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Abstract The onset of puberty remains a mysterious mechanism despite several
recent major breakthroughs in the field of neuroendocrinology. Novel neuropep-
tides, along with new regulation networks of gene expression, have been described;
however, the intimate molecular mechanisms defining the age of puberty onset have
yet to be characterized. This article proposes to broaden the reflection surrounding
the mechanisms that determine the onset of puberty as a developmental process,
similar to those described for other neuronal networks. This new and original
approach will bring further insight into the intricate interactions between the
brain and the gonads that drive and maintain normal reproductive function.

Puberty: A Neurodevelopmental Process That Starts Earlier
Than Usually Thought

The thelarche is defined by the appearance of breasts in girls. It results from an
increase in estrogen secretion by the ovaries and corresponds to the stage of the
Tanner classification defined by the somatic changes occurring up to the end of
puberty. Tanner stage 5 corresponds to a fully developed, mature individual with a
functional reproductive activity. Although it is usually considered to be the first
marker of puberty, Tanner stage 2 actually reflects a re-activation of the gonado-
tropic axis that had already started several months earlier. Indeed, biological
puberty starts before clinical puberty through nocturnal elevation of plasma
luteinizing hormone (LH), without changes during the day. Moreover, pituitary
response to GnRH injection appears concomitantly to thelarche. In other words, the
pituitary activation started several months before, probably by the nocturnal acti-
vation of the gonadotropic axis. The molecular mechanism of this circadian acti-
vation of the gonadotropic axis at the end of childhood is unknown. Further, from
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stages 2 to 5, plasma LH undergoes important variations as diurnal LH reaches the
nocturnal levels and the circadian cycle completely disappears. In the meantime,
the negative feedback by steroid hormones in both sexes as well as the positive
feedback by estrogen in females only become functional on the hypothalamo-
pituitary unit. From a biological point of view, puberty therefore corresponds to
the development of a brain-gonads homeostasis that leads to normal reproductive
function. This is unique to the gonadotropic axis.

The recent discovery of kisspeptins and their ability to tightly regulate GnRH
neurons has led to a better understanding of the interplay between gonads and the
brain, especially in regard to neurons and other hypothalamic cells that are involved
in the regulation of GnRH secretion and associated disorders (de Roux et al. 2003;
Pinilla et al. 2012). Known as the GnRH network, it is composed of neurosecretory
neurons, glial cells, such as astrocytes, and also glia-like cells called tanycytes
(Prevot et al. 2010). The main function of this network is to regulate GnRH
secretion. For methodological and conceptual reasons, it is difficult to study and
conceive of a constantly evolving neuronal network; hence the vast majority of
original knowledge on the GnRH network has come from adult animals. The roles
of kisspeptin, dynorphin, and/or neurokinin B have been described in detail, from
their regulation by sexual hormones to the involvement of glial cells in this network
(Lomniczi et al. 2013b; Tena-Sempere 2012). These results were then transposed to
pre-pubertal animals and helped define the link between the increase of KiSS/
expression in the hypothalamus and the onset of puberty (Terasawa et al. 2013).

These novel findings show that pubertal onset is the consequence of a long
neurodevelopmental process that starts during fetal life, just like most neuronal
networks do. The neurodevelopment of the gonadotropic axis is, however, unique
for several reasons. GnRH neurons emerge from the olfactory placode and migrate
to the hypothalamus during early pre-natal development. Such migration toward the
brain is very uncommon in animal biology and has largely been studied in humans
affected with Kallman syndrome and in rodents (Mitchell et al. 2011; Wierman
et al. 2011). In primates, gonadotrope cells are functional and can response to
GnRH stimulation at midgestation. The hypothalamo-pituitary control of the
gonadotropic axis must be functional during fetal life to have complete develop-
ment of gonads in both sexes and sexual organs in males. However, this control is a
complex phenomenon. Indeed, at mid-gestation, blood levels of LH and follicle
stimulating hormone (FSH) are elevated and close to those observed in adults,
whereas at the end of gestation, LH and FSH blood levels are close to null (Guimiot
et al. 2012). Such negative regulation partly depends on kisspeptins expressed in the
infundibulum (Guimiot et al. 2012). It is important to note that this timing is
specific to the gonadotropic axis since other endocrine axes tend to be activated
at the end of gestation. The second part of gestation is therefore crucial to producing
normal reproductive function in adults.

Post-natal development of the gonadotropic axis is comprised of several stages
that are clinically well defined. Mini-puberty starts a few weeks after birth and is
followed by a quiescent phase that goes on during childhood until puberty at the
average age of 10. The mechanisms underlying this sequential activation-
inactivation surrounding mini-puberty are poorly understood, the majority of
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studies having essentially focused on the reactivation at puberty. In rodents, mini-
puberty is not well characterized. It may correspond to the FSH surge observed in
mice at post-natal day (PND12), knowing that puberty usually starts around
PND30. This rather late surge, when compared to humans, may be explained by
the fact that the first week of rodent life corresponds to the third semester of human
in utero development. It was recently shown that the quiescent phase partly depends
on a reduced kisspeptin tonus in non-human primates (Ramaswamy et al. 2013).
The timing of this central activation of the gonadotropic axis in the first months of
life is comparable to other neurodevelopmental processes.

