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ABSTRACT: Gonadotropin releasing-hormone (GnRH) regulates the hypothalamo–pituitary– gonadal axis in all vertebrates.
The vast majority of GnRH neurons are thought to be derived
from progenitor cells in medial olfactory placodes. Several antibodies and lectins that recognize cell surface carbohydrates
have been useful for delineating the migratory pathway from the
olfactory placodes and vomeronasal organ, through the nasal
compartment, and across the cribriform plate into the brain. In
rats, a-galactosyl-linked glycoconjugates (immunoreactive
with the CC2 monoclonal antibody) are expressed on fibers
along the GnRH migration pathway and approximately 10% of
the GnRH neuronal population. In lamprey, the a-galactosyl
binding lectin, Grifonia simplicifolia-I (GS-1), identifies cells and
fibers of the developing olfactory system. In contrast to the CC2
immunoreactive GnRH neurons in rats, the GS-1 does not label
a subpopulation of presumptive GnRH neurons in lamprey. Results from these and other experiments suggest that GnRH
neurons in developing lamprey do not originate within the olfactory placode, but rather within proliferative zones of the
diencephalon. However, the overlap of olfactory- and GnRHcontaining fibers from prolarval stages to metamorphosis, suggest that olfactory stimuli may play a major role in the regulation of GnRH secretion in lamprey throughout life. By contrast,
olfactory fibers are directly relevant to the migration of GnRH
neurons from the olfactory placodes in mammalian species.
Primary interactions between olfactory fibers and GnRH neurons are likely transient in mammals, and so in later life olfactory modulation of GnRH secretion is likely to be indirect.
© 1997 Elsevier Science Inc.

conserved [56]. Several different genes containing the coding
sequence for different GnRH forms have been identified within
individual species [70], and usually the different forms are found
in different cell populations [39]. In most vertebrates, neurons
containing forms of GnRH that are important for the hypothalamic–pituitary axis are derived from outside the central nervous
system. Data from a number of vertebrate species suggest that
these critical neurons migrate from birth sites in epithelium of
medial olfactory placode, across the nasal septum, and cribriform
plate to the forebrain (mice [50,71], chicken [1,35,42], and amphibians [34,44]). An alternative to olfactory placode origin has
been suggested [2] however, this still involves migration along the
same route from the nasal compartment into the forebrain. By
contrast, neurons containing some alternate forms of GnRH, which
may not be used to regulate the hypothalamic–pituitary axis, may
be derived from progenitor cells within the central nervous system
(e.g., [42,44]). In this review we will examine how recent data in
lampreys may alter this perception.
We will examine the relationship of the olfactory system to
GnRH neurons from the perspective that all GnRH neurons are in
search of target destinations within the central nervous system. In
this perspective, peripheral ‘‘ganglia’’ of GnRH neurons are
groups of cells that are in search of the central nervous system
when found during development, or have failed to find central
nervous system destinations when found in adulthood (ignoring
bullfrog sympathetic ganglia [22]. We will examine the olfactory
system from the perspective that projections from nasal epithelial
cells into the brain share some fundamental characteristics of
origination, and specific differences in their final targets (Fig. 1). In
this perspective, the fiber pathways derived from the peripheral
olfactory system have three targets: (1) the olfactory bulbs, (2) the
accessory olfactory bulbs, and (3) scattered sites in the rostral
forebrain. A number of investigators since the turn of the century
have referred to these three projections in different animals as the
olfactory, vomeronasal, and terminal nerves, respectively. Cells
that can give rise to such fibers can be neuroepithelial cells in the
main or vomeronasal olfactory epithelium, cells that have migrated
out along fibers from those sources, or in some cases, cells in the
trigeminal ganglia [15]. The discovery of GnRH neurons and their
fibers in the peripheral olfactory system has significantly contrib-
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INTRODUCTION
Gonadotropin releasing-hormone (GnRH or luteinizing hormonereleasing hormone; LHRH) regulates the hypothalamo–pituitary–
gonadal axis in all vertebrates that have been studied [57]. The
primary structures of several forms of GnRH have been identified
in various species of vertebrate, and there are still several forms
that have yet to have their sequences determined. Although specific amino acids in the middle of the GnRH decapeptide sequence
have differed from lamprey to mammals [58], essential molecular
features at the ends of the peptide, and its length, have been
1
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FIG. 1. Schematic diagrams represent parasagittal or horizontal views of developing mouse and lamprey brains.
In the majority of vertebrate species (e.g., mouse) GnRH-containing cells (small black rectangles) originate in
the olfactory placodes/vomeronasal organ (VNO), migrate across the cribriform plate (CP) into the brain, and
then move caudally toward the preoptic area and hypothalamus (H). In lamprey, GnRH-containing cells arise
within the preoptic area/rostral hypothalamus and migrate only a short distance radially away from the ventricle.
In the mouse, fibers from diverse sources such as the olfactory epithelium (OE), epithelium of the vomeronasal
organ, cells lying along the fibers extending from these first two sources, and fibers from cells in the trigeminal
ganglia collect at the CP before entering the brain and traveling toward the olfactory bulb (OB) or basal
hypothalamus. In lamprey, olfactory fibers emerge from the single midline-olfactory epithelium and cross into
the brain. Such fibers may serve as migratory guides for GnRH neurons in most species (e.g., the mouse), and
perhaps guides for GnRH fibers in others (e.g., lamprey). T 5 telencephalon, V 5 ventricle, P 5 pituitary.

