome gene-
dependent mode of induction reflects less formal attention by investigators or simply a less
common biological mechanism remains to be determined.

The central tenet of the “organizational hypothesis” is that the brain is initially bipotential
and develops to be male-like or female-like under the direction of the sex steroid
environment during the perinatal “critical period” (Phoenix et al. 1959). This critical period
may be before birth, around birth, or soon after birth, depending on the species. During the
critical period, the acute secretion of T in males, but not females, causes the brain to change
its developmental fate, structure, and function, thereby differentiating to be masculinized
(and defeminized) (Fig. 2) (Simerly 1998; Simerly 2002). Perinatal T secreted by males
directs the brain’s sexual differentiation via activation of either AR or ER pathways (the
latter, after its aromatization to E, in select neural target tissues). In contrast to males,
females do not normally secrete significant levels of circulating gonadal steroids during the
perinatal critical period (Fig 2); the lack of high circulating sex steroids in perinatal females
results in their brains differentiating to be feminized (and demasculinized). In support of this
model, acute sex steroid treatment to postnatal females can induce the development of a
male-like brain, and castration of newborn male rodents causes their brains to differentiate
to be female-like in adulthood. Studies in rodents have determined that the critical period
lasts approximately a week (10 days in rats) after birth, after which additional modulation of
the sex steroid environment no longer alters the developmental fate of most sexually
dimorphic traits [however, recent evidence suggests that some brain traits may also be
influenced by sex steroid signaling at the critical stage of puberty (reviewed in (Schulz and
Sisk 2006; Schulz et al. 2009)].

3.2 Sexual differentiation of AVPV/PeN Kiss1 neurons

In rodents and sheep, the ability of adult females, but not adult males, to display an E,-
induced preovulatory LH surge (i.e., “positive feedback”) is sexually differentiated (Karsch
and Foster 1975; Corbier 1985). In normal male rodents, exposure to T or its estrogenic
metabolites during early postnatal life (or during prenatal life in male sheep) permanently
alters the circuitry in the developing brain, preventing these animals from being able to
generate a GhRH/LH surge in adulthood in response to exogenous E, treatment. In contrast,
in the absence of circulating postnatal gonadal steroids (i.e., normal females), the neural
mechanisms necessary for generating the LH surge fully develop. In support of this model,
female rodents treated acutely with T or E; at birth fail to develop the LH surge-generating
circuitry (Barraclough 1961; Gogan et al. 1980). Conversely, newborn male rodents that are
castrated during the postnatal critical window are able to generate an E,-induced LH surge
as adults, just like normal adult females (Gogan et al. 1980; Gogan et al. 1981; Corbier
1985). The identity of the specific sexually-dimorphic neural populations that govern the LH
surge has remained elusive. Studies in the 1980’s implicated the AVPV/PeN as being a
critical part of the LH surge generating mechanism. Estrogen receptors, including ERa, are
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expressed in some AVPV/PeN neurons, and lesions of the AVPV/PeN block spontaneous
and steroid-induced preovulatory surges (reviewed in (Herbison 2008). Moreover, several
aspects of the AVPV/PeN are sexually dimorphic, with females possessing more neurons
overall than males, as well as greater numbers of neurons containing tyrosine hydroxylase
(TH; i.e., dopaminergic cells) and GABA/glutamate (Simerly et al. 1985; Simerly et al.
1997; Petersen et al. 2003; Ottem et al. 2004). However, the actual involvement of any of
these sexually-dimorphic AVPV/PeN systems in the LH surge has been equivocal.

Given the critical role of AVPV/PeN Kiss1 neurons in directing the LH surge phenomenon
(discussed earlier), we recently tested the possibility that the sex difference in the LH surge
reflects sexual differentiation of the Kiss1 system in the AVPV/PeN. We found that, like TH
neurons, Kissl neurons in the rat AVPV/PeN are sexually differentiated, with adult females
possessing many more Kissl cells than males (Kauffman et al. 2007). More specifically,
using in situ hybridization we determined that the number of Kiss1 mMRNA-expressing
neurons in the AVPV/PeN of adult female rats is as much as 25 times greater than in adult
males (Kauffman et al. 2007). Similar sex differences in kisspeptin protein levels in the
AVPV/PeN, as determined by immunohistochemistry, were reported in intact adult mice
(Clarkson and Herbison 2006). However, in that study, the level of circulating adult sex
steroids was not controlled between the sexes, and it therefore was unclear if adult females
have more kisspeptin-ir neurons in the AVPV/PeN simply because they have higher sex
steroids levels (circulating sex steroids stimulate Kiss1 gene expression in the AVPV/PeN,
as discussed earlier). To assess whether sex differences in AVPV/PeN Kiss1 neurons are
attributable to sex differences in circulating levels of T or E; in adulthood, we measured
Kiss1 expression in adult gonadectomized male and female rats receiving identical sex
steroid treatments (i.e., with or without E, implants). Even with equivalent sex steroid levels
between the sexes, females had higher Kiss1 expression in the AVPV/PeN than did males
(Kauffman et al. 2007); thus, adult females possess more Kiss1 cells in this region than
males, regardless of the circulating adult sex steroid milieu. This finding has since been
replicated for Kiss1 mRNA levels in mice (A.S. Kauffman, unpublished observations; Fig.
3), kisspeptin protein levels in mice (Gonzalez-Martinez et al. 2008), and both kisspeptin
protein and Kiss1 mRNA levels in rats (Homma et al. 2009). Given the importance of
kisspeptin in promoting the LH surge, the sex difference in AVPV/PeN Kissl expression in
adulthood may account for the sex-specific ability of female rodents, but not males, to
produce an LH surge. That is, adult females have high Kiss1 expression in the AVPV/PeN
and display an LH surge, whereas adult males have few Kiss1 cells in the AVPV/PeN and
cannot generate an LH surge.

