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Childhood obesity has increased dramatically over the last several decades, particularly in
industrialized countries, often accompanied by acceleration of pubertal progression and
associated reproductive abnormalities (Biro et al., 2006; Rosenfield et al., 2009). The tim-
ing of pubertal initiation and progression in mammals is likely influenced by nutritional
and metabolic state, leading to the hypothesis that deviations from normal metabolic rate,
such as those seen in obesity, may contribute to observed alterations in the rate of puber
tal progression. While several recent reviews have addressed the effects of metabolic
disorders on reproductive function in general, this review will explore previous and current
models of pubertal timing, outlining a potential role of endogenous timing mechanisms
such as cellular circadian clocks in the initiation of puberty, and how these clocks might
be altered by metabolic factors. Additionally, we will examine recently elucidated neuroen-
docrine regulators of pubertal progression such as kisspeptin, explore models detailing how
the mammalian reproductive axis is silenced during the juvenile period and reactivated at
appropriate developmental times, and emphasize how metabolic dysfunction such as child-
hood obesity may alter timing cues that advance or delay pubertal progression, resulting
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in diminished reproductive capacity.
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Normal development from childhood to adulthood involves the
myriad changes accompanying puberty that most remember as
awkward and unpleasant. In physiological terms, the process con-
sists of activation of the hypothalamic—pituitary—gonadal (HPG)
axis, which leads to the production of sex steroids and mature
gametes as well as the ability to reproduce (Watanabe and Tera-
sawa, 1989; Sisk et al., 2001; Harris and Levine, 2003). Normal
reproductive function in mammals requires secretion of hypo-
thalamic gonadotropin-releasing hormone (GnRH) that stim-
ulates release of pituitary gonadotropins needed for fertility
in both males and females. GnRH pulses stimulate the secre-
tion of luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH), both of which act on the ovaries and testes to
stimulate gonadal maturation, gametogenesis, and steroid hor-
mone production. In adult females, preovulatory GnRH surges
occur in response to increasing ovarian estrogen (E2) levels,
which trigger LH surges responsible for ovulation (Levine and
Ramirez, 1982; Moenter et al., 1992; Caraty et al., 1995; Herbi-
son, 2008). The appearance of elevated LH surge secretion has
been observed as a gradual process in female mammals, yet the
signals responsible for this “awakening” of the reproductive axis
are unclear. While the process of puberty has been well stud-
ied and work over the last century has contributed much to
our understanding of associated physiological changes, molecular
mechanisms have only started to be uncovered in the last decade
and the trigger that initiates pubertal development is still highly
debated.

EVERYTHING IS BROKEN: ABNORMALITIES IN PUBERTAL
PROGRESSION CORRELATE WITH METABOLIC
DYSFUNCTION

Although, or perhaps because, the transition through puberty is
central to the survival of mammalian species, it can be perturbed
by a number of factors. One major factor is nutrition, a viewpoint
argued by some to have been conceptually acknowledged for mil-
lennia, as evidenced by obese ancient fertility statues such as the
Venus of Willendorf. This ancient intuition of the link between
nutrition and reproduction has been addressed in research in mul-
tiple animal models, including humans. It appears that, in order for
normal pubertal development and reproduction to occur, a mini-
mum positive energy balance must be maintained, particularly in
females (Kennedy, 1969; Frisch and McArthur, 1974; Bergendahl
et al,, 1991; Kile et al., 19915 Aloi et al., 1997). Eating disorders,
low body weight, and even weight loss can cause ovulatory dys-
function and infertility (Frisch and McArthur, 1974; Reid and Van
Vugt, 1987). It is posited that, in times of famine, the reproduc-
tive axis becomes quiescent to ensure individual survival, shunting
all efforts toward maintaining critical organs over maintenance of
high energy cost functions such as sexual maturation, menstrua-
tion, pregnancy, and lactation. However, it appears that an excess of
energy stores can also be detrimental: obesity in women is strongly
associated with infertility and irregular cycles (Rittmaster et al.,
1993; Bluher and Mantzoros, 2007). Rising obesity rates both in
the United States as well as countries around the world (Flegal
et al., 1998; Froguel and Boutin, 2001; Ogden et al., 2006)may be
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contributing to infertility rates and reproductive diseases such as
polycystic ovarian syndrome (PCOS), a condition marked by cyst
development in ovaries thought to be caused via overstimulation
by LH (Rittmaster et al., 1993). Even more troubling, the rising
rates of childhood obesity may be altering both the rate of pubertal
progression as well as later reproductive function (Freedman et al.,
2003; Biro et al., 2006, 2010; Ogden et al., 2006; Walvoord, 2010).
The decline in reproductive health in humans, farm animals, and
wildlife, as well as the rising incidence of cancers of the reproduc-
tive system, has led to an increased public desire for answers as to
why these changes are occurring and how to prevent them.

The age of menarche, defined as occurrence of the first men-
strual period in girls, has decreased over the last 200 years (Wyshak
and Frisch, 1982), but whether or not this trend has continued or
even accelerated over the last couple of decades is both debated
(Walvoord, 2010) and a source of concern (Euling et al., 2008).
While difficulties are encountered making direct comparisons
between studies due to differences in study design and methods,
it currently appears that childhood obesity is one of the main fac-
tors underlying observed increases in rates of early puberty onset
and menarche (Biro et al., 2001; Kaplowitz et al., 2001; Davison
etal., 2003; Freedman et al., 2003; Lee et al., 2007; Ong et al., 2009;
Rosenfield et al., 2009). As the rates of childhood obesity con-
tinue to rise globally, it is possible that the cases of early puberty
in girls will continue to rise as well. Some well-controlled studies
from Denmark recently reported that puberty in girls today begins
a full year earlier compared to girls 15 years ago. However, this
change in the timing of the onset of puberty was not accompanied
by changes in age at menarche (Aksglaede et al., 2009; Sorensen
et al., 2010), suggesting that the multiple processes comprising
puberty can be disassociated. A more thorough understanding of
the developmental signals required for initiating the process of
puberty is therefore crucial to determine how metabolic disorders
may affect pubertal timing. This understanding starts with analyz-
ing the observed changes in the patterns of reproductive hormonal
secretion observed during the pubertal transition.

| FEEL A CHANGE COMIN’ ON: REPRODUCTIVE HORMONAL
RHYTHMS IN PUBERTY

Reproductive hormone secretion in mammals over developmental
time displays a unique pattern: near adult levels are in circula-
tion at birth and in infancy, followed by dramatically decreasing
concentrations for the span of several weeks, months, or years dur-
ing juvenile development in a species-dependent manner, finally
followed by a gradual re-awakening of the reproductive axis culmi-
nating in puberty. The origins of the intervening “juvenile pause”
and what cues lead to the resumption of reproductive axis function
remain as yet unclear. Two main models of pubertal progression
have been proposed: one describes a “brake” mechanism that must
be released for puberty to begin, while the other consists of an
“accelerator” that must be fueled to start puberty (Sirinathsinghyji
et al., 1985; Mayer et al., 2010). The concept of a “brake” impli-
cates elevated activity of inhibitory mechanisms underlying the
juvenile pause, with a timed disinhibition responsible for initiat-
ing puberty. While some earlier studies hinted at this possibility
by demonstrating an increase in hypothalamic GABAergic tone
during juvenile development (Clarkson and Herbison, 2006a),