uted to a reevaluation of the vomeronasal and terminal nerves
[12,14,49].
Finally, we will contrast the lamprey with mammalian systems
to determine common denominators in the interaction between the
olfactory and GnRH systems among all vertebrates. The development of the olfactory and GnRH systems in mammals usually
begins within the first half of gestation; in a mouse this process
begins at approximately embryonic day 9.5 out of a 19-day gestation [71]. The life cycle of lampreys is significantly different
from mammals. Based on the staging of Piavis [47], lamprey
embryos hatch between days 10 and 13 after fertilization at 3–5
mm in length (stage 14). A prolarval phase lasts from hatching
until approximately day 40 when all traces of yolk are eliminated
from the digestive system (end of stage 18). Lamprey are referred
to as larvae from day 40 until metamorphosis, which can take
several years. We refer to lamprey caught in streams of undetermined premetamorphic ages as ammocoetes. After metamorphosis, adult sea lamprey feed in the oceans (or in the North American
Great Lakes) until they are ready to return to streams for spawning.
Lampreys spawn once, and then die.
LABELED OLFACTORY PATHWAYS
Over the years, the GnRH system has been related to the
olfactory system at several different levels [51]. In adults, olfactory stimuli may influence the synthesis, secretion, or storage of
GnRH (e.g., [11]). In development, the vast majority of GnRH
neurons are thought to be derived from progenitor cells in medial
olfactory placodes (review [39]). Connections between the olfactory system and the GnRH system often have been revealed using
various double-label histochemical techniques.
Recent studies using DiI labeling and immunocytochemistry
established the existence of a transient, olfactory-derived projection that reaches caudally into the rostral forebrain [72]. Axons
emerge from the rat vomeronasal organ on embryonic day 14
(E14) and cross the nasal septum in several large fiber bundles.
These fascicles merge together as they cross the cribriform plate

and travel dorsally and caudally. At E16, a bundle of fibers
oriented toward the developing accessory olfactory bulb is distinct
from a caudal group that remains defasciculated. During the next
few days, the projection to the accessory olfactory bulb forms a
large, tightly bundled fascicle, whereas the number of caudally
directed fibers become increasingly difficult to detect. Labeling
studies were also conducted by placing DiI in the medial forebrain
at E16. Cells and axon bundles were labeled along the trajectories
of vomeronasal nerves all the way back to the vomeronasal epithelia. These studies demonstrate the existence of a projection that
diverges from the main vomeronasal nerve, and extends along the
medial surface of the olfactory bulb and rostral forebrain [72]. One
difference between rats and mice is that the caudal projection into
the forebrain of the mouse makes a significant ventral turn and
grows deeper into the basal forebrain than in the rat, perhaps
suggesting their exposure to differential regulation during development. As numerous investigators have found over the years (see
[12]), the projections arising from the vomeronasal organ often
differ subtly from species to species. The variety has contributed to
differing interpretations of what constitutes the ‘‘terminal nerve’’
vs. what might constitute an ‘‘extrabulbar olfactory projection’’
[49] vs. what might simply constitute a component of the vomeronasal system [72].
Several antibodies and lectins that recognize cell surface carbohydrates have been useful for delineating the migratory pathway
from the olfactory placodes and vomeronasal organ, through the
nasal compartment, and across the cribriform plate into the brain.
In rats, a-galactosyl–linked glycoconjugates (immunoreactive
with the CC2 monoclonal antibody [55]) are expressed on fibers
along the GnRH migration pathway [63]. In addition, the only CC2
immunoreactive cells in the brain were approximately 10% of the
GnRH neuronal population, suggesting that this glycoconjugate
marker further identified the olfactory origins of GnRH neurons.
Others also have found high levels of alpha-galactose containing
glycoconjugates associated with the olfactory system [3,16,21,32,
53–55]. In additional experiments in rats, we found that the lectin
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FIG. 2. Photomicrographs from sections from embryonic rats and prolarval lampreys. All photomicrographs are oriented with the
nasal compartment on the left and the brain on the right; in A–C the top right hand corner of each photomicrograph is rostral in
the brain just across the cribriform plate (CP); caudal would be toward the bottom. In A, lectin histochemistry revealed Ulex
europus-1 (UEA-1) reactive cells (black arrows) within UEA-1 reactive olfactory fibers in the nasal compartment as they head for
the cribriform plate in a parasagittal section from an E16 rat. Numerous olfactory epithelial cells (OE) were also lectin-reactive.
In B, an HNK-1 immunoreactive cell (black arrow) and many immunoreactive fibers are seen in a sagittal section through the nasal
compartment of an E17 rat. In C, lectin histochemistry revealed Dolichos biflorus (DBA) reactive elements in the nasal
compartment of an E16 rat. The photomicrograph shows one DBA-reactive cell (black arrow) and several fibers as they approach
the cribriform plate. Reactivity in the olfactory epithelium was significantly less than for UEA-1, but significantly greater in more
rostral regions of respiratory epithelium. In D, lectin histochemistry revealed Grifonia simplicifolia-1 (GS-1) reactive cells and
fibers in a horizontal section through a prolarval lamprey 31 days after fertilization. Reactive fibers exit the olfactory epithelium,
traverse the olfactory bulb (OB), and continue toward the basal hypothalamus, which would lie beneath the plane presented in the
photomicrograph. In E, significantly less GS-1–reactive material remained after lamprey sections were pretreated with agalactosidase (from Aspergillus niger, AkPharma, Inc.), suggesting that GS-1 specificity was to carbohydrate structures containing
terminal a-galactose. The scale bar in C represents 100 microns and applies to A–C, and the scale bar in panel E represents 50
microns and applies to D and E.