How does the sex difference in Kiss1 neurons in the AVPV/PeN develop? Like most sex
differences in the brain, the sex difference in Kiss1 neurons appears to be organized early in
perinatal development by the actions of sex hormones. This conclusion is based on the initial
finding that female rats treated postnatally with a single injection of androgen (to mimic
acute androgen secretion in postnatal males) possess very few Kiss1 neurons in the AVPV/
PeN as adults, similar to adult males (Kauffman et al. 2007). Furthermore, newborn male
rats castrated on the day of birth (to remove circulating androgens) display elevated female-
like Kiss1 levels in adulthood (Homma et al. 2009), indicating that the AVPV/PeN Kissl
system is sexually-differentiated under the influence of postnatal gonadal steroids. The
developmental effects of postnatal sex steroids on the differentiation of Kiss1 neurons in the
AVPV/PeN could be mediated by either AR- or ER-dependent pathways. Some recent
evidence suggests that at least ER-dependent pathways may be involved. Kisspeptin
immunoreactivity in the AVPV/PeN is reduced in transgenic female mice that were
perinatally exposed to E;, due to an absence in alpha-fetoprotein, which normally binds E,
during development and prevents it from acting in the brain (Gonzalez-Martinez et al.
2008); these same females were incapable of mounting an LH surge in response to sex
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steroid treatment in adulthood. Thus, sexual differentiation of the AVPV/PeN Kkisspeptin
system can be influenced by the actions of perinatal E, signaling. In support of this, female
rats treated with a single E injection during the postnatal critical period display male-like
levels of Kiss1 and kisspeptin in the AVPV/PeN in adulthood (Homma et al. 2009).
However, whether or not developmental AR signaling can also influence the Kiss1 sex
difference has not been assessed, nor has the specific postnatal ER subtype pathway been
identified.

Whereas postnatal E; can organize the trajectory of Kiss1 sexual differentiation and E; in
adulthood transiently increases Kissl gene expression, recent evidence suggests that E, also
acts between the postnatal period and adulthood to promote proper Kiss1 development in the
AVPV/PeN. Female mice lacking E; either permanently or during just the peripubertal
period (PND 22-30) express very low levels of kisspeptin-ir in the AVPV/PeN as adults
(Clarkson et al. 2009; Gill et al. 2009), even when given supplemental E, in adulthood
(Bakker et al. 2009; Gill et al. 2009). Thus, E, appears to be necessary during peripubertal
life for maintaining normal female-like Kiss1 levels in the AVPV/PeN, corroborating recent
findings that sex steroids can act during or before puberty to regulate development of certain
neuronal populations (Schulz et al. 2004; Sisk and Zehr 2005; Zehr et al. 2006; Ahmed et al.
2008). The critical peripubertal period(s) when E; is important for normal AVPV/PeN Kissl
development in females requires more investigation, as do the mechanisms by which
peripubertal E, influences AVPV/PeN Kissl development.

As mentioned above, the AVP/PeN also contains a sexually differentiated population of TH-
positive (i.e., dopaminergic) neurons (Simerly et al. 1985; Simerly and Swanson 1987),
which, like the Kiss1 population, is greater in adult females than adult males. This raises the
question, are the sexually differentiated populations of Kiss1 and TH cells in the AVPV/PeN
the same neurons or separate sexually dimorphic systems? Interestingly, in female rats, only
a small percentage of AVPV/PeN neurons coexpress both TH and Kiss1 mRNA, and the few
neurons that do coexpress both genes contain only low levels of TH mRNA (Kauffman et al.
2007). Thus, although there is a slight overlap in the anatomical distribution of these two
neuronal populations and a low degree of co-labeling for some Kiss1 neurons, the sexually-
dimorphic Kiss1 neurons and TH-expressing cells in the AVPV/PeN appear to represent two
separate, sexually-differentiated populations, at least in rats. In contrast, preliminary data
suggests that, in mice, many Kiss1 neurons in the AVPV/PeN also to coexpress TH mRNA
(R.A. Steiner, personal communication), though this preliminary finding is awaiting further
confirmation. Unlike kisspeptin, the precise role, if any, of AVPV/PeN dopamine in the LH
surge mechanism is ambiguous.

3.3 Species-specific sex differences in Kiss1 neurons in the ARC of adult animals

In contrast to the well-studied and well-characterized sexually dimorphic systems of the
AVPV/PeN, the ARC has received much less attention regarding sexual differentiation. This
may be because the ARC, unlike the AVPV/PeN and other sexually-dimorphic regions, does
not appear to exhibit noticeable sex differences in overall nucleus size or total number of
neurons. However, using more specific analyses, several studies have reported sex
differences in the rodent ARC. For example, both the number of synapses and the
morphology of astroglia in the ARC differs between male and female rodents, as does the
pattern of axonal wiring of neurokinin B/dynorphin neurons and the expression of the
growth hormone-releasing hormone gene (Mong et al. 1996; Mong et al. 1999; Nurhidayat
et al. 2001; Mong and McCarthy 2002; Ciofi et al. 2006).

Based on the above findings, the ARC should be considered a sexually dimorphic nucleus.