and that serotonin and GABA administered centrally can be
stimulatory to GnRH/LH secretion in pre-pubertal female rats,
while becoming inhibitory to GnRH/LH release in adults (Mogu-
ilevsky and Wuttke, 2001), this may be difficult to reconcile with
recent findings that GABA actually depolarizes a subset of GnRH
neurons, thus increasing secretion (Sim et al., 2001; Moenter
and DeFazio, 2005). Still other studies support the “accelerator”
hypothesis, demonstrating that catecholamines and NMDA in
the hypothalamus begin to rise nearing puberty, pharmacologi-
cal blockade of NMDA receptor signaling can prevent E2-primed
LH surges in peri-pubertal females, and central NMDA treatment
can accelerate pubertal timing (Urbanski and Ojeda, 1987, 1990;
Gore et al., 1996). Still other studies have suggested a role for glial
factors such as prostaglandins that may prime neuroendocrine
neurons to exhibit altered sensitivity to both neurotransmitters
and steroid hormones at developmentally appropriate times (Ma
and Ojeda, 1997; Ojeda and Ma, 1999; Ojeda et al., 2000). PGE,
stimulates GnRH-activating norepinephrine (NE) release within
the mediobasal hypothalamus, an effect which is potentiated by
E2, suggesting that astrocytes may participate in sensitizing the
neuroendocrine hypothalamus to the positive feedback effects of
E2 (Ojeda et al., 1986). Hypothalamic glia may also contribute
to pubertal development by production of transforming growth
factor a (TGFa) and its receptors, effects which can also be modu-
lated by E2 exposure (Rage et al., 1997; Ojeda and Ma, 1999; Prevot
et al., 2005). Few of these models, however, provide insight as to
what factors may signal to putative mechanisms at the appropriate
developmental fimes. Since proper pubertal progression appears
to require a threshold basal metabolic state, we will explore below
recent literature probing how peri-pubertal metabolic cues may
signal the hypothalamus to initiate a cascade of cellular events
leading to puberty.

In addition to the above long-term changes in baseline peptide,
glycoprotein, and steroid hormone release, a striking feature of
secretion in pre-pubertal rodents (Kimura et al., 1981), primates
(Plant, 1985), and humans (Wu et al., 1991) is an approximate 24-
h rhythmicity of several reproductive hormones, rhythms that can
begin quite early (6—8 years of age) and persist through puberty, to
diminish in the adult (Oerter et al., 1990; Dunkel et al., 1992; Apter
et al., 1993; Albertsson-Wikland et al., 1997; Ankarberg-Lindgren
and Norjavaara, 2004). In particular, pulses of LH increase ini-
tially only at night in humans, until during later puberty when
daytime LH secretion increases to match the elevated nighttime
release already established (Porcu et al., 1997). Interestingly, in
some post-pubertal girls with abnormally high testosterone or
obesity, these rhythms appear to persist into adulthood and are
often associated with decreased reproductive capacity (Porcu et al.,
1997), which suggests that while these rhythms may play a role in
pubertal progression, they may be unnecessary and possibly detri-
mental to adult reproductive patency. Other studies indicate that
normal daily rhythms of LH secretion may be altered in patients
with peri-pubertal obesity or PCOS, who display relative increases
in daytime release in comparison to controls (McCartney, 2010).
Diurnal rhythms of sex steroids, particularly E2, have also been
observed during puberty in girls, but mostly these release pat-
terns are evident only following (in response to) rhythmic LH
secretion, and peak in the morning after the nocturnal rise in
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LH (Norjavaara et al., 1996), thus suggesting that the neuroen-
docrine components (i.e., the hypothalamus and pituitary) of
this axis are primarily responsible for initiating pubertal progres-
sion. Supporting this, studies in primates have demonstrated that
pre-pubertal increases in rhythms of GnRH and LH secretion
can occur even in gonadectomized (GDX) animals (Chongth-
ammakun and Terasawa, 1993; Chongthammakun et al., 1993).
Further, many other daily hormonal rhythms, including those
indicative of metabolic condition, such as leptin, growth hor-
mone (GH), and insulin-like growth factor-1 (IGF-I), occur at
the same developmental time in relation to puberty whether
animals have been GDX or not (Suter et al., 2000), suggesting
that the presence of circulating sex steroids in primates may not
be required to generate these rhythms. While some hormonal
rhythms are associated with sleep—wake cycles, evidence is accu-
mulating that most patterns may be generated by endogenous
circadian clocks.

ALL ALONG THE CLOCKTOWER: ENDOGENOUS CLOCKS
WITHIN THE REPRODUCTIVE AXIS

Since this review explores potential pubertal timing mechanisms,
it is worthwhile to consider how both central and peripheral mol-
ecular timing devices may contribute to pubertal progression,
especially considering the rhythmic patterns of reproductive hor-
mone release in early puberty. The model of molecular timing
most recently elucidated is the intracellular circadian clock, con-
sisting of transcriptional—translational feedback loops within each
cellular oscillator, in which a heterodimer of the transcription fac-
tors CLOCK and BMALI bind to the promoters of Period (Per1-3)
and Cryptochrome (Cry1/2) genes and drive production of the PER
and CRY proteins, which return to the nucleus following phos-
phorylation in the cytoplasm to inhibit their own transcription
(Reppert and Weaver, 2002; Ko and Takahashi, 2006). Each cellular
oscillator is then synchronized within a tissue by currently unchar-
acterized factors, and expression patterns within this tissue-level
oscillator can be adjusted to changes in the ambient light environ-
ment via signals from the hypothalamic suprachiasmatic nuclei
(SCN), which receives direct photic input from the retina (Yoo
et al., 2004). Since the relatively recent elucidation of many of the
genes involved in the core clock mechanism, several genetic models
of molecular circadian clock disruption have been generated with
varying results on reproduction and puberty (Boden and Kenn-
away, 2006). Mice harboring a somatic knockout of the core clock
gene Bmall exhibit significantly delayed puberty in addition to a
loss of other activity and hormone secretion rhythms (Boden and
Kennaway, 2004, 2005), while mutation of its heterodimeric part-
ner Clock, which also disrupts free-running locomotor rhythms,
appears to have little effect on pubertal progression, although adult
females are subfertile (Chappell et al., 2003; Kennaway et al., 2004;
Miller et al., 2004). Interestingly, lesions of the SCN disrupt adult
estrous cyclicity, but appear to have no effect on rates of puber-
tal progression, at least in rats (Mosko and Moore, 1979). It is
unknown, however, if pre-pubertal rhythms of hormone secre-
tion persist in SCN-ablated animals. If so, this could indicate that
the SCN may not be required for these reproductive rhythms,
instead implicating autonomous cell-specific oscillators within the
reproductive axis itself, evidence for which has been growing.

Awareness of the development and participation of cellular cir-
cadian oscillators is of particular interest to studies of pubertal
initiation, given the rhythmic nature of reproductive hormone
secretion prior to and during puberty. These molecular oscil-
lators appear to function in multiple reproductive axis compo-
nents, including GnRH neurons (Chappell et al., 2003; Gillespie
et al., 2003; Olcese et al., 2003; Hickok and Tischkau, 2009),
anterior pituitary cells including gonadotropes (Yoo et al., 2004;
Resuehr etal., 2007), adrenal cortical cells (Fahrenkrug et al., 2008;
Son et al., 2008), and within steroidogenic cells in the gonads
(Fahrenkrug et al., 2006; Karman and Tischkau, 2006; He et al.,
2007; Nakao et al., 2007; Alvarez et al., 2008; Bebas et al., 2008;
Sellix and Menaker, 2010). This suggests that development of all
or some of these tissue-specific oscillators may contribute to the
observed reproductive hormonal rhythms. In developing rodents,
changes in hormone secretory rhythms are often mirrored by alter-
ations in locomotor activity patterns, in which both males and
females elicit bimodal bouts of activity pre-pubertally that consol-
idate into a single period of activity in the dark phase shortly after
puberty, as measured by preputial separation in males and vaginal
opening (VO) in females (Hagenauer et al., 2011). In both sexes,
the later bout of activity phase advances over several days/weeks
to eventually merge with the activity peak observed at lights off.
Interestingly, this activity consolidation appears to be mediated
by the actions of gonadal steroids, since GDX males and females
exhibited bimodal activity patterns into adulthood. Additionally,
testosterone administration to GDX males can reverse this pattern
(Daanetal., 1975; Morin and Cummings, 1981). These patterns, at
least in rodents, are circadian in nature and are not merely sleep-
associated, as the above effects persist in peri-pubertal animals
raised in constant darkness (Hagenauer et al., 2011). What por-
tion of trigger for pubertal initiation, then, is mediated by these
endogenous timing mechanisms is unclear; however, exogenous
signals that can entrain these cellular oscillators can exert robust
effects on the timing of puberty.

