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Summary

Gonadotropin-releasing hormone-1 (GnRH-1) is essential for mammalian reproduction,
controlling release of gonadotropins from the anterior pituitary. GnRH-1 neurons migrate from the
nasal placode into the forebrain during development. Although first located within the nasal
placode, the embryonic origin/lineage of GnRH-1 neurons is still unclear. The migration of
GnRH-1 cells is the best characterized example of neurophilic/axophilic migration, with the cells
using a subset of olfactory-derived vomeronasal axons as their pathway and numerous molecules
to guide their movement into the forebrain. Exciting work in this area is beginning to identify
intersecting pathways that orchestrate the movement of these critical neuroendocrine cells into the
CNS both spatially and temporally through a diverse and changing terrain. Once within the
forebrain, little is known about how the axons target the median eminence and ultimately secrete
GnRH-1 in a pulsatile fashion.
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Introduction

The mammalian gonadotropin hormone-releasing hormone-1 (GnRH-1) system is essential
for reproduction with cells residing within the forebrain postnatally but arising outside the
CNS prenatally (Figure 1; 1: 2). In vertebrates, a maximum of three GnRH forms has been
detected in any given species; each encoded by a separate GnRH gene - GnRH-1 [human
chromosome 8], GnRH-2 [human chromosome 20] and GnRH-3 (primarily in teleosts).
These 3 paralogous GnRH genes arose from two rounds of genome duplication early in
evolution (3). GnRH-2 is the most ancient form of GnRH. During evolution, the
preproGnRH-2 gene as well as the GnRH-2 receptor has been deleted or inactivated from
the genome of many mammals (4). Thus, a physiological role for GhnRH-2 in mammals
remains controversial. GnRH-3 is prevalent in fish. Many fish express GhRH-3 and
GnRH-1. GnRH-1 and not GnRH-3 is expressed in ancient teleosts, but modern teleosts
(zebrafish) lost the mammalian GnRH-1 ortholog with GnRH-3 adopting its role in
reproduction (4). In mammals, cells within this system express GnRH-1 and synthesize and
secrete GnRH-1 into the portal capillary system (6' 7). GnRH-1 controls reproduction by
binding to GnRH-1 receptors on gonadotropes of the anterior pituitary and triggering the
release of luteinizing hormone and follicle stimulating hormone. These pituitary hormones
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subsequently act on the gonads (2). The importance of this system was demonstrated in
experiments on the hypogonadal mouse (8). This mouse was shown to have a mutation in
the mammalian GnRH-1 gene. In these mice, reproduction was rescued by GnRH-1 gene
therapy. Thus, GnRH-1 cells are an integral component of the hypothalamic-pituitary-
gonadal axis (HPG axis, Figure 1).

Twenty years ago, two groups independently reported that in mice, the forebrain GnRH-1
cells migrate from the nasal placode into the CNS (Figure 1 and 2; 9711). The migration of
GnRH-1 cells or GnRH-3 cells into the CNS has been now documented by many groups in a
number of species (1' 3' 6 7). Despite their importance, the location of the precursors of the
neuroendocrine GnRH cells has eluded characterization and has been hypothesized to be 1)
nasal placode, 2) adenohypophyseal and/or 3) neural crest. However, much work has been
done on the migration of GnRH-1 cells. The cells migrate in association with a subset of
vomeronasal olfactory-derived axons in nasal regions, migrate through the cribriform plate
with large numbers of olfactory sensory axons as well as blood vessels and then turn
caudally on a transient pathway into the developing forebrain (1' 6: 12). The journey of the
GnRH-1 cells is long in distance and one that is continually expanding as the embryo
develops, i.e in mice the first GnRH-1 cells leave the nasal placode around E11 with cells
continuing to migrate through the cribriform plate at E16.5. During migration of the
GnRH-1 cells, the terrain through which they move as well as surrounding cell types are
changing. Once within the brain, GhnRH-1 neurons form bilateral continua distributed in
areas that reflect the extension of the pathway that the GnRH-1 cells associate with during
migration. GnRH-1 cells are often found rostrally from the olfactory bulbs to the caudal
hypothalamus, but their final location varies across species (i.e. in fish cells are more
rostrally located as compared to primates). This variation likely is the result of the pathway
trajectory in each species as well as species' specific brain development during GnRH-1 cell
movement. Independent of final location, the majority of GnRH-1 axons project to the
median eminence where they access (via fenestrated capillaries) the pituitary portal capillary
system (Figure 1). Little is known about the molecules used to guide GnRH axons (or other
neuroendocrine axons for that matter) to the median eminence. But certainly it is one of the
final steps in assuring a functional HPG axis.