However, in contrast to the AVPV/PeN, the ARC of adult rodents displays no sex
differences in either the total number of Kiss1 neurons or the amount of Kiss1 mMRNA per

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 August 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kauffman

Page 9

cell (Kauffman et al. 2007). The lack of sex difference in ARC Kiss1 expression is not
altered by circulating sex steroids: adult male and female rats display similar high levels of
Kiss1 expression in the ARC following gonadectomy and similar reduced Kiss1 expression
after sex steroid replacement (Kauffman et al. 2007; Homma et al. 2009). Likewise, in adult
rats, kisspeptin proteins levels in the ARC, as measured by immunohistochemistry, are
similar between males and females under a variety of hormone conditions (Homma et al.
2009). We recently extended these findings in rats to adult mice, in which the level of Kissl
expression in the ARC is equivalent between the sexes, regardless of adulthood sex steroid
milieu (Kauffman et al. 2009). It has been proposed that Kiss1 cells in the ARC of both
males and females provide tonic stimulatory input to GnRH neurons and relay negative
feedback effects of sex steroids to the GnRH axis (reviewed in (Popa et al. 2008; Oakley et
al. 2009). Because tonic GnRH secretion and negative feedback occur to a similar degree in
both sexes (unlike positive feedback), it is not entirely surprising that there is a lack of sex
differences in ARC Kiss1 neurons, at least in adult rodents. However, as discussed later, the
ARC Kiss1 system of rodents may not always be similar between the sexes, as recent
evidence suggests a sex difference in the regulation of ARC Kiss1 neurons in prepubertal
animals (Kauffman et al. 2009).

Interestingly, recent analysis of Kiss1 expression in the ARC of non-rodent species has
yielded a different picture with regards to sexual differentiation. In particular, emerging
evidence suggests that male and female sheep contain different numbers of Kiss1 neurons in
the ARC, raising the possibility of an important sex difference in the ovine Kissl system.
Specifically, intact adult ewes have more than twice as many Kiss1 neurons in the ARC than
intact adult rams (Cheng et al. 2009). Unfortunately, the level of sex steroids was not
controlled in this study, and thus, direct comparison of ARC Kiss1 levels in gonadectomized
ewes and rams (with or without equivalent sex steroid treatment) is still needed.
Interestingly, prenatal androgen treatment, which masculinizes a number of traits in female
sheep, did not reverse the sex difference in ARC kisspeptin cells (despite an effect on ARC
dynorphin and neurokinin B expression in the same ewes) (Cheng et al. 2009). Thus, unlike
the Kiss1 system in the rodent AVPV/PeN, the Kissl system of the ovine ARC may not be
sexually differentiated by perinatal sex steroids. One caveat, however, is that prenatal
androgen in sheep was only given for a defined 30 day period, and it remains possible that
androgen treatment at other prenatal (or postnatal) periods might alter the sexual
differentiation of ovine Kissl neurons in the ARC.

The reason for the species difference in sexual dimorphism in the ARC Kiss1 system has not
been definitively tested, but may relate to species differences in the neural substrates
mediating sex steroid feedback. In rodents, positive feedback of E, is mediated by the
AVPV/PeN, correlating with a sex difference in Kissl in this region. In contrast, in sheep,
the preoptic area (analogous to the AVPV/PeN) does not appear to be critical for positive
feedback. Rather, the ovine ARC has been implicated in mediating the sexually dimorphic
preovulatory LH surge (Smith 2009), correlating nicely with the presence of a Kiss1 sex
difference in this region in sheep. In addition, negative feedback effects of progesterone are
sexually dimorphic in sheep, and have also been suggested to occur in the ARC (Goodman
1996; Goodman et al. 2004; Foradori et al. 2005). Thus, the ovine sex difference in ARC
Kiss1 neurons, which express both progesterone and estrogen receptors, may relate to sex
differences in both positive and negative feedback in sheep. Additional studies are required
to determine whether or not the ARC Kiss1 system of other species (such as monkeys and
humans) displays sex differences in adulthood.

3.4. Kisspeptin signaling influences the sexual differentiation process

Interestingly, in addition to being sexually differentiated itself, the Kiss1 system of rodents
is also essential for promoting the developmental mechanisms that underlie the sexual
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differentiation process. That is, as will be discussed, kisspeptin signaling appears to be
involved in the early developmental processes that control proper sexual differentiation of
multiple sexually dimorphic traits. Thus, the relationship between sexual differentiation and
kisspeptin is bidirectional: kisspeptin signaling promotes the sexual differentiation process,
and sexual differentiation alters kisspeptin neuron development in select brain regions.

As discussed earlier, sexual differentiation of the male brain (and the behaviors it controls)
typically occurs during critical developmental windows during which the presence of T (or
its metabolite E5) organizes sexually dimorphic neural populations to to be male-like. In the
absence of circulating perinatal sex steroids, as in normal developing females, the brain
develops to be female-like. It is not entirely known how perinatal sex steroid secretion is
regulated, or why only males exhibit high circulating levels of sex steroids at this time. In
collaboration with the Rissman and Steiner labs, | tested whether kisspeptin signaling, which
is required for GnRH-mediated sex steroid secretion in adulthood, is also involved in
promoting postnatal T secretion in newborn male rodents (Kauffman et al. 2007). If so, we
speculated that sexually-dimorphic traits should be female-like in adult males that lacked
kisspeptin signaling in early development. To address this possibility, we tested whether
sexual differentiation is impaired in male Kiss1R KO mice (which are unable to signal with
Kisspeptin). In rodents, sociosexual olfactory preference is sexually differentiated in early
development by postnatal sex steroids (Bakker 2003; Bodo and Rissman 2007; Baum 2009).
We found that adult Kiss1R KO males fail to display typical male-like olfactory preference
behavior, despite chronic testosterone treatment in adulthood. Rather, adult Kiss1R KO
males behaved similarly to wildtype female mice when choosing a conspecific partner
(Kauffman et al. 2007). This finding suggests an essential role for kisspeptin-Kiss1R
signaling in either the development and/or display of this sexually dimorphic olfactory
preference behavior. However, because several other sexually dimorphic traits were also
female-like in Kiss1R KO males (see below), it is most likely that sexual differentiation of
the neural circuits underlying olfactory behavior was impaired, rather than a deficit in
adulthood activation of the behavior.