HOUSE OF THE RISING SUN: PHOTOPERIODIC CUES AND
PUBERTAL PROGRESSION

Over the last several decades, it has become clear that photic cues,
indicating not only the present point within the light/dark phase,
but also communicating day length, play a large part in determin-
ing rhythms of hormone synthesis and secretion, and are clearly
involved in timing sexual maturity in both opportunistic and sea-
sonal breeders. Light stimulates specific melanopsin-expressing
ganglia within the retina that signal to the SCN via a monosy-
naptic pathway (Ebling, 2010). SCN entrainment, in turn, uses
sympathetic connections to the pineal gland, which then inhibits
or stimulates melatonin production in the light or dark phase,
respectively (Ebling, 2010). Melatonin production therefore acts
also to reflect changes in day length, the evaluation of which is cru-
cial to short-lived seasonal breeders. Recent evidence indicates that
while many brain regions and peripheral tissues express melatonin
receptors MT1 and MT2, the pars tuberalis of the pituitary is an
important melatonin-binding region, acting as an interval timer to
communicate the progression of shorter or longer day lengths to
the reproductive axis and other physiological axes (Lincoln et al.,
2002; Hazlerigg and Wagner, 2006).
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If the possibility exists, then, that circadian clocks may be
involved in the development of hormonal rhythms within the
reproductive axis, is there evidence that pubertal changes become
programmed during or after the development of circadian phys-
iology? Recent studies in rats indicate that although molecular
rhythms in the SCN and periphery develop quite early, during
fetal development, and are “ticking” even in neuronal precursor
cells (Kowalska et al., 2010), the ability to entrain and couple oscil-
lators to behaviors develops later, temporally associated with the
critical window of organizational steroid exposure. Orbital enucle-
ation of juvenile rats prior to postnatal day 11 results in diurnal (in
contrast to nocturnal) activity in these animals, whereas the same
procedure performed later has no effect on the consolidation of
activity in the dark phase (Gall et al., 2008). Unfortunately, it was
not determined whether early enucleation permanently affects or
shifts the timing of pubertal progression.

Evidence also exists that circadian patterns of neuronal activity
are associated with normal reproductive function, and addition-
ally that appropriate phase relationships among neurotransmitter
release may be required. In a recent study, it was found that
pharmacologically administered serotonin and dopamine precur-
sors were able to increase testicular development in mice when
given in a phase relationship 12 h apart, while a more “dissonant”
phase relationship of 8 h between treatments impaired testicular
growth, testosterone production, and spermatogenesis (Sethi and
Chaturvedi, 2011). These data suggest that even in mice, which are
continuous and not seasonal breeders, a mechanism of an internal
coincidence timer exists, in which phase relationships of neuroen-
docrine activation typically induced by changes in photoperiod
can profoundly affect the development of the reproductive axis.
Seasonal breeders typically use this “internal coincidence model”
to time pubertal progression to coincide with an optimal photope-
riod for reproduction. In these species, including sheep and Siber-
ian hamsters, photoperiodic control exerts considerable influence
on pubertal progression (Foster et al., 1985). In fact, in seasonal
breeders, achievement of a particular body size and nutritional
state is clearly not the only component required for pubertal pro-
gression. Early studies revealed that lambs born under decreasing
light conditions (i.e., in the autumn) reach pubertal size in the
spring, yet delay puberty until the subsequent autumn, which sug-
gests that photoperiodic cues in this species can override metabolic
signals for progression (Foster and Ryan, 1979; Foster et al., 1986).
Intriguingly, this observed delay is not a result of a decreased abil-
ity to secrete GnRH/LH, as gonadectomy of autumn-born lambs
increases LH dramatically, demonstrating an intact negative feed-
back response to steroids (Foster and Ryan, 1981). Instead, this
mechanism appears to represent an inability of the GnRH secre-
tory system to respond to E2 with positive feedback-style surges, as
E2 implantation in these animals continues to exert only negative
feedback, profoundly inhibiting LH release (Foster et al., 1985).
In contrast, lambs born in the spring ovulate normally in the
fall, even as day length is decreasing; however experimental expo-
sure to artificially shortened days can delay ovulation for up to
a year. Under artificial short-day photoperiods, however, 1 week
of long-day light exposure is sufficient to initiate ovulation fol-
lowing a return to a short-day photoperiod (Foster and Ryan,
1981), demonstrating a high sensitivity to changes in day length

even during this refractory period. A similar regulatory mecha-
nism exists in Siberian hamster females, who can either advance
or delay puberty depending on when they are born in relation to
the summer solstice (Butler et al., 2007). Females born into an
environment of decreasing day lengths will delay puberty until
the following spring, while females born a few weeks earlier will
in many instances advance puberty, illustrating the importance of
photoperiodic control over pubertal initiation (Butler et al., 2007).
These findings also demonstrate that puberty can begin over a
broad range of body mass, as pups born after the solstice attain the
same weight as their counterparts when they begin pubertal pro-
gression. The above study used simulated natural photoperiods
to mimic natural progression of day lengths; however, in a sta-
tic photoperiodic setting, only Siberian hamster females exposed
to light/dark conditions attain puberty, exhibiting commensurate
increases in body weight, as well as increases in hypothalamic
leptin receptor, and pro-opiomelanocortin (POMC) expression
(Adam et al., 2000). Taken together, these findings indicate that
even once a target body weight has been reached, photoperiodic
cues exert profound effects on the timing of pubertal initiation.
There exist further variations in the timing of puberty relative
to circadian activity, as illustrated by the Octodon degus, a diurnal
Chilean rodent that exhibits a much longer estrous cycle than rats,
mice, and hamsters. These animals begin to exhibit a sexual dimor-
phism in free-running locomotor activity long after puberty has
concluded, a phenomenon dependent on gonadal steroids (Lee
et al., 2004). In this model, circadian period is influenced after
puberty, most likely by the development of sex steroid receptors in
the SCN. Gonadectomy following puberty results in no period dif-
ferences from what would be expected in intact animals, however,
suggesting that while the actions of gonadal steroids are considered
“organizational,” effects exerted by this exposure are delayed until
well past puberty. Much of the communication of photoperiodic
encoding to the reproductive axis is performed by increased mela-
tonin release from the pineal gland during the dark phase, as is evi-
denced by the absence of pubertal progression in pinealectomized
ewes (Yellon and Foster, 1986). In conflict with this, however, are
data showing that short-day patterns of melatonin secretion alone
are not sufficient to initiate puberty (Yellon and Foster, 1986).
While cues communicating metabolic status in seasonal breeders
are insufficient to induce puberty, nutritional status may still play a
role in allowing the development of the transition from a negative-
to a positive feedback response to E2 in females. In peri-pubertal
ewes, undernutrition potentiated the negative feedback effects of
E2 on LH secretion, while increasing nutrition resulted in the abil-
ity of E2 to accelerate LH pulse frequency and amplitude (Foster
etal., 1985). The interaction of the developing circadian system, as
well as changes in neuroendocrine gene expression, occur against
a backdrop of alterations in exposure to steroid hormone levels
beginning in utero, adding a further layer of complexity.

MAMA, YOU BEEN ON MY MIND: ORGANIZATIONAL
EFFECTS OF PRE-PUBERTAL STEROID EXPOSURE ON
PUBERTAL TIMING

There is a considerable amount of evidence pointing to the role of
perinatal steroid hormone exposure in programming sexual dif-
ferentiation and later pubertal development, although it remains
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unclear what role this exposure may play in setting the timing
of pubertal progression. In particular, several studies demonstrate
that perinatal exposure of females to testosterone can masculinize
portions of reproductive axis function, and is correlated with early
puberty, altered linear growth rate, and the development of PCOS
(Ibanez et al., 1996, 1998b, 2006; McCartney et al., 2007). This
is of particular significance, given that elevated testosterone has
been found to correlate with the insulin resistance that accompa-
nies childhood obesity in pre-pubertal girls (Ibanez et al., 2009).
Testosterone, likely of adrenal origin, may thus exacerbate prob-
lems associated with metabolic dysfunction, and may impact the
reproductive axis by accelerating puberty. This rise in testosterone
may be dissociated from gonadotropin stimulation, however, since
earlier studies in juveniles suggest that testosterone production in
males is not responsive to LH stimulation. Indeed, in hypophysec-
tomized juvenile male rats, LH administration has little to no effect
on testosterone production, in contrast to the marked response
observed in adults (Odell and Swerdloff, 1976).

