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Abstract

Since the discovery of the G-protein coupled receptor (kisspeptin receptor) and its ligand,

kisspeptin, our understanding of the neurobiological mechanisms 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 kisspeptin 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 generating

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.
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1. 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 Chapter 9, Seminara et al. (1) and de

Roux et al. (2) first described amino acid mutations of KISS1R in human patients with a

delay in puberty onset or an abnormality in pubertal 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
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been reported that a genetically 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

ten 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, as its increase is obligatory for puberty onset, 2) recent findings 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.

2. 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 GnRH and/or gonadotropin has

been described in many mammalian species, including 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 episodes of the hormone, which reflect 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 (E2) 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 E2 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 (23). It is important to note

that this is a conceptual 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 (23). Because this juvenile restraint on

pulsatile GnRH release is observed in neonatally castrated monkeys (24, 25) and in agonadal

humans (26, 27), and because low levels of LH and GnRH release during the juvenile period
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in ovariectomized female monkeys are not further suppressed by ovarian steroids (28), 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 steroid are no longer

inhibitory (19, 29). Moreover, neonatal gonadectomy in sheep, rats, and guinea pigs

increases LH levels and in sheep and rats administration of gonadal steroids suppresses LH

levels (30-33). 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.

3. 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 Chapter 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 anteroventral periventricular nucleus

(AVPV) in rodents and in similar areas in other species. 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 (34).

Overall expression of Kiss1 mRNA in the hypothalamus (AVPV and ARC combined) is

significantly elevated around the time of puberty in both male and female rats (35). In the

ARC, Kiss1 mRNA levels in female rats at postnatal day 26 (P26), i.e. 3-4 days before

vaginal opening, are over 4-fold higher than those at P21 (36), although changes in the

number of Kiss1 expressing neurons from P3 to adulthood are unremarkable (37). In male

rats, Kiss1 mRNA levels in the ARC at P45 are significantly higher than those at P15 (38),

and the number of Kiss1 neurons increases progressively throughout postnatal development

(37). In male mice, however, a developmental increase in Kiss1 mRNA levels in the ARC

has not been observed (39-41). 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 (42). However, expression of both the ARC Kiss1 mRNA and secretion

of the gonadotropin were elevated at P45 in males castrated at P14 (42). Interestingly, in

both male and female mice Kiss1 expression is detected in ARC on P1, and in females, but

not males, kisspeptin receptor signaling appears to be driving gonadotropin release at this

early stage of development (43). The absence of a post-castration LH response in

prepubertal male mice has been previously reported (44) and differs from the situation in

rats and guinea pigs where prepubertal orchidectomy elicits a robust increase in LH

secretion (30, 31, 33). In an alternative paradigm to eliminate the confounding effect of
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testicular steroid feedback on the development of Kiss1 expression in mice, Gill et al. (41)

studied the hpg mouse, a GnRH deficient hypogonadal animal, and found that ARC Kiss1

expression increases dramatically between P10 and P30 (as it also did in the hpg female).

Clearly, the developmental 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 (presumably in the

ARC) in ovarian intact female and agonadal male monkeys have been observed (45).

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 eminence (ARC-ME) has been observed

(see next section).

The developmental pattern of ARC kisspeptin expression as assessed by

immunohistochemistry is less clear. Studies in mice describe an increase in intensity of

kisspeptin fibers in the ARC during postnatal development in both males and females but

developmental changes in kisspeptin cell number have not been reported (41, 46, 47). It is

possible that the pubertal increase in kisspeptin fibers in the ARC may reflect an increased

kisspeptin output from kisspeptin cell bodies in the AVPV (see below), as direct innervation

of the ARC by AVPV kisspeptin neurons has been reported (48). In the ewe, the number of

kisspeptin neurons in the ARC are significantly greater in postpubertal animals compared to

prepubertal lambs (49). In the agonadal male monkey, developmental changes in the number

of immunopositive kisspeptin neurons in the ARC parallel changes in pulsatile GnRH

release with both infant and pubertal animals exhibiting numerous and intensely stained