Origin of GNRH-1 cells (figure 2)

Several lines of data, in a variety of species, are consistent with GnRH-1 cells being derived
from cells within the nasal placode. However, the possibility still exists that GnRH-1 cells
are derived from a stage in development prior to placode formation and are incorporated into
the area of the nasal placode were they differentiate and prepare for migration into the CNS.
It should also be noted that in mammals, GnRH-1 expression appears in the embryo pre-
implantation and immunoreactive GnRH1 is present in the morula and blastocyst stages
(13). In chicken GnRH-1 expression was found along the primitive streak before
gastrulation and in later stages, was seen associated with the anterior neural ridge.
Subsequently, GnRH-1 expression was restricted to the presumptive nasal cavity and
olfactory placode (14). The role of GnRH-1 in early development is not understood and, in
some cases, may represent transitory expression or a role in non-neuronal cell types.

‘New GnRH-1 cells’ have also been identified at later stages within a) the forebrain that
transiently express GnRH-1 transcript (15 16), b) extrahypothalamic areas that express
GnRH-1 transcript but truncated peptide (amino acids 1-5, 17), and c) the developing tooth
‘placode’ that express GnRH-1 (18). The population of forebrain neurons that express
GnRH-1 transiently during development clearly express the correct combination of
transcription factors for GnRH-1 production. The function, if any, of GnRH-1 in these brain
cells is unknown. GnRH-1 expressing cells in rodent teeth may provide developmental
information relevant to the neuroendocrine GnRH-1 population since the GnRH-1 cells are
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in epithelial derived structures and not in neural crest-derived structures (see below). Also
noteworthy, are several independent reports documenting dental agenesis in patients with
Kallman Syndrome (19, see section below). Whether these occurrences are due to overlaps
in craniofacial factors and/or GnRH-1 factors is not known.

The olfactory placode was suggested as the source of CNS GnRH-1 cells since they were
first detected in the vomeronasal organ (VNO)/olfactory pit (OP, fig. 2: 9711). Classically,
the olfactory placode was said to give rise to nonsensory respiratory and sensory olfactory
epithelium (OE; fig. 2: 20+ 21). The OE produces the main olfactory (chemosensory) as well
as the VNO epithelia (pheromone reception). The location of the GnRH-1 cells, led to the
hypothesis that GnRH-1 cells originate in an area of the olfactory placode associated with
OE-derived structures. However, ablation studies in chick showed that removal of the
posterior area of the nasal placode eliminated OE structures but spared the GnRH-1 nasal
population. Conversely, removal of the anterior area eliminated GnRH-1 cells and
respiratory epithelial cells, but spared OE structures (22724). In addition, GnRH-1 cells were
detected emerging from the respiratory epithelium in normal chick, although the majority of
GnRH-1 cells were associated with the olfactory pit (25). Thus, data in chick suggested that
the GnRH-1 lineage was developmentally associated with the respiratory area of the
olfactory placode and distinct from OE progenitors.

Studies in mouse also argue that GhnRH-1 progenitors are distinct from OE progenitors.
These included 1) the absence of OE lineage markers Mash-1, Math4A, Math4C/
neurogeninl and NeuroD in early expressing GnRH-1 cells (26) and 2) ‘ectopic’ GhnRH-1
cells emerging from the respiratory epithelium in mutant mice lacking Activator protein-2,
which is expressed in respiratory epithelium but not OE (27). These studies suggest that
GnRH-1 neurons diverge early from the OE lineage and that the progenitors of GnRH-1
cells are closely associated with anterior or respiratory regions during early stages of
placode differentiation. Therefore a more generic name, the nasal placode (NP), is used by
our laboratory to delineate the structure from which neuroendocrine GnRH-1 cells arise. An
intermediate area between the anterior respiratory cells and the OE sensory cells was
suggested as the location of GnRH-1 progenitor cells (27). However, the lineage and
location of the precursors of neuroendocrine GnRH-1 cells still remains to be determined.

Multiple developmental origins for GnRH cells have been proposed in fish. If the fish has
two rostral GnRH forebrain populations (both 1 and 3), then they may either share a nasal
placode developmental origin or exhibit different developmental origins, nasal placode and
telencephalon. An example of this is found in Medaka. Medaka, have a preoptic area
population of GnRH-1 cells that projects to the anterior pituitary and regulates gonadotropin
secretion and a population of GnRH-3 cells in the terminal nerve ganglion that regulates
reproductive behavior. Within the forebrain POA area, Okuba et al (31) reported four
GnRH-1 neuronal populations based upon development: 1) olfactory-derived ventral POA,
2) telencephalic-derived dorsal POA, 3) anterior telencephalic-derived medial ventral
telencephalic population and 4) nonmigratory ventral hypothalamic population. The
GnRH-3 population was shown to arise from the olfactory region. As in mammals, it is still
unclear whether the precursors are located within the area of first detection or end up in this
region as development progresses.

Studies using molecular techniques showed that in fish species with one rostral forebrain
population (either GnRH-1 or GnRH-3), the cells are first detected in the nasal epithelium,
similar to mammals. In zebrafish, GnRH lineage studies based on the expression of GhnRH
mRNAs and/or GFPs driven by specific GhRH-promoters reported that GnRH-3 cells were
first detected in the nasal epithelium (5). However, in two zebrafish knockouts, you-too and
detour, it was reported that when the adenohypophysis was missing or reduced, so were the
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hypothalamic GnRH neurons, yet olfactory structures were intact (32). Using tract tracing
together with this mutant data, Whitlock (33) proposed that hypothalamic GnRH and
terminal nerve/rostral telencephalon GnRH cell populations arise from two separate regions
near the neural plate: the adenohypophyseal (anterior pituitary) region of the anterior neural
plate and the cranial neural crest, respectively, and not the nasal placode.