In female juvenile rats, circulating E2 remains relatively high
until weaning, after which levels severely diminish until gradual
diurnal increases in LH stimulate ovulation (Ojeda et al., 1976),
and yet it remains unclear precisely when pituitary responsiveness
to either GnRH or sex steroids becomes fully developed. In juve-
nile rats, gonadotropes in the anterior pituitary appear to respond
to GnRH administration by preferentially increasing FSH over
LH as early as 15days of age (Debeljuk et al., 1972). Interest-
ingly, this preference for FSH secretion appears to be dependent
on E2, as it is reversed by ovariectomy (Ojeda et al., 1976), sug-
gesting that ovarian E2 even in juveniles may play a role in
determining gonadotropin levels. Even though the gonads may
be unresponsive to gonadotropins in early juvenile development,
the hypothalamic—pituitary components of the reproductive axis
appear to still be responsive to the negative feedback effects of
steroids: some early studies suggest that even under the conditions
of low circulating sex steroids found in pre-pubertal animals, neg-
ative feedback responses to steroids are functional. Testosterone
was found to be equally effective at decreasing basal LH levels in
GDX male rats at 10, 21, or 70 days of age (Odell et al., 1974), and
E2 was found to effectively suppress gonadotropin levels in juve-
nile female rats, but unable to elicit preovulatory LH surges until
later development (Andrews et al., 1981). These results are incon-
sistent with the previously posited “gonadostat” theory of puberty,
in which sensitivity to the negative feedback effects of steroids is
altered throughout development. This hypothesis states that the
juvenile pause results from an increased sensitivity to sex steroids
during this developmental window (applying the “brake”), and
also that free steroids are relatively plentiful due to a drop in serum
hormone binding globulin (SHBG) observed during this period.
However, studies in primates have found a robust sexual dimor-
phism in GnRH/LH responsiveness to pre-pubertal gonadectomy,
resulting in dramatic increases in secretion only in females (Plant,
1985, 1986), suggesting that the development of classical feed-
back responses of the brain to sex steroids prior to puberty is not
universal among species or between sexes.

The most intriguing and perplexing results regarding the timing
of pubertal progression are found in exploration of the origins of
positive feedback in females, particularly in rodents. Even though

VO in rats does not occur until ~day 35, a bolus of E2 can
elicit an LH surge as early as 21 days, and progesterone injec-
tion in E2-primed juvenile females can elicit surges as early as
14 days of age (Puig-Duran and MacKinnon, 1978). These data
align with the recent work in transgenic mouse females in which
estrogen receptor alpha (ERa) was selectively deleted from KissI-
expressing neurons (discussed in detail below), which display VO
at 10-15 days (Mayer et al., 2010). If the capacity to produce pre-
ovulatory LH surges in response to ovarian steroids is present at
this stage of development, then why is there the observed delay?
Additionally, studies in primates suggest that the inhibition of
GnRH/LH secretion during the juvenile pause and the initiation of
puberty are regulated by timed changes in the CNS and triggered
not by gonadal steroids but by other peripheral factors indicat-
ing that a threshold metabolic state has been achieved. If this
were the case, why then would an ERa-dependent phenomenon
be required for the juvenile pause? Perhaps pre-weaning levels
of circulating E2 are required to keep the reproductive axis at
bay until central inhibitory mechanisms are fully developed, or
until the development of hypothalamic circuitry capable of react-
ing to E2 with both negative and positive feedback responses.
The most compelling hypothalamic neuropeptidergic candidate
modulating pubertal initiation, kisspeptin, is discussed in detail
below. Ultimately, although it is becoming clear that maternal
steroid hormone exposure and levels of circulating steroids in early
infancy play a role in determining pubertal progression rate, pre-
cisely how and through what neuroendocrine substrates remains
unclear. Perinatal steroid release from mothers, as well as reception
of these signals in developing animals is also likely influenced by
nutritional state even at this early stage. The role of metabolic sig-
naling during embryonic development in establishing expression
patterns required for pubertal progression will be explored below.

LIKE A ROLLING STONE: KISSPEPTIN AS A STEROID

HORMONE-SENSITIVE DRIVER OF GnRH SECRETION

Research into the molecular mechanisms underlying puberty has
enjoyed a renaissance over the last decade, particularly since the
discovery of kisspeptin (Kissl) and neuronal populations that
express and release this peptide. While its importance to reproduc-
tion was initially unknown (Lee et al., 1996), beginning in 1999
several groups successively published findings that kisspeptin is
the ligand for the orphan G protein-coupled membrane recep-
tor GPR54 in both rodents and humans (Lee et al., 1999; Kotani
et al., 2001; Muir et al., 2001; Ohtaki et al., 2001), which is now
also known as the kisspeptin receptor (KISSIR). In 2003 two labs
demonstrated cases of humans with idiopathic hypogonadotropic
hypogonadism (IHH) who had mutations in KISSIR (de Roux
et al., 2003; Seminara et al., 2003) that resulted in primary dys-
function of the reproductive axis. Mutations in KissI and KissIr
were recapitulated in mice, which also displayed abnormal sexual
maturation as well as decreased levels of gonadotropins and sex
steroids (d’Anglemont de Tassigny et al., 2007; Dungan et al., 2007;
Lapatto etal.,2007; Clarkson et al., 2008). Notably, a large majority
of GnRH neurons express KissIR and are stimulated by kisspeptin
(Irwig et al., 2004; Messager et al., 2005; Gottsch et al., 2006; Liu
et al., 2008), providing initial evidence that kisspeptin directly
regulates these neurons. Additionally kisspeptin can induce rapid
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LH secretion via GnRH neuronal secretion in multiple species
(Gottsch et al., 2004; Dhillo et al., 2005; Messager et al., 2005;
Plant, 2006; Smith et al., 2006b), further demonstrating that KissI
neurons directly signal to GnRH neurons (Clarkson and Herbison,
2006b). Interestingly, both KissI expression and GnRH neuronal
sensitivity to kisspeptin appear to be developmentally regulated,
in that electrophysiological responses of adult GnRH neurons to
kisspeptin differ from those recorded from juvenile, pre-pubertal
neurons (Han et al., 2005).

Kisspeptin neurons are also sexually dimorphic (Kauffman
et al., 2007), express sex steroid receptors such as ERa (Gottsch
et al., 2006; Smith et al., 2006b), and are differentially respon-
sive to sex steroid feedback (Smith et al., 2005, 2007; Gottsch
et al., 2009). Two main subpopulations of Kissl neurons have
been found in rodents: the bilateral anteroventral periventricu-
lar (AVPV) and arcuate nuclei (ARC) of the hypothalamus. In
female mice KissI expression is modulated by E2 levels: high levels
of AVPV kisspeptin expression correspond with elevated ovarian
E2 levels, while the opposite effect is observed in the ARC, which
leads to the hypothesis that the ARC and AVPV are responsible for
negative and positive feedback effects of E2, respectively (Smith
et al., 2005; Dungan et al., 2006; Herbison, 2008; Popa et al., 2008;
Gottsch et al., 2009). Evidence in ewes also identifies the preop-
tic area (POA) as a critical region for KissI regulation of the LH
surge (Hoffman et al., 2011). Altered steroid hormone exposure
during the developmental critical period leads to masculiniza-
tion/defeminization (Kauffman et al., 2007; Gonzalez-Martinez
etal.,2008) or feminization (Homma et al., 2009) of KissI neurons.