As described earlier, both tyrosine hydroxylase (TH) and Kiss1 neurons in the AVPV/PeN
are sexually-differentiated by postnatal sex steroids, with adult females normally having
more TH and Kiss1 neurons in the AVPV/PeN than adult males. Similar to olfactory
preference behavior, the sexual differentiation of both of these hypothalamic systems was
impaired in Kiss1R KO male mice, with these males displaying female-like numbers of
Kiss1 and TH-immunoreactive neurons in the AVPV/PeN in adulthood (Kauffman et al.
2007). Similarly, absent Kiss1R signaling resulted in the impaired sexual differentiation of
the motor neurons of the spinal nucleus of the bulbocavernosus (SNB), a well-characterized
sexually dimorphic trait in the spinal cord of rodents (Breedlove and Arnold 1980;
Breedlove and Arnold 1981). In adult Kiss1R KO males, the number of SNB motoneurons
was significantly lower than that of wildtype males and similar to that of wildtype females
(Kauffman et al. 2007). Collectively, the similar findings in preference behavior, TH and
Kiss1 neuroanatomy, and spinal cord motoneuron number suggest that kisspeptin-Kiss1R
signaling is essential for proper sexual differentiation in normal males.

Although adult Kiss1R KO animals of both sexes normally have absent sex steroid levels,
the lack of normal male-like phenotypes in sexually-dimorphic traits in Kiss1R KO males
was not due to deficient T in adulthood, because all mice were treated with T in adulthood
prior to testing (Kauffman et al. 2007). Rather, the female-like phenotypes in adult Kiss1R
KO males are likely attributable to impairments in the sexual differentiation process in early
development. However, the exact mechanism of kisspeptin-Kiss1R signaling in the postnatal
sexual differentiation process is unclear. Given the established role of kisspeptin in
stimulating the GnRH axis in adulthood, kisspeptin-Kiss1R signaling may also be required
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in males during postnatal life for GnRH-mediated T secretion. Whether T levels are actually
diminished in Kiss1R KO males during the postnatal critical period remains to be
determined, and is currently under investigation in our lab. Another possibility is that
postnatal T production in newborn males depends on peripheral kisspeptin-Kiss1R signaling
occurring directly in the testes, independent of kisspeptin’s regulation of GnRH secretion in
the brain. Both Kiss1 and Kiss1R are expressed in the testis, at least in adulthood (Kotani et
al. 2001; Ohtaki et al. 2001); whether or not Kiss1 or Kiss1R are actually present in the testis
during the critical perinatal period remains to be determined, as would the mechanism of
how Kiss1R activation in the testis would affect T secretion. The role of the Kiss1 system in
perinatal development and sexual differentiation in species other than mice has not yet been
studied. However, a human infant with a non-functional Kiss1R gene was recently reported
to possess a micropenis and cryptorchidism at birth (Semple et al. 2005), suggesting reduced
androgen levels during perinatal development in this particular individual.

4. Kisspeptin Signaling and Pubertal Development

4.1 Overview of puberty and sexual maturation

Puberty is not a single event but rather a dynamic process encompassing a number of
important developmental changes whereby an individual first attains the capacity to be
fertile. Puberty therefore represents the critical transition between childhood (juvenile state)
and adulthood. In fact, the term puberty is derived from the Latin work pubertas, meaning
adulthood. During puberty, secondary sex characteristics appear, the adolescent physical
growth spurt occurs, and reproductive competence is achieved (reviewed in (Grumbach
2002; Pinyerd and Zipf 2005). In addition, critical psychological changes occur during
puberty (the term adolescence is often used to refer to the period of psychological and social
transition between childhood and adulthood, rather than the biological changes of sexual
maturation denoted as puberty) (Sisk and Foster 2004; Pinyerd and Zipf 2005).

The onset of puberty is generally defined as the activation (or in some species, a re-
activation) of the previously-dormant neuroendocrine reproductive axis (Grumbach 2002;
Ojeda and Skinner 2006; Plant and Witchel 2006). Thus, puberty onset is reflected by
increased GnRH secretion, which activates the rest of the reproductive axis, thereby
stimulating gametogenesis, estrous/menstrual cyclicity, ovulation, development of
secondary sex characteristics, and contributing to physical growth. Despite the prevailing
dogma that puberty is governed by enhanced GnRH secretion, the specific neural and
molecular mechanisms that trigger GnRH secretion in order to initiate puberty remain one of
the enigmas of modern science, as does the temporal mechanism that times when puberty
actually occurs (Richter 2006). Moreover, in virtually all mammals studied, puberty onset is
dramatically different between the sexes, usually earlier in females (though in sheep, for
example, males enter puberty first). However, the mechanism(s) underlying this key sex
difference in sexual maturation, as well as the adaptive significance of early puberty in one
sex versus the other, remains a mystery. Lastly, decades of research have highlighted species
differences in the neural and hormonal mechanisms that regulate pubertal activation,
precluding simple comparisons and generalizations between even closely-related species.
However, in all species, activation of GnRH neurons remains a consistent pubertal hallmark,
and any species differences occur “upstream” of GnRH secretion at afferent regulatory
signals.