Recent work in mice (34) addressed whether the GnRH-1 lineage in mammals is associated
with the adenohypophyseal lineage, but end up residing in the nasal placode as the animal
develops. These studies used mutant mouse lines Gli and Lhx3, that have complete deletion
or reduction of the anterior pituitary. In mouse, pituitary organogenesis begins at E8.5 (35),
prior to detection of GnRH-1 neurons. The oral ectoderm invaginates and forms Rathke's
pouch which then moves toward the ventral diencephalon and matures to become the
anterior and intermediate lobes of the pituitary gland (35). Gli factors are expressed in
mouse from E7.5 - E11.5 in neural and other ectodermal and neural crest derivatives of the
head, including Rathke's pouch and expression in nasal regions (36). Knockout of Gli2
(Gli27/7), the equivalent of you-too in zebrafish, leads to variable loss of the pituitary (37).
Knockout of Glil (Gli1 "), the homologue of detour in zebrafish, leads to no pituitary
defects in mice (37). However, Gli2~/~ in conjunction with Gli1~/~ causes complete
pituitary ablation (38). Lhx3 is a LIM-homeobox transcription factor also expressed in
Rathke's pouch (35). Knockout of Lhx3 (Lhx37/7) leads to hypoplasia of the pituitary, with
loss of most cells types (39). In all of the pituitary deficient mutant lines [Gli2~/—,
Gli1~Gli2~/~ and Lhx37/7], GnRH-1 cells were detected within the developing VNO,
across nasal regions, at the nasal forebrain junction and within the developing forebrain. In
addition, the total number of GnRH-1 cells as well as the distribution of GnRH-1 cells was
similar among genotypes (34). These results indicate that GnRH-1 progenitors are
independent of the adenohypophyseal lineage and support the hypothesis that these cells are
associated with the nasal placode.

Evidence now indicates that FGF signaling is important for the formation of GnRH-1
neurons via the neurotrophic molecule Fgf8 and one of its receptors FgFR1 (40). FGFR1 is
expressed by GnRH-1 cells (41) and FGFR1 hypomorphs have a dramatic reduction in
GnRH-1 neurons (40). Fgf8 is involved in induction and differentiation of the mouse nasal
placode (42), with a loss of Fgf8 resulting in the absence of the VNO and absence of
GnRH-1 neurons (40). Since GnRH-1 neurons were absent at E11.5 in these mice, a role in
GnRH-1 neuron fate specification has been suggested. Interestingly, the anatomical region
of the nasal placode from which the GnRH-1 cells are known to emerge, was missing in the
homozygous Fgf8 hypomorphs. Thus, this system acting early, disrupts formation/
specification of the GnRH-1 cell type. However, since an entire anatomical region in the
nasal placode is missing in these mice, the full impact of these molecules on the
development of GnRH-1 neurons and/or their precursors remains to be elucidated.

Neural crest can contribute to placodal areas. The neural crest is a cell population
characteristic of vertebrates that gives rise to a variety of neural and nonneural derivatives,
including peripheral neurons and glia, craniofacial skeleton and neuroendocrine cells
(43746). GnRH-1 cells in mouse do share some markers common to neural crest cells (e.g.
AP-2; 47). However, to date, a direct lineage has not been shown in mammals. In zebrafish,
where one population of GnRH cells was proposed to originate from the neural crest (33),
the studies involved labeling of cells that lie close to one another — neural crest cells lie
adjacent to the posterolateral boundary of the nasal placode. Due to the close apposition of
these structures when the experiments were performed, inadvertent labeling of nasal placode
cells cannot be ruled out. Gene expression domains have been used to delineate the anterior
border of the neural plate; the region that gives rise to the sensory placodes (48) and it is
clear that the olfactory organs differentiate from the nasal placodes, transient paired

J Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



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

1duasnuey Joyiny vd-HIN

Wray

Page 5

structures lying laterally at the anterior end of the forming neural tube. Whether GnRH-1
cells differentiate from precursors in the nasal placode is difficult to address since GnRH-1
is not detectable in mouse until 1-2 days after their final division (~ E9.5-E10.5, 11).
However, it is also now known that many cells types emerge from nasal placode and move
toward the CNS. These cells express neuronal markers including (depending on the species
examined) GnRH-1, galanin, Hu, NPY, and TH (1 49). All of these cells, unlike olfactory
sensory cells, actually migrate across nasal regions toward the forebrain. Thus, like GnRH-1
cells, other non-sensory neuronal cell populations exist within this structure or become
associated with it early in development. It is still unclear whether these other neuronal cells
types, like the GnRH-1 cells, a) arise from the panplacodal primordium located at the neural
plate border (48) and b) migrate across the cribriform plate into the CNS. Thus while the
exact precursors of GnRH-1 (and-3) are still elusive, consensus is that GnRH-1 cells are
associated with the nasal placode as they turn on GnRH-1 expression. Thereafter these cells
migrate into the CNS by traversing several ‘distinct” domains - the nasal area, the nasal
forebrain junction and the forebrain. This rest of this review will concentrate on movement
of GnRH-1 neurons primarily during migration within nasal areas.