WHEN YOU GONNA WAKE UP: POTENTIAL ROLE OF
KISSPEPTIN IN THE TRANSITION TO PUBERTY FROM THE
JUVENILE PAUSE

In addressing the role of kisspeptin in the previously posited
“brake/accelerator” models of pubertal initiation, a recent report
suggests that, at least in mice, kisspeptin neurons may be involved
in both mechanisms (Mayer et al., 2010). During puberty, while
GnRH content within the POA remains relatively constant, hypo-
thalamic kisspeptin levels begin to rise, yet the cause of this increase
is still unknown. Aside from observed disruption of kisspeptin
signaling and a lack of pubertal progression seen in humans
and mice with KISS1 and KISS1R mutations, further evidence
for a functional link is evidenced by the temporal advancement
of puberty that occurs in mice when treated with exogenous
kisspeptin before puberty onset (Matsui et al., 2004; Navarro et al.,
2004). Additionally, puberty can be delayed with Kiss1R antagonist
treatment (Pineda et al., 2009). In revisiting earlier observations
on GnRH/LH activity during puberty, the question arises if Kiss1
neurons might be mediating the gradually increasing daily pat-
terns of hormone secretion observed. Indeed, recent data suggest
that in adult female mice, only on proestrus or following E2-
priming in ovariectomized (OVX) animals, expression levels of
Kiss1 are rhythmic with peaks occurring parallel with the GnRH
surge (Khan and Kauffman, 2011). While this has not yet been
investigated throughout development, it is tempting to speculate
that rhythmic KissI expression and release may be responsible
for the increasing diurnal rhythms of LH secretion observed in
females. However, since this rhythm of expression is only evident

in the presence of elevated E2 in adults, it remains unclear whether
rhythmic production of KissI would occur peri-pubertally.

Another very recent in vitro study suggests that a complemen-
tary rhythm of KissIR expression in GnRH neurons, which is also
evident only during E2 positive feedback, may also exist (Tons-
feldt et al., 2011), such that incremental timed increases in KissI
expression and release corresponding with timed sensitivity of
GnRH neurons to Kiss1 would act synergistically to drive GnRH
and LH secretion in early puberty, supported by increasing ovar-
ian E2. These daily “mini-surges” of gonadotropin secretion may
then be sufficient to stimulate further follicular development and
E2 production, which would then increase the amplitude of the
neuroendocrine rhythms further to produce E2-stimulated pos-
itive feedback responses observed in adult females. The role of
E2 in determining the effects of kisspeptin on pubertal progres-
sion appears to be significant, as highlighted by a recent study
examining transgenic mice harboring a deletion of ERa only
in Kissl-expressing cells (Mayer et al., 2010). To achieve dele-
tion of ERa specifically in kisspeptin neurons, a newly generated
kisspeptin-IRES-Cre (KissIC) transgenic mouse line was crossed
with ERa floxed mice (ERa!*¥1°%) and the double transgenic con-
ditional knockout progeny were termed “KERKO” mice (Mayer
etal.,, 2010). When these mice were analyzed for onset of puberty,
as assessed by VO, they displayed a remarkable advancement of
puberty. While their wild type littermates displayed VO on aver-
age at ~29 days, the average for KERKO mice was ~13 days. This
was particularly unexpected since kisspeptin treatment in imma-
ture female rats only advanced VO by ~5 days (Navarro et al,
2004), and it suggests that the kisspeptin neurons may be con-
trolling puberty through other signals than kisspeptin itself. It is
also possible that the response to administered kisspeptin varies
from KERKO mice and other genetic models due to variance in the
ability of the administered peptide to reach the critical neurons or
synapses, or by activating opposing systems.

Indeed, recent studies indicate that kisspeptin neurons are actu-
ally multiphenotypic, expressing a host of other neuropeptides
such as galanin, met-enkephalin, neurokinin B (NKB), and dynor-
phin (Goodman et al., 2007; Porteous et al., 2011). In addition to
early VO, KERKO mice display abnormal estrous cyclicity with
anovulation, and kisspeptin expression is differentially affected in
the two main sites of expression, with AVPV levels diminished
but ARC levels increased (Mayer et al., 2010), in agreement with
previously observed activational effects of E2 on KissI expres-
sion (Kauffman et al., 2007; Kauffman, 2010a,b). As previously
mentioned, data has shown that the AVPV is involved in positive
feedback and it is postulated that the ARC is involved in negative
feedback (Smith et al., 2005; Dungan et al., 2006; Herbison, 2008;
Popa et al., 2008; Gottsch et al., 2009); these data confirm that ERa
serves multiple purposes in these nuclei, acting as an inhibitor of
kisspeptin expression in ARC neurons (the brake) and a stimulator
in AVPV neurons (the accelerator).

FOREVER YOUNG: COMPLEX MECHANISMS UNDERLYING
PUBERTY

Discovery of a universal initiator of puberty has proved diffi-
cult possibly due to the importance of reproduction in the sur-
vival of species. GnRH neurons are especially known for their
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heterogeneity and there are subpopulations that are still being
characterized. Very few GnRH neurons are needed to successfully
initiate puberty and maintain cyclicity (Gibson et al., 1984; Herbi-
son et al., 2008), and once the system is initiated it may be able to
maintain itself. Indeed, one group reported that KissIR-knockout
female mice are still able to produce an E2-primed LH surge, sug-
gesting additional pathways mediating E2 positive feedback on
GnRH neurons (Dungan et al., 2007). Further evidence support-
ing redundancy in these circuits as well as calling into question
the importance of the KissI neurons (versus kisspeptin itself) was
demonstrated in a series of neuron ablation experiments (Mayer
and Boehm, 2011). The aforementioned KissIC (Mayer et al.,2010)
and a GPR54-IRES-Cre (GPIC) mouse lines were used to induce
cell death with diphtheria toxin A (DTA) at different ages, with
surprising and somewhat difficult-to-interpret results. When the
KissIC line was crossed with ROSA26-DTA mice, over 90% of
kisspeptin expressing cells were removed from the hypothalamus,
and presumably from peripheral tissues such as the ovaries and
pituitary (where there was some reported recombination) and pos-
sibly the placenta as well. However, cell death was not confirmed
by looking at other markers known to be in kisspeptin neurons,
such as NKB, and controls for damage to neurons adjacent to the
DTA-affected kisspeptin cells were not assessed. While these mice
displayed reduced ovarian mass and some minor aberrant estrus
cycles, overall they did not differ substantially from controls, dis-
playing normal development of ovarian follicles, similar average of
VO, and normal fertility and fecundity. As the expression of DTA in
these mice occurs when kisspeptin in expressed developmentally,
an inducible diphtheria toxin receptor (iDTR) line was also used to
examine ablation at different ages. Injections of diphtheria toxin
post-pubertally at 20 weeks of age revealed that adult female mice
require kisspeptin neurons for normal estrous cyclicity and the
ability to produce offspring. Similar results were found when injec-
tion occurred at postnatal day 20. Such phenomena are not with-
out precedent: it appears that in both reproduction and feeding,
neuronal ablation during development can be compensated for by
as yet unknown mechanisms, while removing the same neurons in
adulthood has severe consequences (Luquet et al., 2005). A similar
set of experiments were carried out with the GPIC mice crossed to
the DTA and iDTR mice. Many, but not all, GnRH neurons express
GPR54, and it was reported that in the DTA paradigm GnRH neu-
rons numbers were reduced by about 90% with an accompanying
decrease of GnRH mRNA levels by about 93%, while the iDTR
in the 20 week adult ablated approximately 97% of GnRH neu-
rons. GPIC/R26-DTA females did have reduced ovarian mass, but
whether this is attributable to the reduction in GnRH neurons or
other sites of GPR54 expression is not known. Strikingly, these
mice all bred successfully and had mostly normal estrous cyclicity
with no differences in time of VO, suggesting either developmen-
tal compensation or the ability of the remaining 10% of GnRH
neurons to maintain reproduction. Remarkably, the diphtheria
toxin treated adult mice remained cyclic, although subfertile, with
only 50% producing offspring. When contrasted with findings that
kisspeptin neuron ablation in adults causes reproductive malfunc-
tion, this suggests that, while kisspeptin signaling represents one
significant pathway of reproductive patency, other signals from
phenotypic kisspeptin neurons may also be important.

