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ABSTRACT

The neuroendocrine control of reproduction in all mammals is gov-
erned by a hypothalamic neural network of approximately 1,500 gonad-
otropin releasing hormone (GnRH) secreting neurons that control activ-
ity of the reproductive axis across life. Recently, the syndrome of human
GnRH deficiency, either with anosmia, termed Kallmann Syndrome
(KS), or with a normal sense of smell, termed normosmic Idiopathic
Hypogonadotropic Hypogonadism (nIHH), have proven important dis-
ease models that have revealed much about the abnormalities that can
befall the GnRH neurons as they differentiate, migrate, form networks,
mature and senesce. Mutations in several genes responsible for these
highly coordinated developmental processes have thus been unearthed
by the study of this prismatic disease model. This paper discusses
several of the more important discoveries in this rapidly evolving field
and puts them into a developmental and physiologic context.

Within all mammals, a single gene, GnRH, and the neuronal net-
work of approximately 1,500 neurons that secrete this decapeptide in
a coordinated, pulsatile fashion serve as the pilot light of reproduction.
Activity of this neural network initiates full reproductive activity dur-
ing the neonatal period, silences it throughout most of childhood, only
to reactivate full sexual maturation when unknown metabolic cues to
the hypothalamus signal the body’s readiness to enter puberty (1–4).
From an evolutionary perspective, species have had to constantly
modify the activity of this critical hypothalamic pacemaker of repro-
duction to survive and evolve amidst an ever-changing repertoire of
environmental threats to the species. Consequently, hypothalamic
GnRH neurons have somehow acquired the ability to sense these
threats and adapt their secretory behavoir to dramatically changing
environmental signals. These contextural changes include wide swings
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in food availability during feast/famine cycles; dramatic differences in
exercise and caloric needs during long migrations; ever-changing light-
dark cycles that cue seasonal breeding; and signaling of reproductive
readiness in breeding females among numerous other environmental
and predatory threats.

This unique biology of GnRH contrasts sharply with other biologic
systems crucial for survival wherein large families of genes with
overlapping biologic functions have typically evolved to envelope
such critical functions in layered, evolutionary redundancy. Such
biologic back-up is a hallmark of most growth factors, G-coupled
protein receptors, transcription factors, peptide ligands, phero-
mones, taste and olfactory receptors. With all mammalian reproduc-
tive activity being invested solely in a single gene/neuronal system,
it is thus likely that genes and pathways underlying GnRH itself
must have evolved to encompass many of these modulatory functions
to protect the reproductive system in mammals. To date, however,
our understanding of these components of this complex developmen-
tal biology of GnRH and its genetic control has been limited. The
availability of information derived from the Human Genome Project
began to change this beginning in the early 1990’s with the discovery
of the KAL1 gene.

Lessons for GnRH Neuronal Biology from Discovery of The
KAL1 Gene

The origins of GnRH neurons are extra-CNS in the nasal pla-
code (5, 6). Once they commit to a fate as GnRH neurons, these
neurons leave the nasal placode following the lead of the olfactory
epithelium, migrate into the CNS via the olfactory bulb and tract,
and ultimately halt their progress at the arcuate nucleus of the
hypothalamus. There, they extend axonal processes to communicate
with each other forming a network and extend dendrites into the
median eminence. There, this GnRH neuronal network somehow
synchronizes its secretory activity via the development of a coherent
pulsatile pattern of release of GnRH, a decapeptide, into the hypoph-
yseal-portal circulation as is required to evoke physiologic gonado-
tropin secretion from the pituitary gonadotropes via internal pace-
maker activity (7). The entire migratory journey of these GnRH
neurons is guided by unknown signals from the olfactory epithelium,
bulb, as well as possibly other cells to arrive at their ultimate
destination, the arcuate nucleus and median eminence of the hypo-
thalamus.
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KAL1 was the first gene discovered to be a critical determinant of
the GnRH developmental pathway by the study of a single patient
with KS who had a contiguous gene syndrome associated with a
deletion of the Xp21 region (8–10). The protein product of KAL1,
anosmin, is apparently secreted from olfactory neurons and is re-
quired for the formation of the olfactory guidance system for GnRH
neurons and/or development of the olfactory track. This function was
deduced since in the absence of anosmin (i.e. patients with KS),
GnRH neurons arrest their migratory march from the olfactory
placode into the CNS at the cribiform plate (10), never entering the
CNS nor arriving at the hypothalamus. The study of a single male
child with Kallmann Syndrome who inherited a defective X chromo-
some lacking the Xp21 tip from his mother, who was unaffected since
she had presumably selectively inactivated this region (10). This
mother subsequently became pregnant with a second male child with
an identical Xp deletion. The post-mortem of the second boy revealed
that by 19 weeks, his GnRH neurons had differentiated from the
olfactory placode and had migrated into the CNS as far as the
cribiform plate but had failed to enter the central nervous system.
This failure was associated with a lack of the required olfactory
epithelium, bulb and tracks over which GnRH neurons must tra-
verse to arrive at their ultimate anatomic destination, the arcuate
nucleus of the hypothalamus, where they initiate reproductive com-
petency. These first two brothers heralded the beginning of the
genetic era in reproductive endocrine control of reproduction. Ever
since the combined study of phenotypes and genotypes of GnRH
deficient patients with KS and nIHH have proven remarkably suc-
cessful in elucidating the biologic complexity of this developmental
system (11).