4.2 The kisspeptin system is necessary and sufficient for normal puberty

In mammals, including humans, activation of GnRH neurons and downstream reproductive
hormone secretion is the key event representing the onset of puberty. Although the specific
neural and molecular mechanisms that trigger GnRH secretion at puberty remain unknown,
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kisspeptin signaling has recently been implicated in the pubertal process in a number of
mammalian species. In fact, the involvement of kisspeptin in regulating the neuroendocrine
reproductive axis was first brought to light based on clinical studies of individuals who had
impaired or absent sexual maturation. In 2003, Seminara and colleagues and de Roux et al.
independently reported that puberty was dramatically impaired in humans with spontaneous
mutations in the Kiss1R gene (de Roux et al. 2003; Seminara et al. 2003). These findings
occurred in two separate consanguineous families and were caused by different base pair
deletions/substitutions, with the common result that the Kiss1R protein was not functional in
either case. An additional study followed in 2005 similarly detailing an individual with
pubertal impairment in the face of a disabling Kiss1R mutation (Semple et al. 2005). A
recent report estimated that the prevalence of Kiss1R mutations in humans encompasses
approximately 5% of normosmic idiopathic hypogonadotropic hypogonadism (IHH) cases
and about 2% of total IHH cases (Bianco and Kaiser 2009). Interestingly, at present, there
are no reports of delayed or absent puberty attributed to mutations in the human KiSS1 gene.

In support of the initial findings in humans, the necessity of intact kisspeptin signaling for
puberty onset has since been extended to other mammalian species, primarily mice, in which
transgenic knockout technology has allowed for the creation of Kiss1R KO mice. Seminara
and colleagues first showed that Kiss1R KO mice do not progress through puberty, and have
severe deficits in adulthood reproductive function (Seminara et al. 2003). This finding has
been replicated and extended by other labs. In all cases, Kiss1R KO mice are sexually
immature, with small gonads, absent spermatogenesis, impaired ovulation, low sex steroid
and gonadotropin levels, and absent or impaired estrous cyclicity (Funes et al. 2003;
Messager et al. 2005; Dungan et al. 2007; Kauffman et al. 2007; Lapatto et al. 2007).
Similarly, there have been several recent reports of impaired sexual maturation and
reproductive deficiencies in mice lacking a functional Kiss1 gene (d'Anglemont de Tassigny
et al. 2007; Lapatto et al. 2007). Of note, Kiss1R KO mice have normal hypothalamic
distribution and content of GnRH (Messager et al. 2005), suggesting that targeted deletion of
Kiss1R does not significantly affect GnRH neuron migration or synthesis. In fact, some
GnRH secretagogues, such as galanin-like peptide, are able to promote GnRH and LH
secretion in Kiss1R KO mice (Dungan et al. 2006), further evidencing that the GnRH system
is functional in these mice, other than the fact that their GnRH neurons cannot respond to
Kisspeptin signals.

In addition to disabling mutations in the Kiss1 system that prevent puberty onset, a recent
clinical study found that a case of precocious puberty was linked to an activating mutation of
the Kiss1R gene (Teles et al. 2008). In this particular case, a single base pair substitution in
the Kiss1R gene resulted in prolonged intracellular signaling by the receptor in response to
kisspeptin binding, thereby resulting in hyperstimulation of the reproductive axis. Animal
studies have mimicked this effect by experimentally treating prepubertal rodents or monkeys
with exogenous kisspeptin. In these prepubertal animals, kisspeptin treatment was found to
initiate various aspects of precocious puberty (such as enhanced LH secretion or early
vaginal opening, a common marker of puberty in rodents) (Navarro et al. 2004; Shahab et al.
2005). Thus, kisspeptin signaling is not only necessary for initiating puberty onset, but it is
also sufficient for triggering various indices of puberty. However, while prepubertal
kisspeptin treatments undoubtedly stimulated GnRH secretion before it is normally
activated, it remains unclear if these treatments actually altered the developmental
mechanisms that normally time and trigger puberty. Indeed, it is unclear if kisspeptin
signaling represents a key component of the puberty-triggering mechanism (including, but
not limited to, the pubertal “clock™) or simply a downstream effector of the puberty
mechanism elsewhere in the brain. Future studies are necessary to tease this issue apart.
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4.3 Changes in the neural Kiss1 system during puberty

The findings discussed in the previous section indicate that kisspeptin signaling is critical for
pubertal maturation. To date, it has been all-but-assumed that the location of kisspeptin
signaling during puberty is in the brain, especially since kisspeptin’s effects on the
reproductive axis appear to be at the level of GnRH neurons. Although it was determined in
2004 that exogenous Kisspeptin treatments can induce indices of puberty onset, it was not
until 2008 that endogenous secretion of kisspeptin was actually found to increase during
puberty. Working with hypothalamic explants from female monkeys, Keen and colleagues
elegantly showed that neural kisspeptin secretion, as measured with radioimmunoassay, was
elevated in pubertal compared to juvenile monkeys (Keen et al. 2008). Moreover, Kisspeptin
secretion was shown to be pulsatile and to pulse in synchrony with GnRH pulses. Thus,
Keen et al. speculated that increased kisspeptin pulsatility drives increased GnRH pulsatility
in the pubertal monkey. Similar studies in other species have not yet been published. Despite
the important contribution of this pubertal monkey study to our understanding of
Kisspeptin’s role in the pubertal process, the neuroanatomical source of the pubertal
kisspeptin secretion was not determined. Thus, it remains unknown whether the kisspeptin
pulses were coming from ARC Kiss1 neurons, preoptic Kiss1 neurons, or both (or neither).