THE LEVEE'S GONNA BREAK: THE ROLE OF METABOLIC CUES
AS INITIATORS OF PUBERTY

While some studies in humans suggest correlations between the
advance of pubertal maturation and the risk of reproductive can-
cers, type 2 diabetes, and metabolic syndrome, many of these
studies were not corrected for childhood BMI and thus the data
remain controversial and inconsistent (Gail et al., 1989; Petridou
etal., 1996; Titus-Ernstoff et al., 2001; Frontini et al., 2003; Ahlgren
et al., 2004; Riman et al., 2004; Vo and Carney, 2007; Lacey et al.,
2009; Moorman et al., 2009). Indeed, these earlier results have
been called into question by more current studies that controlled
for BMI in childhood (Freedman et al., 2003; Must et al., 2005;
Lakshman et al., 2008). However, a recent report on a large pop-
ulation of Norwegian women found that, even when data were
adjusted for BMI, there was a strong inverse relationship between
mortality and age at menarche (Jacobsen et al., 2007), which sug-
gests that other factors may contribute to an increased risk of
mortality with low age at menarche. Beyond possible physiological
abnormalities, early puberty is also associated with significant psy-
chosocial issues. In addition to increased rates of depression and
anxiety in girls with early onset puberty (Siegel et al., 1999; Stice
et al., 2001; Ge et al., 2003; Kaltiala-Heino et al., 2003; Blumen-
thal et al., 2009; Conley and Rudolph, 2009; Reardon et al., 2009),
increases in delinquent behavior, smoking, and early sexual expe-
riences have been reported in both girls and boys (Johansson and
Ritzen, 2005; Ostovich and Sabini, 2005; van Jaarsveld et al., 2007).
Some studies point to these problems persisting into adulthood,
along with lower quality of life, higher rates of eating disorders,
lower academic achievement, and higher rates of substance abuse
(Graber et al., 2004; Johansson and Ritzen, 2005; Michaud et al.,
20065 Zehr et al., 2007). In light of the established and potential
detrimental effects of both early puberty and disruption of fertil-
ity, understanding the metabolic factors controlling puberty and
reproductive maturation and function remains crucial.

Due in part to the connection of early puberty onset and over-
weight/obesity, considerable research over the last 5 years investi-
gated the link between metabolism, kisspeptin, and reproduction.
One such potential connection is leptin, a circulating hormone
secreted by adipocytes in proportion to body fat stores thereby
acting as an adiposity signal (Cummings and Schwartz, 2003;
Farooqi and O’Rahilly, 2005). In addition to the exciting results
of leptin replacement therapy on obesity in people with congeni-
tal leptin deficiency (Schwartz et al., 2000; Farooqi and O’Rabhilly,
2005), leptin therapy can also be effective at treating some types of
infertility. While many patients reporting congenital leptin defi-
ciency began leptin treatment as pre-pubertal children, one study
reported on adult subjects who all displayed hypogonadotropic
hypogonadism, although there was one case of possible sponta-
neous pubertal development after an approximate 20 year delay
(Ozata et al., 1999). This holds true for mice with congenital lep-
tin deficiency (ob/ob) or leptin receptor mutations (db/db). These
mice remain perpetually pre-pubertal with incomplete reproduc-
tive organ development and low LH levels (Swerdloff et al., 19765
Coleman, 1978; Zhang et al., 1994; Tartaglia et al., 1995), and leptin
treatment in ob/ob mice restores the maturation of reproductive
organs and fertility while weight loss alone cannot induce these
changes (Barash et al., 1996; Chehab et al., 1996, 1997; Mounzih
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et al., 1997; Cunningham et al., 1999; Chehab, 2000). In younger
children, leptin therapy has enabled normal pubertal progression
without causing early onset puberty (Farooqi et al., 1999, 2002),
suggesting that while leptin is permissive for pubertal progression,
it does not serve as a lone initiation signal for puberty. Leptin has
also been used to restore menstruation in women with hypothala-
mic amenorrhea and lipodystrophy (Welt et al., 2004; Musso et al.,
2005; Chou et al., 2011). Other studies in mice demonstrated that
supraphysiological leptin levels can accelerate the onset of puberty
to a limited extent (Ahima et al., 1997; Yura et al., 2000).

Leptin binds to receptors in multiple areas of the brain
(Balthasar, 2006), including the ARC, which also houses Kissl
neurons. It has been demonstrated that the active form of the
leptin receptor (LepRb, also known as Ob-Rb) is not expressed in
GnRH neurons themselves (Finn et al., 1998; Quennell et al., 2009),
but is present in a subpopulation of Kissl neurons in the ARC,
although the reported extent of this co-expression varies widely
(Smith et al., 2006a; Cravo et al., 2011; Louis et al., 2011; True
et al., 2011). Additionally, hypothalamic KissI mRNA levels are
reduced in ob/ob mice (Smith et al., 2006a; Quennell et al., 2011)
and streptozotocin-induced diabetic rats (Castellano et al., 2006,
2009). Leptin was able to partially restore Kissl levels in ob/ob
mice (Smith et al., 2006a) and fully in diabetic rats (Castellano
et al., 2006). Fasting and undernutrition reduce KissI expression
and alter reproductive function, and these defects can be res-
cued by exogenous kisspeptin administration (Castellano et al.,
2005; Roa et al., 2008). A recent study investigating the effects of
overnutrition and undernutrition on kisspeptin expression and
pubertal onset used female rats in varying litter sizes to achieve
postnatal underfed, normal fed, and overfed models (Castellano
etal,,2011). Overfeeding resulted in increased body weight, earlier
onset of puberty (as measured by VO), and increased leptin and
hypothalamic Kiss! expression, while opposite effects were seen
in the underfed rats, along with lower weight ovaries and uteri.
Immunohistochemistry for KissI showed lower kisspeptin in the
ARC in the underfed rats and increased kisspeptin in the AVPV
of overfed rats, but when peri-pubertal rats were challenged with
central administration of Kp-10, all groups responded similarly.
As noted in the study, litter size manipulations may have changed
additional signals (Knox et al., 2009; Kinsey-Jones et al., 2010) and
alterations of other peripheral hormones may have also affected
Kiss1 expression and pubertal timing (Tena-Sempere, 2008; Forbes
etal.,2009). Whether this demonstrates a causative relationship or
only the ability of kisspeptin to both be affected by and bypass the
underlying causes of reproductive defects remains a key question.

It was previously reported using double-label in sifu hybridiza-
tion (ISH) that about 40% of the KissI expressing neurons in the
ARC also expressed LepRb (Smith et al., 2006a), but three recent
studies have not found such high levels of co-localization. Citing
issues with sensitivity of LepRb mRNA, the first study used LepRb-
eGFP mice to examine co-localization of LepRb with GnRH and
Kiss1 in female mice (Louis et al., 2011). In agreement with earlier
reports (Finn et al., 1998; Quennell et al., 2009), no co-localization
of LepRb and GnRH was observed, but using a trans-synaptic
tracer (wheat germ agglutinin, WGA), experimenters determined
that GnRH neurons receive input from nearby LepRb-eGFP neu-
rons. However, they did not observe high levels of Kiss1/LepRb