GPR54 and Kisspeptin

The next critically important new finding about the ontogeny of GnRH
neurons came from the discovery of a new and entirely unsuspected system
that proved to be an upstream gatekeeper of GnRH neurons (11,12). Upon
his return to his native country of Kuwait, a former fellow of ours was
charged with finding a Bedouin family with GnRH deficiency and a normal
sense of smell (i.e. nIHH). This form of GnRH deficiency, like its anosmic
variant, KS, traditionally presents with a lack of sexual maturation by age
18, associated with low gonadotropins and no anatomic reason for this
failure of sexual maturation. Earlier presentations of GnRH deficiency may
be suggested by the findings of cryptordism, microphallus or other congen-

31GENES CONTROLLING REPRODUCTION



tial anomalies (skeletal, hearing, cardiac, etc), in association with low go-
nadotropins during the neonatal period of reproductive activity. Such a
family was located in Kuwait (Fig. 1). This finding led to a remarkable
chain of discoveries, including linkage to and ultimately isolation of a new
gene, GPR54, and its cognate ligand, kisspeptin. This ligand/receptor sys-
tem has now been demonstrated to control sexual maturity in all primate
species studied to date (11,12). Animal knock-outs of both receptor and ligand
have been recreated, confirming the central role for this system, and their
study is yielding a harvest of information about their control in several
species, including the human (13–18).

FGFR1 � KAL2

A chromosomal breakpoint associated with a patient with Kall-
mann Syndrome was located on chromosome 8p, an area of interest
since the GnRH gene was somewhat close to this region (19). Careful
mapping studies of this breakpoint revealed that a disruption of the
FGFR1 gene, one of only 4 tyrosine kinase receptors for a family of
23 ligands required for fibroblast growth, occurred in these families.

FIG. 1. Pathway of Discovery of the GPR54 Gene, Mutations in its Sequence Leading
to GnRH Deficiency in the Human, and Animal Knock-outs as Occurred in Reference 12.
A pedigree (lower left) led to linkage (upper left) which led to demonstration of a biologic
defect in the (then) candidate gene, GPR54, (upper right) which led to animal knock-outs
(lower right) that demonstrated hypogonadism (lower center).
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Mutations in this gene were shown to account for roughly 10% of
cases of KS (20). What was a surprise was the finding that nearly an
identical number of cases of nIHH were associated with mutations in
FGFR1 (21,22). Demonstrating that FGFR1 mutations can cause both
KS and nIHH established an important precedent. This finding
meant that FGFR1 (and presumably one of its ligands yet to be
identified) were critical not only for the migration of GnRH neurons
across the olfactory tracts but also demonstrated that an entirely
different mechanism must exist for the failure of GnRH in associa-
tion with those cases with normal olfactory bulbs, tracks and senses
of smell. This finding of FGFR1 underlying nIHH added a new
dimension to the complexity of the spectrum of GnRH neuronal
mechanisms necessary for GnRH neurons to undergo by demonstrat-
ing that their olfactory tracking of the GnRH neurons was only a
portion of the mechanisms by which GnRH ontogeny could go awry.
Similarly, the fact that some GnRH deficient patients with muta-
tions in FGFR1, following a diagnosis of clear-cut nIHH with no
evidence of sexual maturation by age 18, subsequently exhibited
normal puberty, sexual maturation and fertility after receiving hor-
monal replacement therapy (23, 24). That is to say, about 10% of such
patients underwent complete reversals of their syndrome (24). Still
others with FGFR1 mutations demonstrated a secondary failure of
their reproductive axis or acquired forms of GnRH deficiency respon-
sive to exogenous GnRH. This additional phenotypic complexity
added yet another suggestion that mutations in FGFR1, in addition
to presumably playing a critical role in GnRH neuronal maturation,
may very well have something to do with neuronal survival and
possibly apoptosis in nIHH patients with FGFR1 mutations (Fig. 2).