To elucidate the neuroanatomical specificity of the pubertal kisspeptin signal, several studies
have measured Kiss1 mRNA or kisspeptin protein in the brains of rodents and monkeys at
different ages. In initial studies, total Kiss1 mRNA levels in the entire rat and primate
hypothalamus, as measured with RT-PCR, were mounds to be higher in adults compared to
juveniles (Navarro et al. 2004; Shahab et al. 2005), suggesting enhanced kisspeptin synthesis
during puberty; however, developmental changes in Kiss1 expression specifically within
discrete neural populations (AVPV/PeN and ARC) were not assessed. Thus, while it is clear
that Kiss1 expression increases from the juvenile period to adulthood, the location of this
increase remained unknown. Subsequently, several studies in rodents aimed at assessing
developmental changes in Kiss1 expression and/or kisspeptin protein immunoreactivity
specifically in the AVPV/PeN and the ARC (Han et al. 2005; Clarkson and Herbison 2006;
Takase et al. 2009). Unfortunately, the findings have not been entirely consistent, and
conflicting results may reflect species or sex differences, dissimilarity in the specific ages
that animals were studied, or technical differences. Looking at male mice, Han et al. (2005)
found that KissImRNA levels, as measured with in situ hybridization, were higher in adult
than juvenile males, specifically in the AVPV/PeN. However, because AVPV/PeN Kissl
gene expression is stimulated by sex steroids, it is not clear if the higher Kiss1 expression in
adults simply reflects higher circulating sex steroid levels at this age. In contrast to the
AVPV/PeN, Han et al., (2005) found no significant differences between adult and juvenile
males in Kiss1 levels in the ARC. Clarkson and Herbison (2006) reported similar
developmental increases in kisspeptin-immunoreactivity in the AVPV/PeN in both male and
female mice (higher in adults compared to juvenile and prepubertal animals). Again,
whether these increases in kisspeptin levels merely reflect increasing levels of sex steroids
(which upregulate kisspeptin production in the AVPV/PeN) was not determined.
Unfortunately, kisspeptin immunoreactivity in the murine ARC was not quantified in either
sex, owing to the difficulty of identifying discrete neuron cell bodies which were obscured
by dense kisspeptin-immunoreactivity fibers in this region. Thus, it is unknown if kisspeptin
protein in the murine ARC fails to show a developmental change as reported by Han et al.
(2005) for Kiss1 mRNA levels in this nucleus.

Most recently, Takase et al (2009) have addressed this issue in developing female rats. In
this study, Kiss1 mRNA levels were higher in adulthood than in prepubertal animals in both
the ARC and AVPV/PeN (as measured by RT-PCR), as was kisspeptin protein-
immunoreactivity. This finding in female rats contradicts that in male mice in which the
ARC Kiss1 system does not appear to change with puberty (Han et al. 2005). To determine
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if sex steroids influence the increases in Kiss1 levels in rats, Takase et al (2009) treated
separate cohorts of female rats with constant low E; levels at each age and measured Kissl
MRNA levels several days later. As in intact animals, Kiss1 was higher in both the ARC and
AVPV/PeN in adults than in prepubertal females, even when sex steroid levels were equal
between age groups. Thus, at least in female rats, Kiss1/kisspeptin increases with puberty in
both the ARC and AVPV/PeN, and this increase is independent of changes in circulating sex
steroids. Whether this is the case for male rats, or males and females of other species,
remains to be determined.

In mice, the number of kisspeptin-containing fibers that appose GhRH neurons was reported
to increase at puberty (Clarkson and Herbison 2006). This suggests that pubertal maturation
may also include the completion of developmental circuitry coupling Kissl and GnRH
neurons. Note, however, that higher sex steroids in adulthood would result in elevated
kisspeptin synthesis in the AVPV/PeN, which could cause more kisspeptin-
immunoreactivity to be present. Thus, it is possible that the degree of innervation of GnRH
neurons by kisspeptin neurons is not different before and after puberty, but that the technical
ability to visualize these kisspeptin axonal fibers is enhanced in adulthood when more
kisspeptin is being produced. This possibility notwithstanding, the prospect that puberty
includes an increase in kisspeptin fiber targeting of GnRH neurons is intriguing and deserves
more investigation. Whether or not sex differences might occur in this facet of kisspeptin
development also remains to be seen.

In addition to Kiss1, changes in the kisspeptin receptor, Kiss1R, may also be involved in
pubertal maturation, though this has received less attention. Low doses of kisspeptin
treatment are less effective at stimulating gonadotropin secretion and GnRH neuronal firing
activity in juvenile than adult rodents (Han et al. 2005; Castellano et al. 2006), suggesting
that kisspeptin has a reduced ability to activate the GnRH system before puberty. This may
reflect lower levels of Kiss1R before puberty. In support of this, in rats of both sexes and
female monkeys, but not male mice, hypothalamic Kiss1R expression in is higher in
adulthood than in juveniles (Navarro et al. 2004; Han et al. 2005; Shahab et al. 2005).
However, in most cases, Kiss1R was only measured well before or well after puberty, not
during the pubertal transition. Navarro et al. (2004) measured Kiss1R levels on one day
during the actual pubertal period and found that total hypothalamic Kiss1R expression was
higher on that one day than in both juvenile and adult rats. Importantly, the elevated Kiss1R
levels occurred earlier in female than male rats, corresponding with earlier puberty onset in
the former. Thus, increases in hypothalamic Kiss1R may comprise a critical aspect of the
pubertal process, though more work on this subject is needed. In addition, it is possible that
the ability of the Kiss1R protein to signal within GnRH neurons changes with puberty, a
prospect that could be independent of changes in Kiss1R mRNA levels.