Migration of GhnRH-1 Cells into the CNS

Newly born CNS neurons use two main strategies to arrive at their final location, radial or
tangential migration. Radial migration involves a trajectory that is perpendicular to the
ventricular/pial surface and utilizes radial glial fibers (gliophilic). Pyramidal cortical cells
have been studied extensively as a model for gliophilic migration. This movement relies on
membrane-bound cell adhesion molecules as well as secreted extracellular molecules.
Tangential migration involves a trajectory that is parallel to the ventricular surface and does
not involve a pathway support per se, e.g. cells from the ganglion eminence to the cortex or
cells in the olfactory migratory stream. This movement relies on interactions with substrate
(extracellular matrix and/or surface of other cells). Interactions can be homotypic, with cells
of the same type often creating chains as well as a specific microenvironment that facilitates
migration, or heterotypic. Chemotactic gradients are also frequently utilized to achieve
directional movement. GnRH-1 neurons migrate in association with a subset of olfactory
axons. Thus, although not on radial glia, GnRH-1 cell migration does involve a pathway
support. The orientation of the GnRH-1 migratory route cannot be easily defined by a single
term, but when in the forebrain, tangential movement is more applicable than radial
movement. GnRH-1 neurons migrate in clusters that resemble the chains seen in homotypic
neuronal migration. Thus, GnRH-1 neurons exhibit characteristics common to both of the
categories routinely used to described migration of CNS neurons. It is this mixture of traits
that 1) makes classification of molecules modulating GnRH-1 neuronal migration into a
hierarchy difficult and 2) helps insure that entry of GnRH-1 cells into the CNS is successful.

Cellular movement of GnRH-1 Cells

Migrating neurons within the CNS, generally bipolar in shape, undergo three synchronized
steps; extension of the leading process, translocation of the nucleus into the leading process
(nucleokinesis) and elimination of the trailing process. Nucleokinesis typically occurs in a
saltatory pattern thought to result from coupling of nuclear movement to leading process
dynamics (50). GnRH-1 neuronal migration has been analyzed using time-lapse microscopy
in slices (51) and nasal explants (52). Similar to migrating cells in the CNS, migrating
GnRH-1 neurons show extension of a leading process, nucleokinesis with somal
translocation and exhibit saltatory movement (52). GnRH-1 neurons, like pyramidal cortical
cells that utilize radial glia, had a neuronal speed of 13-20um/hr (51752). Thus, GnRH-1 cell
migration in nasal regions, with respect to speed and movement, resembles cells within the
CNS.
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Olfactory System/Substrate Pathway

The developmental relationship of the GnRH-1 system to the olfactory system is illustrated
by Kallmann syndrome and has been extensively reviewed. Humans with the X-linked form
of this disease have a monogenetic mutation that results in anosmia (lack of smell) and
hypogonadism (failure to undergo pubertal development). Examination of Kallmann fetal
material revealed lack of olfactory axon ingrowth into the developing forebrain and GnRH-1
cells “stuck’ on the CNS-side of the cribriform plate in a tangle of olfactory axons in one
case (53) and GnRH-1 cells in only nasal regions in a second case (54). Thus, molecules can
alter migration of GnRH-1 neurons by disrupting normal growth of olfactory sensory axons.
In addition, altering the GnRH-1 specific migratory route and/or the signaling of molecules
directly on the GnRH-1 cells themselves can prevent entrance of GnRH-1 cells into the CNS
or lead to abnormal distribution and/or numbers of GnRH-1 cells within the brain.