co-localization. Kisspeptin immunoreactivity (Kp-ir) did not co-
localize with LepRb-eGFP in the AVPV, and no co-localization of
leptin-induced STAT3 phosphorylation (pSTAT3-ir) with Kp-ir
in the POA of sheep was noted. Due to difficulties using Kp-ir
in the ARC, even with colchicine treatment, NKB was used as a
marker. Rather than the 40% co-localization in the ARC seen by
ISH, only 5-6% NKB/LepRb-eGFP co-localization was observed.
Many other cell types in the ARC robustly express LepRb, and
using WGA as a tracer it was observed that at least some of these
LepRb neurons lay in close contact with Kiss1 neurons also in the
ARC. The second study used a new line of KissI-Cre mice crossed
with GFP and BGal reporter lines to mark kisspeptin neurons
(Cravo et al., 2011). Using pSTAT3-ir to mark leptin responsive
cells, no co-localization was reported in the AVPV of these mice.
pSTAT3-ir/Kiss1-Cre co-localization in the ARC was seen in ~10—
15% of KissI-Cre neurons (depending on rostral-to-caudal level),
which translated to between 2 and 10% of the pSTAT3-ir neu-
rons (depending again on level), as there were more pSTAT3-ir
positive cells in the ARC. A third study explored activation of
three markers of leptin signaling: pSTAT3 and 5 as well as pS6
as a marker of mTORCI1 pathway signaling in kisspeptin neu-
rons, using Kp-ir (Quennell et al., 2011). While leptin injections
in fasted mice activated all of these pathways in the AVPV, ARC,
and other areas, experimenters observed no co-localization of Kp-
ir with leptin-induced signals in the AVPV and were unable to
determine co-localization in the ARC due to the dense kisspeptin
fiber network. The disparity between these studies may be due
to differing techniques, but the results of the newer studies bring
into question how much of a direct effect leptin has on kisspeptin
neurons, and how much of the effect of leptin on reproduction
must be afferent to the kisspeptin neurons or through different
cell pathways altogether.

This question is currently being examined. Now that multi-
ple Kiss1-Cre mouse lines have been created (Mayer et al., 2010;
Cravo et al., 2011; Gottsch et al., 2011), they can be used as pow-
erful tools to dissect the importance of gene pathways in these
neurons. A recent study used one of these lines to delete LepRb
from the kisspeptin neurons (Donato et al., 2011). After gonadec-
tomy to intensify the expression of Kiss] mRNA in the ARC, leptin
treatment was used in conjunction with pSTAT3-ir to observe
leptin signaling. Using this technique, approximately 20% co-
localization was seen in the ARC of wild type males and 13% in
wild type females, and this was reduced to 5% in the conditional
homozygous knockouts (Kiss1-Cre/LepRb{o¥/o%) which suggests
significant but incomplete deletion of LepRb from Kiss1 neurons.
These mice exhibited no defects in age at VO, days to pregnancy,
or fecundity, and they conclude that leptin signaling in these neu-
rons is unnecessary for reproduction. Due to the fact that partial
leptin signaling was still present in these mice, perhaps a stronger
demonstration of this could have been achieved by reactivating
the LepRb in Kiss1 neurons, as was done in the ventral premam-
millary nucleus (PMV) later in the same publication. Notably,
bilateral lesions of the PMV did not prevent normal food intake
and body weight responses to leptin injections, but sexual matu-
ration was disrupted by these lesions. Restoration of LepRb in the
PMYV rescued puberty, improved fertility and normalized GnRH
content, although it did not affect body weight and food intake.
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PMV neurons with LepRbs innervate both AVPV Kiss1 neurons
and GnRH terminals, thus providing a potential pathway for lep-
tin to regulate both Kiss1 and GnRH. An earlier study in juvenile
primates demonstrated that lesions proximal to this area resulted
in precocious puberty, implicating this hypothalamic region not
only in metabolic sensing, but also in the regulation of pubertal
timing (Windsor-Engnell et al., 2007). Another group examined
the interactions of kisspeptin and leptin using a long-term calorie
restriction model in OVX female rats with or without low lev-
els of E2 replacement (True et al., 2011). Forty percent of caloric
restriction (CR) decreased leptin levels in both calorie restricted
groups, with lower leptin levels observed in OVX animals. Sur-
prisingly, LH levels were significantly decreased with CR only in
E2-treated rats, suggesting that LH inhibition by CR requires the
actions of E2. Kiss] mRNA in the ARC was decreased with calo-
rie restriction regardless of E2 treatment, but AVPV Kiss] was
unchanged in both groups. However, physiological doses of leptin
had no effect on ARC KissI levels and, strangely, AVPV Kiss! actu-
ally decreased. Due to considerable variability in LH levels in rats
with 40% CR, treatments were repeated with 50% CR, but only
in OVX + E2 animals this time. Greater loss of body weight and
reduced LH variability were observed, suggesting that a certain
amount of weight loss is necessary to inhibit LH. In this paradigm
both ARC and AVPV KissI levels were decreased and were not
restored by 72 h leptin treatment. While these data conflict with
previous studies showing the ability of leptin to rescue KissI lev-
els (Castellano et al., 2006; Smith et al., 2006a), the authors argue
that this is due to a difference of pharmacological versus phys-
iological dosing. The same group examined whether there was
significant leptin signaling in the Kiss1 neurons in the ARC, and
while they too saw high levels of pSTAT3-ir in the ARC of leptin
treated animals, there were very few co-localized Kp-ir/pSTAT3-ir
cells, in agreement with previously discussed recent results (Cravo
etal.,,2011; Louis et al., 2011). While the results from Donato et al.
(2011) imply an indirect mechanism for the involvement of lep-
tin with kisspeptin signaling and reproduction, the study by True
et al. (2011) suggests that leptin may not be the metabolic signal
integrating reproduction and nutrition, rather, another candidate
or candidates such as glucose, insulin, ghrelin, and neuropeptide Y
(NPY) might instead represent the elusive missing link. Regardless,
future studies teasing apart the neuronal circuitry will be aided by
new transgenic mouse lines such as the recently created Kiss1-Cre
(Mayer et al., 2010; Cravo et al., 2011).

TANGLED UP IN CUE: ENDOGENOUS CENTRAL AND
PERIPHERAL CLOCKS AS POSSIBLE LINKS BETWEEN
METABOLISM AND REPRODUCTION

Although many studies in human and animal models suggest that
achievement of a threshold body mass is important for puber-
tal initiation, much of these data are correlative, and studies in
rodents investigating this “body fat hypothesis” have found only
limited evidence of such a link (Bronson and Manning, 1991). Due
to this, some investigators have proposed that the neuroendocrine
control of reproduction converging at the level of GnRH neurons
is instead responsive to rapid nutritional changes, using multi-
ple metabolic cues to communicate changes to the hypothalamus
(Wade and Schneider, 1992; Wade et al., 1996). This “metabolic

fuels hypothesis” posits that availability of oxidizable substrates
may represent the crucial signal to the hypothalamic circuitry reg-
ulating reproduction, and that even obesity-related infertility may
result from a lack of usable calories, as hyperphagic adipocytes
may sequester oxidizable fuels required for fertility. A number of
experimental models resulting in glucoprivation result in rapid
declines in LH secretion, suggesting that hypothalamic reproduc-
tive circuits are extremely sensitive to hypoglycemia, such that both
estrous cyclicity in adults as well as timing of pubertal initiation
would be altered by nutritional state (Schneider et al., 1993,2000).
The neuronal circuitry responsible for communicating these meta-
bolic changes to GnRH neurons is incompletely characterized,
but studies implicate a role for hepatic signals transmitted via
vagal innervation of the area postrema/nucleus tractus solitaries
(Wade etal., 1996). It is currently unclear if these signals are trans-
duced to communicate with GnRH neurons via KissI-expressing
populations.