4.4 Sex differences in the steroid-independent regulation of prepubertal Kiss1 neurons

Although the precise mechanisms underlying puberty onset remain unknown, the regulation
of pubertal maturation is thought to include a complex mixture of gonadal steroid-dependent
and steroid-independent mechanisms acting at the level of the brain (Ebling 2005; Ojeda and
Skinner 2006; Plant and Witchel 2006; Herbison 2007). For example, in rodents, negative
feedback inhibition of reproductive neural circuits by low levels of gonadal steroids is a
primary mechanism for suppressing the reproductive axis before puberty (Ojeda and Skinner
2006). One component of pubertal maturation includes a developmental decrease in the
sensitivity of key reproductive circuits to gonadal steroid negative feedback, thereby
allowing enhanced activation of the GnRH axis. However, in rats, this developmental shift
in gonadal steroid feedback sensitivity typically occurs on the day of vaginal opening; since
vaginal opening is a “downstream” event in the pubertal process, it is assumed that puberty
onset has already occurred by the time of the change in gonadal steroid sensitivity. Thus,
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additional, non-gonadal factors have been implicated. This is especially true in primates, in
which gonadectomy during the juvenile phase does not result in elevated gonadotropin
secretion (even though gonadal steroid feedback has been completely removed). Rather,
gonadotropin secretion in agonadal males and females stays low until just before the time of
normal puberty onset, when there is a large increase in gonadotropin output (Plant and
Witchel 2006). These findings in primates indicate that there is steroid-independent
regulation of the developing reproductive axis. Puberty onset may therefore reflect removal
of inhibitory input into reproductive circuits, or conversely, enhancement of stimulatory
input, either of which might occur independent of changes in gonadal steroid. A good
amount of work during the 1990’s focused on possible steroid-independent inhibitory factors
and their role in puberty onset, including neuropeptide Y and GABA. However, the exact
role of these neural factors in puberty still remains unclear. In addition, whether sex
differences in the onset of puberty (earlier in females than males) reflect sex differences in
putative steroid-independent factors remains untested.

Because kisspeptin is thought to play an important role in puberty, | recently examined
whether Kiss1 neurons in the prepubertal rodent brain are regulated by the gonadal steroid-
dependent and/or steroid-independent factors known to govern puberty onset (Kauffman et
al. 2009). | postulated that if pubertal activation of reproductive circuits—including Kiss1
neurons—is predominantly regulated by changes in sensitivity to gonadal steroid negative
feedback, then removal of gonadal steroids before puberty should induce a precocious
activation of both Kiss1 neurons and gonadotropin secretion. However, if the prepubertal
reproductive axis is also suppressed by gonadal steroid-independent inhibition, then removal
of gonadal steroid feedback before puberty may not induce early activation of either Kiss1
circuits or LH secretion because non-gonadal, central restraining mechanisms are still
present. Moreover, | hypothesized that earlier puberty onset in females compared to males
may reflect sex differences in the timing of the gating of peripubertal Kiss1 circuits, such
that there is greater (or longer-lasting) inhibition of Kiss1 circuitry in prepubertal males
compared to prepubertal females. Using mice, | found that in prepubertal females, LH
secretion and Kiss1 levels in the ARC increased dramatically 2 and 4 days after ovariectomy
(Kauffman et al. 2009). This finding suggests that there is virtually no gonadal steroid-
independent restraint on reproductive circuits in prepubertal females at this age (postnatal
day (PND) 16-18). Thus, the prepubertal female reproductive axis appears to be kept
quiescent predominantly by gonadal steroid negative feedback (at least at ages PND 16-18).
In contrast, in prepubertal males of the same ages, neither LH levels nor the ARC Kissl
expression increased 2 or 4 days following castration (Kauffman et al. 2009). This outcome
indicates that gonadal steroid-independent mechanisms contribute significant suppression on
reproductive circuits (including Kiss1 neurons) in prepubertal male mice, at least at the ages
tested. Furthermore, adult mice of both sexes exhibited increases in both LH levels and ARC
Kissl expression 4 days following gonadectomy (Kauffman et al. 2009), highlighting that
sex differences in the steroid-independent regulation of ARC Kiss1 neurons and LH
secretion are manifest only during peripubertal development. These findings demonstrate
that the regulation of reproductive status during prepubertal development is sexually
dimorphic, with males, but not females, exhibiting gonadal steroid-independent suppression
of Kissl and LH levels (Fig. 4). This Kiss1 sex difference may relate to known sex
differences in pubertal maturation in mammals, including humans (boys usually mature later
than girls), though additional experimentation is needed to support this idea.

Interestingly, whereas castrated prepubertal males do not show elevated LH secretion or
ARC Kiss1 levels after 2 or 4 days (on PND 16-18), these prepubertally castrated males do
have increased ARC Kissl and LH levels when measured later in adulthood (Kauffman et al.
2009). Notably, these increases in Kiss1 expression occurred in the absence of any
developmental changes in gonadal steroids (since the mice were castrated on PND 14).
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Thus, sometime between PND 18 and adulthood, there is a key developmental change in
non-gonadal regulation of male reproductive circuits (including Kiss1 neurons in the ARC).
The identity of the gonadal steroid-independent factor(s) is unknown, as is the specific time
in peripubertal development when this non-gonadal suppression is lifted. These are currently
hot topics of study in our lab. Regardless, this finding supports that of Takase et al (2009)
who reported developmental increases in Kiss1 expression in rats that were independent of
changes in circulating sex steroid levels.