Prior to GnRH-1 migration, ‘pioneer’ olfactory axons cross the nasal region and target the
base of the developing telencephalon (55). The cues that direct this group of axons may be
critical for the guidance and targeting of all future olfactory/vomeronasal axons and
subsequently appropriate migration of GnRH-1 cells to the developing forebrain. In
addition, migratory neuronal progenitor cells and neuronal precursors have been identified
leaving the nasal placode prior to pioneer axonal outgrowth in nasal regions (49). What early
guidance cues participate in these processes is unknown. Once guidance cues are in place,
GnRH-1 cells use a subset of vomeronasal axons as their pathway across the nasal region
(55758). In mammals, the majority of peripherin-positive olfactory axons project to the main
and accessory olfactory bulbs. However, in the embryonic mouse, peripherin has been
shown to highlight a pathway that enters the CNS and turns caudally toward the developing
hypothalamus. GnRH-1 cells are associated with this caudally projecting peripherin-positive
axonal pathway. This pathway [often termed the nervus terminalis or the caudal branch of
the vomeronasal nerve] also expresses TAG-1 [an axonal surface glycoprotein that is
transiently expressed; 56] and DCC [deleted in colorectal cancer; receptor for the guidance
molecule netrin-1; 57-58]. These two markers are expressed on olfactory/vomeronasal axons
in the nasal region but not on the branches of these nerves that enter the forebrain and course
rostrally into the olfactory bulb/accessory regions. Guidance of this caudal axonal pathway
is important for the establishment of the adult-like GnRH-1 cell distribution. In DCC
knockout mice, the caudal branch of the vomeronasal nerve turns towards the cerebral
cortex instead of the hypothalamus. GnRH-1 cells follow this pathway and migrate into the
cortex instead of the hypothalamus. Thus, GnRH-1 cells, probably via multiple membrane-
bound cell adhesion molecules, are tightly coupled to their pathway substrate. With respect
to movement of GnRH-1 cells in either nasal or forebrain regions, to my knowledge, no
report has documented the majority of GnRH-1 cells using (directed to) another pathway for
migration, i.e. following the olfactory sensory axons into the olfactory bulb. In fact, at the
nasal/forebrain junction, it appears that both membrane-bound molecules as well as
extracellular factors (see below) guide the GnRH-1 neurons into the developing forebrain.
With respect to membrane bound molecules, they can be expressed on the rostral olfactory/
vomeronasal axons and absent from the caudal hypothalamic projection. In addition, several
molecules have been shown to be down-regulated on GnRH-1 neurons as they enter the
forebrain. Such spatiotemporal events, suggest that a combination of molecules some
turning on while others turn off play an important role in establishing the appropriate
GnRH-1 adult-like distribution. In addition, multiple regulatory domains exist (each
potentially expressing a new molecule/factor) through which GnRH-1 (and GnRH-3)
neurons migrate from their origin to their final destination within the CNS (figure 3).
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Cues Regulating GnRH-1 Neuronal Migration in Nasal Regions

Within the CNS, a number of secreted extracellular molecules regulate radial and/or
tangential neuronal migration including netrins, slits, Reelin, and semaphorins. In addition,
tangentially migrating neurons are influenced by growth factors and chemokines that often
form chemotactic gradients (either attractive or repellent) to give directional information to
the migrating cells. Finally, neural activity through activation of ligand-gated and voltage-
dependent ion channels can also regulate neuronal migration (59) and it is now clear that a
variety of neurotransmitters are involved in the regulation of migration of olfactory bulb
neurons, cerebellar neurons, hippocampal neurons, GABAergic interneurons and cortical
principal neurons (references see 60).

Extracellular molecules
Semaphorins (61 62)

Prokineticin

Semaphorins constitute a large family of guidance cues. A role for Semaphorin3F as a
repellent for the migration of GnRH-1 cells has been reported. The semaphorin-4D receptor,
PlexinB1, is highly expressed in the developing nasal placode and is expressed on olfactory
axons and GnRH-1 cells during prenatal development. Semaphorin-4D is present in the
nasal mesenchyme though appears stronger at the nasal forebrain junction as well as
developing forebrain. PlexinB1-deficient mice exhibit a defect in migration of GnRH-1
neurons that results in a reduction of GnRH-1 neurons in the adult brain. Examination of
postnatal day 3 tissue revealed a decrease in GhRH-1 neurons in the caudal region of
forebrain and an increase in GnRH-1 neurons in rostral brain regions and a delay in
movement of the GnRH-1 cells into the brain was already observed at E14.5. In addition,
Semaphorin-4D promoted directional migration in immortalized GnRH-1 cells by coupling
PlexinB1 with activation of the HGF receptor Met tyrosine kinase (62). In this study no
abnormalities were found in the development or organization of the olfactory axons,
suggesting that the migratory defect might be cell autonomous or that the subpopulation of
axons that the GnRH-1 cells associate with were not specifically identified. Interestingly,
brains from Semaphorin-4D-deficient adult mice show no changes in GnRH-1 cell number,
suggesting compensation by another ligand and/or compensation by other morphogenetic
signals such as HGF (see below).

(Prok; 63765)

Proks are multifunctional secreted proteins with Prok2 shown to function as an output
molecule from the suprachiasmatic circadian clock. Studies in Prok2 receptor = mice and
Prok2 ~/~ mice showed olfactory bulb defects and disrupted GnRH neuron migration,
resulting in a dramatic decrease in GnRH neuron population in the hypothalamus as well as
hypogonadotropic hypogonadism.

Receptor Tyrosine kinases/cytokines

Ephrins (66) and Hepatocyte growth factor (HGF; 67)

GnRH-1 neurons express the receptor tyrosine kinases EphA5 and Met. Ephrins represent
short-range repulsive cues for migration of of neural stem cells and progenitors such as
neural crest cells, and of differentiated neurons such as cerebellar granule cells. GhnRH-1
neurons express the receptor tyrosine kinases EphAS5. The vomeronasal organ and olfactory
epithelium express ephrin A3 at E11.5, while ephrin A3 and A5 where present in the
vomernasal organ at E12.5. Overexpression of EphAS5 in transgenic mice resulted in slower
migration of GnRH-1 cells and the formation of cell clusters along the migratory route. HGF
is a cytokine expressed in the nasal compartment and GnRH-1 neurons express its receptor
Met and tissue-type plasminogen activator (tPA), a known HGF activator. Met was also
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expressed by the olfactory axons. Studies showed that activation of this pathway promotes
migration of GnRH-1 neurons and that a gradient of HGF is required for proper GnRH-1
cell migration.