In recent years, studies on puberty onset have brought to light that puberty is
associated with a vast genes and transcription factors network whose hypothalamic
expression either increases or decreases before pubertal onset (Lomniczi
et al. 2013b). Indeed, this complex network notably depends on epigenetic regula-
tions that modulate kisspeptin expression (Lomniczi et al. 2013a). These studies
have been of tremendous importance to understanding puberty onset proceedings
but have failed to bring answers to the question of pubertal timing. In other words,
the molecular events leading to variations of hypothalamic genes expression
through time remain unknown.

Neurodevelopment is not limited to the embryonic development of neurons. It
also corresponds to the development of synaptic connections or synaptogenesis,
which starts during fetal life and goes on throughout adulthood. After birth, neurons
are myelinated, further modifying neuronal network activity. Synaptogenesis is
composed of well-timed stages, and adolescence is a very important period of
synaptic remodeling during which synaptic contacts between neurons get simplified
to maximize efficacy. It is interesting to note that puberty happens concomitantly
with such complex and intense regulation of synaptic activity in the brain (Sisk and
Foster 2004). The link between these two events has essentially been studied
through the effect of sexual hormones on brain organization (Ahmed et al. 2008).
Nonetheless, it appears that the plasticity of cortical neurons during puberty only
partially depends on sexual hormones. These results suggest that the GnRH net-
work is organized and timely determined by similar processes to those involved in
the normal plasticity of cortical neurons. This maturation is initially independent of
sexual hormones, then progressively shifts under the control of estradiol and
testosterone during puberty. Inhibitory input from GABA and excitatory input
from glutamate on GnRH and Kisspeptin neurons during the early phase of puberty
have hence been demonstrated in rodents. These inputs radically change during the
childhood-to-puberty transition. We assume that this change is the consequence of
the neurodevelopmental process that probably began during the second half of
gestation and just after puberty.

The characterization of the neurodevelopmental mechanisms shared by both
hypothalamic and cortical neurons will have a double impact. Firstly, it should
provide further understanding of pubertal onset and its associated diseases. Sec-
ondly, it should provide new hypotheses to explain neurodevelopmental disorders
in children.
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Congenital Gonadotropic Deficiency:
A Neurodevelopmental Anomaly of the Gonadotropic Axis

We initially studied isolated gonadotropic deficiency, which led us to characterize
mutations in GrRHR and KiSSIR (de Roux et al. 1999, 2003). Mutations in KISS1
(Topaloglu et al. 2012), GrnRHI (Bouligand et al. 2009), and also TAC3 encoding
neurokinin B, and TACR3, the receptor of neurokinin B (Topaloglu et al. 2009)
have also been described in isolated hypogonadotropic hypogonadism. The pheno-
type observed in these patients has confirmed that the central control of the
gonadotropic axis during fetal life is required for normal development of reproduc-
tive function. Investigation of the neuroendocrine functions of Kisspeptin and
Neurokinin B has revealed their role in the secretion of GnRH. In addition, several
genetic defects have been described in Kallmann syndrome (for review see
Pitteloud et al. 2010). All of these genes encode proteins required for the develop-
ment of the olfactory bulbs (Pitteloud et al. 2010). The gonadotropic deficiency
observed in these patients is mainly the consequence of the agenesis of the olfactory
tracts, although a direct action of these proteins on the migration and maturation of
GnRH neurons has also been proposed. We now have evidence that isolated
gonadotropic deficiency is not only an endocrine disorder but is also a neurodeve-
lopmental disorder due to a defect in the migration of GnRH neurons or the
neuroendocrine control of GnRH neurons.

We have thus suspected that studying complex diseases comprising both neuro-
logical disorders and a delayed puberty due to a congenital gonadotropic deficiency
should be very informative to delineating the mechanism of the initiation of puberty
and related disorders. Indeed, we believe both conditions originate from the same
neurodevelopmental anomaly. The literature shows that gonadotropic deficiency
has been described in many neurological syndromes, some of which are extremely
rare (Alazami et al. 2008; Bem et al. 2011; Bernard et al. 2011; Margolin
et al. 2013; Nousbeck et al. 2008; Synofzik et al. 2014; Tetreault et al. 2011).
Apart from Prader-Willi and CHARGE syndromes, which are well known by
pediatric endocrinologists, most of these syndromes are only followed in pediatric
neurology departments. Indeed, hypogonadotropic hypogonadism is rarely diag-
nosed at birth in these children.