Unlike Kissl expression in the ARC, Kissl levels in the AVPV/PeN were robustly
decreased (by approximately 50%) in prepubertal female mice that displayed precocious LH
secretion following ovariectomy (Kauffman et al. 2009). It is therefore unlikely that AVPV/
PeN Kiss1 neurons were responsible for driving the elevated gonadotropin secretion in these
prepubertal PND 18 females since these AVPV/PeN neurons were making less kisspeptin at
this time. Rather, the ARC Kiss1 population, which was activated at this time, could be
promoting the elevated LH secretion. However, whether or not pubertal activation of the
reproductive axis (which normally occurs a week after PND 18) similarly involves
regulation of Kiss1 neurons located in the ARC, rather than the AVPV/PeN, is unclear. The
fact that Kiss1 levels in rodents increase during puberty in both the AVPV/PeN and ARC
suggests that either site (or both) may be involved. Recently, Clarkson et al. (2009) proposed
an AVPV/PeN-specific model to explain puberty onset based on the observation that
ovariectomized prepubertal mice fail to display vaginal opening (i.e., “puberty”) or elevated
kisspeptin protein levels in the AVPV/PeN later in early adulthood. They postulated that Eo
during the prepubertal period stimulates Kiss1 neurons in the AVPV/PeN, thereby activating
GnRH secretion. Such GnRH secretion subsequently drives additional downstream E,
production, producing a “feed-forward” activational loop of the kisspeptin-GnRH axis
(Clarkson et al. 2009). However, it is not clear how this model would explain puberty in
male rodents (especially rats), which have only a few Kiss1 neurons in the AVPV/PeN, even
after high E, treatment. Moreover, it is important to note that in the adult female rodent,
Kiss1 mRNA and kisspeptin protein levels in the AVPV/PeN are highly E,-dependent and
decrease markedly in the absence of E, (Smith et al. 2005; Smith et al. 2006; Adachi et al.
2007; Kauffman et al. 2007). Because the ovariectomized juvenile mice were never replaced
with E5 later in adulthood (Clarkson et al. 2009), it is possible that the low kisspeptin levels
observed in the adult AVPV/PeN reflects absent circulating E at this time. Despite this
caveat, it is certainly possible, and even likely, that the AVPV/PeN Kiss1 system contributes
to the enhanced drive to GnRH neurons during puberty. If so, higher Kiss1 levels in the
AVPV/PeN in females than males may contribute in some manner to sex differences in
pubertal timing. Regardless, this would not exclude an important pubertal role for other
neural circuits as well, including ARC Kiss1 neurons.

5. Summary and Perspectives

In the past decade, investigations in a number of mammalian species, primarily rodents,
sheep, and monkeys, have yielded abundant information about the role of kisspeptin
signaling in the developmental regulation of the reproductive axis, as well as information
regarding the development of Kiss1 populations themselves. To this end, we now know that
Kiss1 neurons in the AVPV/PeN are sexually differentiated under the direction of sex
steroids early in postnatal development, and that this sexually-dimorphic population of Kiss1
neurons comprises a key part of the neural mechanism underlying the GnRH/LH surge that
occurs in adult females. Moreover, the Kiss1 neurons in the adult AVPV/PeN are also under
the influence of circadian regulatory signals, which may provide the mechanism by which
the LH surge is timed to occur at a specific time of day. Intriguingly, it also appears that
developmental kisspeptin-Kiss1R signaling may itself be critical for the process of sexual
differentiation of the brain and behavior, perhaps via the regulation of postnatal T secretion.
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The Kissl system is also critical for pubertal maturation, and kisspeptin signaling arising
from either the ARC or AVPV/PeN (or both sites) may comprise a key element of the
mechanism triggering puberty onset. If so, then sex differences in the Kiss1 system, or the
“upstream” systems that regulate Kiss1 neurons, may contribute to differences in puberty
onset between males and females. Despite these advances in the field of kisspeptin biology,
many questions and challenges remain. Several important goals are to 1) assess how and
when sex steroids act in the brain to alter the development of Kiss1 neurons in the AVPV/
PeN, as well as identify the key sex steroid receptor pathways involved; 2) elucidate the
presence or absence of sexual differentiation of Kiss1 neurons in the ARC of species besides
mice, rats and sheep, and define the functional role of any ARC Kiss1 sex differences; 3)
assess whether sex differences in Kiss1 neurons persist in species in which the LH surge is
not sexually dimorphic, such as certain primates; 4) understand the role, if any, of
kisspeptin-Kiss1R signaling in regulating the perinatal T surge that occurs in developing
males; 5) identify the processes by which pubertal activation of Kiss1 neurons is timed and
triggered. In addition to these issues, it will be important for future studies to study
kisspeptin biology in both males and females, as well as in multiple species, as discussions
presented herein have evidenced critical inconsistencies in some of the kisspeptin data
available between sexes and species.
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Fig. 1.

Kiss1 neurons project to and stimulate GnRH neurons, acting at either GnRH cell bodies
(AVPV/PeN neurons) or GnRH fiber terminals in the median eminence (ARC neurons).
Kiss1 neurons express sex steroid receptors and are differentially regulated by gonadal
steroids. E,’s stimulation of Kiss1 expression in the AVPV/PeN and inhibition of Kiss1 in
the ARC appears to underlie steroid-mediated positive and negative feedback, respectively.
ER = estrogen receptors. Kiss1R = kisspeptin receptor.
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Fig. 2.

Sex-specific pattern of gonadal steroid secretion in early development in rodents. In
perinatal males, but not females, there is an acute surge of testosterone (T) which organizes
the development of the brain to be male-like. In females, the absence of circulating postnatal
sex steroids results in sexually-dimorphic brain circuits developing to be female-like.
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Fig. 3.

Sex-specific pattern of Kissl gene expression in the AVPV/PeN of adult male and female
mice that were gonadectomized and treated with similar levels of E,. As in rats, adult female
mice have significantly more Kiss1 neurons in this region than adult males. 3V = third
ventricle.
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Fig. 4.

The reproductive circuits of prepubertal (PND 16-18) male mice are suppressed by both
gonadal steroids and gonadal steroid-independent factors. In contrast, reproductive circuits
in prepubertal females and adults of both sexes are predominantly suppressed by gonadal
steroids. Gonadectomy (removing hormone negative feedback) therefore increases ARC
Kissl levels in adults and prepubertal females, but not prepubertal males (who still have
gonad-independent restraint mechanisms present). It is unknown if this sex difference relates
to sex differences in pubertal maturation.
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