Chemokines

Stromal cell-derived factor-1 (SDF-1; 68770)

In the nervous system, the chemokine SDF-1 and one of its receptors, CXCR4 (a G protein-
coupled seven-transmembrane receptor) are highly expressed during development in the
cerebellum, hippocampus and neocortex (references see 69). Deletion of the gene for either
CXCR4 or SDF-1 results in developmental abnormalities in brains areas characterized by
altered cell survival, axonal pathfinding and migration. At E12.5-E14.5, the time when the
olfactory/GnRH-1 systems are developing, a prominent signal is detected in the olfactory
epithilum for CXCR4, while SDF-1 is present in the meninges and in mesodermal
components surrounding the olfactory epithelium. Three studies verified a function of
SDF-1 and CXCR4 in the developing GnRH-1/olfactory systems. CXCR4 and SDF-1 were
expressed in migratory GnRH-1 neurons and olfactory nerve fibers that were associated with
GnRH-1 neurons and SDF-1 expression appears in cells localized to the nasal forebrain
junction, on the nasal side. Disruption of SDF- 1/CXCR4 signaling affects olfactory axon
outgrowth, inhibits GnRH-1 neuronal migration, and results in loss of GnRH-1 cells as they
move away from the nasal pit and/or approach the developing forebrain.

Neurotransmitters/Neuromodulators

Cholecystokinin (CCK; 71)

CCK is expressed in sensory cells in the developing OE and VNO, with both ligand and
receptors (CCK-1R and CCK-2R) found on olfactory axons throughout prenatal
development. In addition, migrating GnRH-1 neurons in nasal regions express CCK-1R.
Exogenous application of CCK via CCK-1R reduced both olfactory axon outgrowth and
GnRH-1 cell movement. Mice carrying a genetic deletion of CCK-1R, but not CCK-2R, had
more GnRH-1 neurons in the forebrain, consistent with an accelerated migratory process.
Thus, during development CCK provides an inhibitory influence on GnRH-1 neuronal
migration, contributing to appropriate entrance of these cells into the brain.

GnRH (72774)

A recent study examined the role of GnRH signaling in the proper development of GhnRH
neurons. Using the hypogonadal mouse crossed to GFP targeted to GnRH neurons and the
GnRH receptor mutant mouse, a normal GnRH population was found within the forebrain,
distributed similar to WT mice and fibers were present in the median eminence. These
studies indicate that in mice, autocrine-paracrine GnRH-signals are not necessary for the
developmental migration of GnRH neurons into the brain or for the projection of GnRH
neurosecretory neurons. However, in zebrafish, morpholino-modified antisense
oligonucleotides directed against GnRH3 disrupted the establishment of the GnRH3 fiber
network and altered GnRH3 perikarya localization, suggesting an autocrine-paracrine role of
the secreted peptide in establishment of the final system. Whether, early disruption in mice
is compensated at later developmental time points or whether correction of the zebrafish
system might have occurred at later time points is unknown. In chick, using an in vitro
olfactory nerve bundle explant, a GhnRH antagonist was found to significantly inhibit GnRH
neurite outgrowth and GnRH neuronal migraton. These effects were attenuated by the
addition of chicken GnRH-1. These experiments suggest that in some species GnRH-1 itself
may autoregulation the development of the GnRH-1 system, but likely is not essential.
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Ligand-gated and voltage-dependent ion channels

Pioneer studies performed on cerebellar granule cells showed that neural activity through
activation of ligand-gated and voltage-dependent ion channels was involved in the
regulation of neuronal migration (59). In particular, calcium transients via L-type and/or N-
type voltage-gated calcium channels (VGCCs) altered neuronal migration and axon growth.
Neurotransmitter effects on neuronal migration mediated by changes in intracellular calcium
have been shown for glutamate, GABA and serotonin (59). Activation of each of these
neurotransmitters has also been linked to activation of VGCCs. N- and L-type VGCGs are in
GnRH-1 cells during prenatal development (60) and perturbation studies showed that
activation of N-type VGCCs has a role in facilitating GhnRH-1 cell movement in nasal areas.

Unknown class

Nasal embryonic LHRH Factor (Nelf; 75778)

Nelf was identified in a single cell library screen comparing cDNAs from mouse migrating
GnRH-1 cells to nonmigrating GnRH-1 cells (75). It is expressed in olfactory axons and
GnRH-1 cells during development and in vitro studies implicated Nelf in the development of
the GnRH-1 system in mice (75777). During embryonic development in zebrafish, nelf is
expressed in GnRH-3 neurons and in target sites of GhRH3 projections and perikarya prior
to the initiation of GnRH-3 cell migration. Nelf knockdown resulted in a disruption of the
GnRH-3 system (78), including absence or misguidance of the GnRH-3 axons and incorrect
or arrested migration of the GnRH-3 cells.