The neurological disease can be neurodegenerative, hence progressive. Signs of
dementia have been observed in some adults (Margolin et al. 2013), and 4H
syndrome, which associated a leucodystrophia with hypodontia and hypogona-
dotropic hypogonadism, has been described (Bernard et al. 2011; Tetreault
et al. 2011). Mental retardation is frequently observed, as well as cerebellar or
proprioceptive ataxia. Some signs are specific to one of these syndromes, such as a
microphtalmia associated with a cataract in Warburg microsyndrome (Handley
et al. 2013). The endocrine phenotype has been more or less described, with in
utero or post-natal growth retardation. In most cases, the endocrine deficit is limited
to the gonadotropic axis and is of hypothalamic origin.
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Several genes have been described via genetic linkage or exome analysis. These
genes encode proteins with various and sometime unexpected functions. For
instance, 4H syndrome is due to mutations in two type III RNA polymerase
sub-units encoding genes, POLR3A and POLR3B (Bernard et al. 2011; Tetreault
etal. 2011). This is a surprising result, since type IIl RNA polymerase is ubiquitous.
Its main function is to transcribe transfer RNA genes, which will further participate
in protein translation. Interestingly, other leucodystrophias involving a defective
protein synthesis have been described, but no gonadotropic deficiency was
observed. This indicates that the gonadotropic deficiency in 4H syndrome does
not depend on white matter disease but on POLR3A or POLR3B dysfunction.
Mutations in other genes, such as RNF216 and OTUD4, were shown to cause a
complex phenotype associating a gonadotropic deficiency with dementia. Again, it
seems that synaptic activity may be impaired, though RNF216 and ITUD4 have
been shown to be involved in protein ubiquitination, a major mechanism of protein
degradation (Margolin et al. 2013). Very recently, mutations in PNPLA6 were
identified in Boucher-Neuhauser and Gordon Holmes syndromes (Synofzik
et al. 2014). PNPLAG6 belongs to the family of proteins with a phospholipid esterase
domain. It is interesting to note that PNPLA6 mutations were characterized in
different neurodegenerative diseases with ataxia, suggesting that Boucher-
Neuhauser syndrome is a phenotypic variant of an important group of neurodegen-
erative diseases.

Warburg microsyndrome is caused by mutations in RAB3GAPI, RAB3GAP2
and RABI8 (Handley et al. 2013). RAB3GAP1 and RAB3GAP2 are proteins with a
GTPase activity on RAB3 and RAB27. RAB18 is a small monomeric G protein.
These results suggest that the gonadotropic deficiency may result from a defective
neuronal function such as a neuropeptide or neurosecretion defect.

Syndromic gonadotropic deficiency has thus been described in many neurolog-
ical pathologies, some of which are extremely rare. Human genetics have led to the
identification of several genes but the mechanisms leading to the gonadotropic
deficiency remain poorly understood. Nonetheless, hypotheses arising from these
results must be validated in animal models by neuroendocrinology laboratory teams
to delineate the exact function of these proteins in the central control of the
gonadotropic axis. To go further in this direction, our group has decided to
characterize the molecular mechanism involved in a phenotype from three siblings.
This particular phenotype regroups an intra-uterine and post-natal growth retarda-
tion, an impaired glucose metabolism leading to hypoglycemic episodes during
childhood and insulino-dependent diabetes during adolescence, a proprioceptive
ataxia, mental retardation, central hypothyroidism and a gonadotropic deficiency
without anosmia. Our results showed that the haploinsuffisiency of DMXI2 was the
cause of this familial phenotype (Tata et al. 2014).
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The development of the molecular genetics of puberty disorders over the last
15 years has been critical to delineate puberty onset mechanisms. The constant
technical evolution of molecular biology and close collaboration with pediatric
endocrinology and pediatric neurology hospital departments will provide opportu-
nities to identify novel genes involved in hypogonadotropic hypogonadism. Ini-
tially focused on isolated gonadotropic deficiency, recent promising results have
thus been obtained from the study of syndromic forms. This new gene inventory
will be of utmost interest for screening familial and sporadic cases of IHH, thus
providing better information for genetic counseling.

Initially classified as an endocrine defect, isolated gonadotropic deficiency must
now be considered as a neurodevelopmental disorder due to a defect in neuron
migration, a defect in the neuroendocrine control of the GnRH network and also a
defect in synaptic communication between neurons. This new view of the
etiopathogenicity of pubertal disorders also offers new perspectives on the concept
of neurodegenerative diseases specific to the GnRH network. Moreover, beyond the
fundamental contribution to the mechanisms of puberty onset, they represent an
opportunity to study extremely rare phenotypes. Finally, these works will help to
understand the development of the homeostasis of the brain-gonad axis during
childhood and adolescence that will lead to normal fertility throughout adult life.
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