ARC perikarya (50). 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 (41, 42, 46, 51). Moreover, the

developmental increase in the number of kisspeptin neurons in the AVPV in females is

dependent on the presence of circulating E2, as ovariectomy of prepubertal mice reduces

and/or masks this developmental change (51). Similarly, in the hpg mouse the prepubertal

increase in expression of both kisspeptin and Kiss1 is blunted (41), and in aromatase

knockout mice there is a complete absence of kisspeptin expression (51). This action of E2

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 (52). Kisspeptin or KISS1 expressing neurons have

also been described in the POA of women and female monkeys (53-55) 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 (35). Specifically, in the female, Kiss1r expression in

the AVPV increased at the age of puberty (36). However, neither the neuronal phenotype in

the POA/AVPV exhibiting this pubertal increase in Kiss1r expression nor the gonadal
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steroid dependency of this phenomenon in rodents have been studied. In ovarian intact

female rhesus monkeys, KISS1R mRNA in the MBH also increases across puberty onset

(45), and functionally, developmental changes in GnRH response to KP-10 depend on the

pubertal increase in E2 (56, also 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 (45).

Kiss1r is expressed in approximately 80% of GnRH neurons in cichlid fish, and in adult

mice and rats (57-59). During the first few days of postnatal life in mice, only ~40% of

GnRH neurons express Kiss1r but this increases to adult levels by P20 (60). Although

expression of KISS1R in primate GnRH neurons has not been reported, GnRH neurons in

both male and female prepubertal monkeys respond to exogenous kisspeptin (45, 61, 56).

Kiss1r may also be present in embryonic mouse GnRH neurons, as they respond to

exogenous kisspeptin in vitro (62). 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 protein 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 inhibition that is independent of gonadal steroids, rather

than by ovarian and testicular feedback, as is the case in rats (19, 31). 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.

4. Changes in kisspeptin release and KISS1R responsiveness to kisspeptin

during the pubertal process

As discussed in Chapter 2, human preprokisspeptin is cleaved to form kisspeptin-54 and

further cleaved to kisspeptin-14, -13, or -10, which are all biologically active (63, 64). 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. (65). 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

(66).
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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

(67). 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 are of a higher amplitude with a shorter IPI (68). This pubertal modulation of

pulsatile kisspeptin-54 release 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 (69, 70).

As discussed in the previous section, developmental changes in GnRH release in the rhesus

monkey are independent of circulating gonadal steroids. Similar to ovarian intact females

(69), developmental increases in the pulse frequency and pulse amplitude of GnRH release

do not occur until the age of puberty in ovariectomized monkeys (70). 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 (68, Figure 12.1). 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 (69, 70), 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 (69, 70, Figure 12.1). (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 markedly increased by

ovariectomy, presumably due to loss of negative feedback from the ovarian steroid E2

(Figure 12.1). In fact, administration of E2 can suppress kisspeptin-54 release in pubertal

monkeys, whereas kisspeptin-54 release in prepubertal monkeys is insensitive to E2 (68).

This developmental change in ovarian steroid regulation of kisspeptin-54 release is similar

to that seen with GnRH release (28). Collectively, these observations indicate that the

pubertal increase in kisspeptin-54 release occurs independently from an ovarian steroid

hormone feedback mechanism. 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 prepubertal 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 (56). 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 firing activity of

GnRH neurons stimulated by KP-10 increases across male puberty (40).
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To further determine whether the enhanced responses of GnRH neurons to hKP-10 in

pubertal monkeys are due to higher levels of circulating E2 at puberty, a similar experiment

examining the GnRH responsiveness to hKP-10 in ovariectomized monkeys was conducted.

While ovariectomy in prepubertal monkeys did not 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 (56, also Guerriero

and Terasawa, unpublished observation). Moreover, replacement of E2 in OVX pubertal

monkeys only partially restored the hKP-10-induced GnRH release that was absent in OVX

pubertal monkeys (56). These observations suggest that while in prepubertal monkeys the

response of KISS1R on GnRH neurons is independent of E2, in pubertal monkeys,

functional changes in KISS1R occur as a consequence of the exposure to increased

circulating E2 after puberty onset, such that KISS1R responsiveness is enhanced by E2.