While recent studies suggest that kisspeptin is a required player
in pubertal initiation, and that leptin may also contribute to this
process, it still remains unclear what other peripheral factors may
play a role in conferring the signal of metabolic readiness to Kissl
neurons and/or to the rest of the neuroendocrine reproductive
axis. Furthermore, the observation of daily leptin (Sinha et al,,
1996; Palmert et al., 1998; Kasa-Vubu et al., 2002) and adiponectin
(Shea et al., 2005; Gomez-Abellan et al., 2010; Scheer et al., 2010)
rhythms in peri-pubertal animals and humans in conjunction
with a growing awareness of the contribution of circadian oscil-
lators in both metabolic control and reproduction suggest that
endogenous clocks may play a role in the initiation of puberty.
If, indeed, developing circadian oscillators functioning at single
or multiple points in the reproductive axis are required for even-
tual maturation of the positive feedback effects of E2 in females,
it is important to examine, then, how human lifestyle patterns
of nutrition both perinatally and during juvenile development
might affect these central and peripheral oscillators. Due to the
recursive relationship between cellular and organismal metabolic
regulators and the circadian clock (reviewed in detail in Asher and
Schibler, 2011), a recent study used a model of aberrant meta-
bolic state to determine what effects metabolic abnormalities may
exert on core clock and clock-controlled gene expression patterns.
Ando et al. (2011) found that ob/ob mice lacking leptin produc-
tion exhibited long-lasting alterations in clock gene expression
patterns that began early in development and persisted into adult-
hood. Interestingly, clock gene expression patterns in the SCN
were unaltered in 0b/ob mice, but expression patterns in the liver
and adipose tissue were severely blunted, even in adults raised on
alow-calorie diet (Ando et al., 2011). Short-term (1 week) admin-
istration of leptin was able to rescue clock gene cycling in the
liver, but not as dramatically as in adipose tissue (Ando et al,
2011), which implies that exposure to this adipose-derived factor
throughout development is required for function of peripheral
clocks. Reproductive hormone secretion patterns were not exam-
ined in this study; however, previous work has established that
ob/ob mice exhibit delayed puberty and diminished reproductive
capacity, both of which can be reversed by leptin administration.
Leptin itself is secreted from adipose cells with a circadian rhythm
(Sinha et al., 1996; Palmert et al., 1998; Kasa-Vubu et al., 2002;
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Wilson et al., 2003), suggesting that this adipokine may act as a
permissive factor for pubertal development by maintaining oscil-
lators throughout the reproductive axis. It is unknown if molecular
clock oscillations in either Kiss1 or GnRH neurons are affected in
leptin-deficient mice, but studies described below demonstrate
that metabolic signals can dramatically affect hypothalamic gene
expression patterns. Deviations from a normal pattern of leptin
production, such as those encountered in obesity, may then lead
to dysregulation of normal hypothalamic gene expression pat-
terns required for timing puberty. It is clear from other work that
restricted feeding paradigms, which have no effect on oscillators
within the light-entrainable SCN, can drive circadian oscillations
of gene expression in peripheral tissues, even in the absence of
leptin signaling, as demonstrated by the reinstatement of clock
cycling in the liver of db/db mice subjected to timed restricted
feeding (Kudo et al., 2004).

There is considerable evidence in both human and rodent
models that perinatal nutrition can also exert later effects on
both metabolism and reproduction. Human mothers exposed to
low-protein, high-carbohydrate diets often have low birthweight
babies that exhibit accelerated growth in the juvenile period com-
pared to children with proper perinatal nutrition (Ibanez et al.,
1998a, 2001). This is mimicked in rats: low-protein fed dams
give birth to pups with lower weight, which soon overtake their
normally fed counterparts in food intake (Coupe et al., 2009;
Tarry-Adkins et al., 2009). Additionally, the effects of mater-
nal undernutrition have profound effects on gene expression
rhythms in the hypothalamus, many of which persist into adult-
hood. A recent study found that these core clock gene expression
patterns were blunted, and many other clock-controlled genes
important for metabolic regulation, including orexigenic and
anorexigenic peptides such as NPY, POMC, agouti-related pep-
tide (AgRP), and cocaine and amphetamine-regulated transcript
(CART), were also altered (Orozco-Solis et al., 2011). Addition-
ally, maternal undernutrition resulted in profound alterations in
expression patterns of fatty acid synthase, PGCla, and glucok-
inase in the liver of pups (Orozco-Solis et al., 2011), demon-
strating that perinatal nutrition is important for clock gene
cycling in both central and peripheral clocks. Regarding human
health, a combination of poor perinatal nutrition and child-
hood obesity would appear to have profound effects on gene
expression patterning in both the neuroendocrine hypothala-
mus and peripheral organs, which could in turn impact timing
mechanisms controlling duration of juvenile pause and pubertal
initiation.

Enhancing the complex picture of metabolic regulation, more
recent studies have added further links between cellular metabo-
lism, circadian clock machinery, and neuroendocrine control of
reproduction. It was recently found that the nutrient-sensitive
adenosine monophosphate kinase (AMPK) likely plays a major
role in both metabolic signaling in the liver and adipose tissues
(Mor and Unnikrishnan, 2011), as well as a role in control-
ling GnRH secretion in response to adipocyte-derived factors
such as adiponectin (Cheng et al., 2011). Additionally, AMPK
affects endogenous circadian clocks by phosphorylation of neg-
ative feedback components PER and CRY, leading to the rapid
degradation of these proteins in the clock loop (Lamia et al,

2009). AMPK nuclear accumulation and activity is circadian,
and is likely an important regulator integrating cellular metab-
olism with the clock (Um et al, 2011). Interestingly, GnRH
neurons and immortalized GT1-7 cells express AMPK subunits,
and the AMPK activators metformin and AICAR have direct
effects on GnRH secretory rate (Coyral-Castel et al., 2008; Roland
and Moenter, 2011). Indeed, adiponectin inhibits GnRH secre-
tion through an AMPK-mediated pathway (Cheng et al., 2011),
and activation of this kinase decreases GnRH secretion associ-
ated with perinatal androgen exposure (Roland and Moenter,
2011), which induces a PCOS-like phenotype. Prenatal testos-
terone exposure results in an overactive GnRH pulse generator,
with isolated GnRH neurons displaying an increased basal firing
rate, an effect reversed by AMPK activation (Roland and Moenter,
2011).

SLOW TRAIN: CONCLUSIONS AND FUTURE
CONSIDERATIONS
If, indeed, appropriate timing of puberty and regulation of the
reproductive axis in adults requires functioning circadian oscil-
lators at multiple points, a model of metabolic signaling can be
envisioned to integrate these disparate players. Under normal
conditions of perinatal steroid and nutrition exposure, the neu-
roendocrine hypothalamus of juvenile animals would experience
antiphasic rhythms of leptin and adiponectin, both of which serve
to signal metabolic status in a rhythmic pattern, with leptin act-
ing as a permissive cue and adiponectin potentially preventing
over-activation of the GnRH pulse generator. Priming of GnRH
and Kisspeptin neurons with these rhythmic signals, along with
the development of oscillators within these neuronal populations,
could then lead to gradual increases in GnRH/LH secretion also
with a circadian rhythmicity, as has been observed. Increases in
neuroendocrine output would begin to prime the gonads, and in
females, ovarian estrogen could potentially drive these hypothal-
amic rhythms toward positive feedback responsiveness, resulting
in ovulation. In adulthood, these rhythms would then only be
evident under elevated E2 exposure, driving ovulation with an
infradian (>24 h) rhythm appropriate with follicular development
and sexual behavior. Conversely, metabolic disruptions resulting
from prenatal undernutrition and childhood obesity would alter
this process at multiple points. Levels of leptin and adiponectin
would increase concomitant with increased fat mass, and meta-
bolic syndrome associated with obesity and sedentary behavior
would decrease activation of AMPK in multiple cell types, thus
blunting core clock and clock-controlled gene expression patterns
throughout the reproductive axis. This model remains purely con-
jectural, however, and will require extensive studies that examine
gene expression oscillations in reproductive cell types throughout
the juvenile pause and puberty, and investigation into how these
patterns are altered by obesity and other metabolic dysfunction.
While endogenous clocks likely play a role in physiological
processes governing complex behaviors and higher cognitive func-
tion, as well as in fundamental molecular mechanisms controlling
cellular respiration, chromatin remodeling, and oxidative damage
and repair, precisely how these clocks exert their effects by control-
ling rhythms of transcription, translation, and protein abundance
remains unclear, and efforts remain ongoing to include them in
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existing conceptual models. Future work will be necessary to deter-
mine how peripheral metabolic signals, gonadal steroid hormones,
and genetically programmed developmental processes converge to
precipitate one of the most crucial processes in mammals — that of
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