Nasal/Forebrain Junction—The crossover from nasal region to CNS is a dramatic
change in environment. Chemokines, growth factors and neurotransmitters localized to, or
forming gradients at, the nasal forebrain junction, have been shown to alter movement of
GnRH-1 cells into the forebrain/out of nasal regions. At the nasal forebrain junction,
multiple tissue types exist including midline nasal cartilage, nasal mesenchyme, the
cribriform plate as well as meninges and developing CNS tissue. At this region, GnRH-1
cells appear to pause. The reason for this pause is unclear, but it may ensure 1) maturation of
GnRH-1 neurons, 2) establishment/targeting of migratory pathway to appropriate brain
regions, and/or 3) changes in the extracellular millieu composition. A molecular gradient
towards the nasal-forebrain junction or away from olfactory/vomeronasal epithelium would
be important for developing nasal systems, including GnRH-1 neurons. To date, two
molecules [discussed earlier] have been shown with an increasing gradient pattern towards
the frontonasal mesenchyme, HGF (67) and SDF-1 (68770).

Previous in vitro and in vivo studies demonstrated that GABA regulates CNS neuronal
migration, acting as a chemoattractant, regulator of cell mobility and mediator of the
migration process (references see 79). It is now well established that GABA is excitatory
during early development, depolarizing rather than hyperpolarizing the cell membrane.
Since migrating neurons do not form chemical synapses, extracellular GABA activates the
postsynaptic receptors in a paracrine manner. GABA also appears to be important at the
nasal/forebrain junction (cribriform plate) for the migration of GnRH-1 neurons into the
CNS. Both in vivo and in vitro experiments indicate that GABA inhibits migration of
GnRH-1 neurons (1:12: 79781). In GAD 67 KO mice, attenuated levels of GABA
accelerated GnRH-1 cell migration in nasal areas as well as movement into the CNS. One of
the hypothesized functions of the GABA-induced pause at the nasal/fore-brain junction is
that it causes a developmental change in GnRH-1 neurons prior to their entrance into the
CNS (1). The data from GAD67 KO mice (81) suggest that faster movement into the CNS is
also associated with an apparent ‘loss’ of GnRH-1 cells at the junction. In situ hybridization
histochemistry for GhnRH-1 mRNA positive cells was performed and KO mice had fewer
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cells expressing GnRH-1 mRNA in brain areas. The changes observed in KO mice are
consistent with the idea that premature entrance of GnRH-1 neurons into CNS regions
down-regulates GnRH-1 expression at the level of transcription. Necdin, a gene whose
mutation is associated with Prader-Willi syndrome (82) has recently been shown to alter
GnRH-1 migration into brain regions, with GnRH-1 cells again reaching the cribriform plate
but lower numbers if GnRH-1 cells in the forebrain. A decrease of GnRH-1 cells as the cells
enter the forebrain, or shortly thereafter, has also been documented in AP-2 (30) mutant
mice, Reelin (83) and Nhlh2 mutant mice (84' 85). Attenuated expression of both GhnRH-1
protein and mMRNA may result in these mice because the GnRH-1 cells encountered a
cellular environment for which they were not temporally ready for, and/or that the GnRH-1
cells missed a developmental step preparing them for entrance into the CNS.

Kallman Syndrome

Human Kallmann Syndrome patients exhibit anosmia and reproductive dysfunction,
specifically hypogonadotropic hypogonadism. Genetic work on Kallmann patients identified
the Kal gene (86' 87) that encodes anosmin-1. Mutations in this gene result in the failure of
GnRH-1 cells to migrate from nasal areas into the brain. The Kal gene has been lost from
the mouse/rat genome, but antisense knockdown of Medaka KAL1.1 a) inhibited GnRH-1
cell migration into the POA, leading to accumulation of GnRH-1 neurons in the olfactory
region and dorsal telencephalon, and b) suppressed migration of GhRH-3 neurons from the
olfactory region into the forebrain. The other GnRH-1 populations appeared unaffected (31).
In zebrafish, knockdown of Kall.1 disrupted GnRH cell migration into the hypothalamus,
but alterations in hypothalamic development were also noted while GnRH cells remaining in
the terminal nerve were not affected (88). The C. elegans Kal-1 has also been cloned and
shown to interact with multiple heparan sulfate proteoglycans to promote neuroblast
migration (89).