Collectively, once the pubertal increase in E2 occurs in the female monkey as a consequence

of pubertal activation of the GnRH pulse generating mechanism, the presence of E2 appears

to enhance the response of GnRH neurons to kisspeptin (56). Although to date,

developmental changes in KISS1R mRNA in ovariectomized monkeys have not been

examined, it will be important to address this issue further.

5. 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 colleagues, Maeda and

colleagues, and Steiner and colleagues (71, 72, see also Chapter 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 multi-unit activity obtained from electrodes in the MBH are associated with LH

pulses in several species (73, 74) and specifically in the ARC, as shown in the goat (75).

Second, the neurokinin B receptor agonist, senktide is a potent stimulator of ARC kisspeptin

neurons (presumably KNDy neurons) in the mouse (76), and the site of the stimulatory

action of neurokinin B on GnRH-dependent LH release in the monkey appears to be

upstream of kisspeptin (77). Third, in pubertal monkeys, pulses of kisspeptin-54 released in

the ARC-ME correlate to GnRH pulses 75% of the time (67). 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 (61), presumably by activating KISS1R on GnRH

terminals in the ME, as kisspeptin and GnRH fibers are found in extensive and intimate

association in the ME (78, Figure 12.2). Fifth, intra-ARC, not intra-POA, administration of

the kisspeptin antagonist, peptide 234, profoundly suppressed LH pulse frequency (79),

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 Chapter 16). The contemporary notion regarding

the integral role played by KNDy neurons in GnRH pulse generation is consistent with the

classical findings that complete surgical deafferentation of the rat and monkey MBH does

not eliminate pulsatile LH release (80, 81), and that selective lesions of the ARC in female
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monkeys abolishes pulsatile LH release (82). It is also consistent with the recent finding that

selective ablation of KNDy neurons in the rat dramatically truncates the ovariectomy-

induced increase in LH release (83).

6. 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 compelling physiological

and pharmacological studies indicating that kisspeptin is the most potent GnRH

secretagogue (84), 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, 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 are independent of gonadal steroids, first

suppress pulsatile GnRH release in infancy and, subsequently, reduction in this suppression

reactivates pulsatility of GnRH release at the end of juvenile development (Figure 12.3). In

rodents, the early postnatal ontogeny of pulsatile GnRH release is less clear, but later in

prepubertal development steroid-dependent 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

experimentally (1, 9-11, 52, 85), interestingly, embryonic ablation of kisspeptin cells in mice

did not dramatically influence the timing of puberty or prevent fertility (47). 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 (47). In the context of the results of

the study employing kisspeptin neuron ablation, Kiss1 or Kiss1r null mice exhibit some

degree of GnRH release as they age (85), and therefore the difference in the phenotypes

between these two models may be quantitative, and perhaps be 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 developmental 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 E2
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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 E2 is

exerted, at least in part, on kisspeptin neurons in the AVPV (34). Nevertheless, as discussed

above, the development of kisspeptin neurons in the AVPV in female mice is dependent on

ovarian E2 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 generation, 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).

7. Neuronal substrates of central inhibition on GnRH in juvenile primates

According to the model proposed above, the key to the mystery of puberty in primates is to

understand 1) the neural substrate that underlies the gonadal steroid independent reduction

in GnRH pulse generation from infancy to puberty, and 2) the signals responsible for timing

the application and removal of this central neurobiological 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 observations 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 (86), 2) infusion of the GABAA

receptor antagonist, bicuculline, into the S-ME stimulates GnRH release to a much greater

extent in prepubertal, 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 (86), and 3) a long-term

infusion of bicuculline into the S-ME of juvenile female primates results in precocious

puberty and first ovulation (87). 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 finding that mRNA and peptide levels of NPY in the MBH are significantly

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 (88). 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 (89, 90).
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A recent study from Terasawa’s group indicates that bicuculline infusion into the S-ME of

prepubertal female monkeys stimulates kisspeptin-54 release (91, Figure 12.4A), similar to

the bicuculline-induced stimulation of GnRH release observed in prepubertal monkeys (86).

Moreover, the bicuculline-induced GnRH release was blocked by simultaneous infusion of

the kisspeptin antagonist, peptide 234 (91, Figure 12.4B). 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

development in primates. It is, however, unclear what reduces GABA inhibition prior to

puberty and whether additional (or alternative) neuronal substrates and somatic cues (92-95)

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.