PROK2 and PROKR2

Most recently, mutations in another pair of ligand/receptor genes
have been demonstrated to cause human GnRH deficiency in pa-
tients with both a normal sense of smell (nIHH) and anosmia (KS).
The prokineticin system is composed of 2 nearly identical (�85%
gene holomology) receptors (GPR 73 a & b) in the rhodopsin family of
receptors like GPR54 (25). Their two polypeptide ligands, PROK1 and
PROK2, have considerably less homology and exhibit quite different
anatomic distributions. Whereas PROK1 and its receptor, PROKR1,
are primarily restricted to the GI tract and appear responsible for
motility, PROK2 and PROKR2 have a decidedly more neuroendo-
crine profile, being located in the arcuate nucleus, olfactory track
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and suprachiasmatic nucleus (SCN) (i.e. the home of the CNS’ mas-
ter clock genes) (26,27). Murine knock-outs of both ligand and receptor
(27–30) produce a spectrum of defects within the reproductive system,
and their human counterparts show GnRH deficiency, again with
widespread clinical phenotypes in both the ligand and the receptor
(31,32). At the moment, the murine knock-outs of PROK2 require loss
of both alleles, whereas the genetics of the receptor, PROKR2, are
less clear, particularly in the human (27–32). Information about this
ligand/receptor pair will be important to watch as they evolve be-
cause of the close links between the body’s biologic clock and repro-
duction.

Digenicity and Oligogenicity

It has become clear that when reviewing single gene defects and
their genetic segration both within single GnRH deficient pedigrees
or contrasting phenotypes of identical mutations across families
from different parts of the world, striking departures from Mende-
lian expectations occur (33). The most recent evidence from our group
suggests that when these phenomenon are encountered, this lack of
precise segregation can be attributed to the presence of mutations in
a second (or more) gene(s) in the same families whose previous lack
of segregation is explainable by the existence of digenic defects in

FIG. 2. GnRH Neuronal Ontogeny: A Story Told by Patients with GnRH Deficiency.
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some family members, accounting for the more severe phenotypes.
Thus, oligenicity is likely to be an important future trend to seek in
GnRH deficiency and other scenarios where rare, single gene varia-
tions do not explain all of the findings within a pedigree but rather
suggest important interactions with other modifying genes. The
emerging notion here is that each of the single gene defects may
cause only mild (or even no) defects when occurring on their own but
synergize to produce some surprising phenotypes when co-inherited.

Summary

Several new genetic tools, including use of continguous gene syn-
dromes, linkage, animal knock-outs and mapping of chromosomal
breakpoints associated with phenotypes, have proven to be unique
biology opportunities to understand the spectrum of GnRH defi-
ciency in the human. More broadly, such defects have begun to
synergize to produce interesting opportunities to understand the
ontogeny of the GnRH neuroendocrine network, a neural network
critical to the evolution of species. Subtler defects in these genes may
well be responsible for more common reproductive disorders and
determine an individual’s susceptibility to them, such as stress-
related amenorrhea, weight loss related loss or reproductive func-
tion, or even polycystic ovarian disease.
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DISCUSSION
Nachman, New York: Tell us more about the link between reproduction and the

olfactory system that seems so important to many of these defects in GnRH neuronal
biology?

Crowley, MA: That’s a great question, To re-paraphrase it: How come olfaction
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and reproduction are so tightly linked? If you really think about this issue, in certain
rare species, pheromones are the critical attractants for reproduction. You have to be
able to tell when there is another wild bear in estrous five or ten miles away if you are
a bear needing to reproduce. If you think about the affinity of the ligand/receptors
requiring that pheromones be sensed in low concentrations so many miles away, it is
impressive. So olfaction and reproduction are linked for a successful reproductive
fitness strategy. Similarly being able to smell predators would have a similar repro-
ductive advantage. A similar sort of evolutionarily thinking about finding mates in an
otherwise difficult circumstance might obtain. Hence olfaction and successful specia-
tion are linked tightly. The fact that the GnRH neurons require migration over the
olfactory bulb and tracts and that this embryonic pathway is the key linker here, in
retrospect, makes an evolutionary story that is rather interesting.
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