Several other monogenic mutations have been identified in Kallman patients including
NELF (90), FGFR1 (91) and Prokineticin 2 and its receptor (92). These mutations alter the
development of the GnRH-1/olfactory systems. Where examined, Anosmin-1, FGFR1,
NELF and Prokinectin, are not limited to nasal regions during development, often being
found in areas actively showing cell/neuronal migration. In patients with Kallman syndrome,
other deficits occur, both within the CNS as well as other organs. Whether deficits occur in
other regions in vertebrates in general, after knock-down on these genes, remains to be
determined. As genetic details emerge from work in human patients who come to the clinic
because of pubertal delay, one can expect other genes involved in the development/
migration of GnRH-1 neurons to be discovered. In fact recent work has begun to address the
heterogeneity of phenotypes in Kallmann families, as well as the fact the defects in the
above mentioned genes only account for a small percentage of the cases. These studies show
that digenic mutations (e.g. in FGFR1 and NELF [93]) can synergize to produce a given
phenotype.

The list of molecules expressed by GnRH-1 neurons during their migration into the
forebrain has grown quite long (see reviews 1) 6 7: 12: 40: 94). The large number of
molecules however, most likely still underestimates the complexity of possible interactions.
One must remember that these cells spatially and temporally travel across areas (nasal
region, nasal-forebrain junction, forebrain) that have very different composites of guidance
molecules and factors. Thus, although the GnRH-1 cells may express a given receptor
throughout their journey, it may be activated once in a specific region or multiple times in
different regions. In addition, many molecules will defy anatomical boundaries working in
multiple areas and may even in the end, produce different responses depending on the
relative ‘dose’ to which the GnRH-1 cells are exposed. To put all the pieces in their
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appropriate sequence is what makes the development of the GnRH-1 system challenging and
exciting.
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Figure 1. GnRH-1 neuroendocrine system

A. Hypothalamic-Pituitary-Gonadal axis. GnRH-1 cells send axons to the median eminence
(ME) where GnRH-1 is secreted into the portal capillary system. It is via this system that
GnRH-1 cells affect gonadotropes of the anterior pituitary and subsequently gonadal
function. POA/AH=preoptic area/anterior hypothalamus, vmh= ventromedial hypothalamus,
arc=arcuate nucleus. C and D. Photomicrographs of sections immunocyto-chemically
stained for GnRH-1 at the level of the OVLT (B) and ME (C). D. Parasagittal section of a
rodent brain indicating the location of GnRH-1 cells (black dots, with levels in B and C
shown by lines). GnRH-1 cells are distributed in a continuum from the olfactory bulbs to the
caudal hypothalamus. h=hippocampus, f=fornix, ob=olfactory bulb, mot=medial olfactory
tract, ms=medial septum, db=diagonal band of Broca, mpoa=medial preoptic area,
d=dorsomedial hypothalamus, ot=optic tract, v=ventromedial hypothalamus, a=arcuate
nucleus, me=median eminence. E. Parasagittal section of an E14.5 mouse embryo head
immunocytochemically stained for GnRH-1. GnRH-1 cells can be found migrating from the
VNO through the nasal forebrain junction (NFJ) into the forebrain. Asterisk shows location
of inset, 1= third ventricle.
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Figure 2. Development of the nasal placode/GnRH-1 neurons

Camera lucida drawing from E10.5-E12.5 mice embryos showing invagination of the nasal
placode and the development of the respiratory epithelium (re), olfactory epithelium (oe)
and presumptive VNO (pvno)/nasal pit (np). tv=telencephalon, Il1=third ventricle, IV=fourth
ventricle, t=tongue, fo=forebrain. A. Parasagittal section immunocytochemically stained for
Hu (early neuronal marker) shows many positive cells within the nasal placode at E10.5. B.
Parasagittal section from an E11.5 GnRH-GFP mouse immunocytochemically stained for
GFP shows positive cells within the presumptive VNO (pvno) C. Parasagittal section from
an E12.5 mouse, immunocytochemically stained for GnRH-1 (C) shows GnRH-1 cells
leaving the VNO (arrows) D. Parasagittal section from an E12.5 mouse,
immunocytochemically stained for GnRH-1 (brown) and peripherin (blue) shows GnRH-1
cells associated with peripherin fibers crossing the nasal forebrain junction (NFJ), peripherin
axons entering the developing olfactory bulb (OB) and GnRH-1 cells still associated with a
subset of peripherin axons turning caudally towards the hypothalamus.
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Figure 3. Multiple Domains Along the GnRH-1 neuronal migratory route

A. Schematic of GhRH-1 neuronal migration at E12.5-E14.5. Blue dots = GnRH-1 neurons.
Np=nasal pit, oe=olfactory epithelium, ob = olfactory bulb, nfj = nasal forebrain junction. B.
Schematic of axons in nasal area at E12.5-E14.5. Axons form pathways to NFJ, through the
cribriform plate and predominately enter olfactory bulbs (OB), but a small subset of axons
form pathway caudally on which the GnRH-1 neurons migrate (dotted line). C and D.
During their movement GnRH-1 neurons are exposed to multiple regulatory domains along
the migratory route (light green; nasal pit, blue; olfactory epithelium, pink; nasal
mesenchyme, white; nasal forebrain junction, blue line; transient pathway, red; basal
forebrain, dark green; GnRH-1 cells themselves or other migrating cells along pathway. C=
parasagittal; D=coronal, nmc = nasal midline cartilage.
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