8. 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 (96-98), and it

is well established in the adult rodent that ovariectomy increases, and E2 replacement

decreases, Kiss1 expression in ARC kisspeptin neurons (34). As might be expected,

therefore, transgenic mice with a conditional 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 E2) and a dramatic advancement of the

age of vaginal opening (52). 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 specifically

on kisspeptin (KNDy) neurons in the ARC. This view is consistent with the long-standing

“differential sensitivity to E2” theory, which has been proposed in female rats and sheep (32,

99-101). During the postnatal period through the juvenile period, the hypothalamus

(presumably the GnRH neurosecretory system) is inhibited by E2 and sometime prior to

puberty the GnRH pulse generating mechanism in the ARC escapes from the GnRH

suppression by E2. It has been proposed that this escape is the result of an E2-induced

increase in activity of kisspeptin neurons in the AVPV, which in turn amplifies GnRH

neuronal activity, leading to puberty onset (39, 51, 52). The precise mechanism by which the

initial prepubertal elevation of E2 is triggered in non-primate species, however, is unknown.

[Note that, in women and female rhesus monkeys, a similar escape of E2-dependent

inhibition of GnRH release occurs well after the initiation of puberty onset, between

menarche and first ovulation (102-104)].

9. Summary

In this chapter, we have reviewed progress regarding the relationship between kisspeptin and

puberty onset, and have proposed a novel hypothesis for the role of kisspeptin signaling in

controlling the timing of this major event in postnatal development. We posit that the
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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 kisspeptin neurons in the generation of pulsatile GnRH release,

which is obligatory for pubertal activation of the pituitary-gonadal axis. According to this

hypothesis, kisspeptin neurons do not determine the timing of puberty (see Figure 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.
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Abbreviations

ARC arcuate nucleus

AVPV anteroventral periventricular nucleus

E2 estradiol

ERα estrogen receptor alpha

GABA γ-aminobutyric acid

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
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Figure 12.1.
Developmental increases in kisspeptin-54 (KP-54) release are independent of the presence or absence of the ovary in female

monkeys. In vivo KP-54 release from the S-ME of ovarian intact prepubertal (A and B) and pubertal (E and F) monkeys as well

as ovariectomized prepubertal (C and D) and pubertal (G and H) monkeys are shown. Samples were obtained during the

morning period (A, C, E, and G) and during the evening period (B, D, F and H) as indicated by the open and closed bars,

respectively, at the top of each graph. Both pulse frequency and amplitude of KP-54 release in ovarian intact pubertal monkeys

(E and F) are higher than those in ovarian intact prepubertal monkeys (A and B). Similarly, pulse frequency and amplitude of

KP-54 release in ovariectomized pubertal monkeys (G and H) are higher than those in ovariectomzed prepubertal monkeys (A

and B). Importantly, ovariectomy does not cause any change in KP-54 release (A and B vs. C and D) in prepubertal monkeys,

whereas ovariectomy increases the pulse amplitude of KP-54 release in pubertal monkeys (E and F vs. G and H). Asterisks

indicate peaks as determined by PULSAR. Note that the scale of the y-axis in E, F, G, and H (pubertal monkeys) is 10-fold

higher than that in A, B, C, and D (prepubertal monkeys). Modified with permission from 68.
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Figure 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 um.

Reprinted with permission from 78.
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Figure 12.3.
A model for the control of the timing of puberty in primates, in which the role of kisspeptin (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 transition 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 neurobiological 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, reflect the degree of gonadal steroid inhibition exerted on LH secretion at these three stages of primate

development. AC, anterior commissure; AP, anterior pituitary gland, ARC, arcuate nucleus; OC, optic chiasm; ME, median

eminence; MMB, mamillary body.
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Figure 12.4.
A. GABAA antagonist bicuculline (BM) stimulates KP-54 release in prepubertal female monkeys (but not pubertal monkeys,

data not shown). An example showing that bicuculline infusion 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) are not seen in the presence of P234 (light shaded bar). Modified with permission from

91.
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