Dolichos biflorus (DBA), which recognizes a subset of a-galactosyl–linked glycoconjugates, and Ulex europus-1 (UEA-1), which
recognizes a subset of fucosyl-linked glycoconjugates, both recognize selective projections of olfactory derived fibers across the
cribriform plate (Fig. 2A and C), with little reactivity in the
forebrain per se. They differ in that DBA recognizes a strikingly
larger population of more rostral neuroepithelial cells than UEA-1.
The monoclonal antibody HNK-1, which recognizes glycoconjugates bearing a sulfated glucuronic acid epitope, also recognizes
selective projections of olfactory derived fibers across the cribriform plate (Fig. 2B), but is also significantly more prevalent within
the central nervous system [41].

In lamprey, the a-galactosyl-binding lectin, Grifonia simplicifolia-I (GS-1-B4 isoform), similarly identifies cells and fibers of
the developing olfactory system [65]. Projections from the olfactory epithelium to the developing brain are seen in the lamprey
from prolarval ages through metamorphosis. Fibers stretch from
the olfactory epithelia and primordial olfactory bulbs towards the
base of the diencephalon (Fig. 2D) above the adenohypophysis.
Olfactory fibers follow a medial pathway that remains lateral to a
cell dense periventricular zone. Occasional GS-1-B4 reactive cells
are noted along the fiber pathway, but they never penetrate the cell
dense periventricular zone. As development proceeds, the GS1-B4 reactive olfactory epithelium expands, and the projection
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through the telencephalic lobes to the hypothalamus increases. A
portion of the caudal projection may originate from cells in the
olfactory epithelium and from a small group of cells in the rostral
olfactory bulb. A separate reactive fiber bundle is directed toward
the hypothalamus from the region of the glomeruli. Using the
lectin DBA a different pattern of reactivity is seen in the OE.
Isolated olfactory epithelial cells are DBA reactive, but reactive
fibers do not exit the OE for the central nervous system. In contrast
to the CC2 immunoreactive GnRH neurons in rats, GS-1-B4
reactive cells do not appear to indicate a subpopulation of presumptive GnRH neurons in lamprey.
Several studies have implicated N-CAM as an important glycoconjugate adhesion molecule during development of the olfactory system. In vivo, GnRH neurons are strongly associated with
fibers immunopositive for the polysialylated form of N-CAM
(PSA-N-CAM) in rodents [31,72] and chickens [33]. Data from
explant experiments have shown a strong tendency of GnRH
neurons to migrate along fibers delineated by immunoreactive
NCAM [9,62]. In vivo lesion experiments in chickens have further
suggested the importance of PSA-N-CAM containing fibers for
GnRH neuron migration in the nasal compartment. Following
selective lesions only those GnRH neurons that could reach alternate PSA-NCAM fibers were found to continue their migration,
albeit along aberrant routes that did not reach the forebrain [37].
Microinjection of N-CAM antibodies into the olfactory placode in
mice reduced the total number of GnRH neurons throughout the
migratory route [52]. Recent studies were performed to investigate
the role of polysialic acid in the migration of GnRH neurons [73].
Mouse embryos on day 12 of gestation (E12) were treated with
endoneuraminidase (endo-N), an enzyme that specifically removes
PSA from NCAM. After 3 days in the presence of endo-N, the
positions of GnRH neurons were determined. Results suggest that
acute removal of PSA during this 3-day period inhibits the migration of approximately 40% of GnRH neurons.
The distribution of PSA in the lamprey does not appear to
match the olfactory distribution of PSA in mammals. The monoclonal antibody 5A5, which recognizes PSA, reveals numerous
immunoreactive cells throughout the central nervous system of
larval lamprey (Fig. 3A). In contrast to mammals, the cells of the
lamprey OE are not 5A5 immunoreactive. Although several studies have examined the distribution of NCAM in different vertebrates, virtually all studies of PSA have been conducted in mammals. Nevertheless, data in lamprey suggests that GnRH neurons
and PSA may be related across diverse vertebrate species. In
particular, immunopositive profiles are seen in the direct vicinity
of GnRH neurons during larval development (Fig. 3B and C).
A variety of adhesion molecules are thought to play significant
roles in development of the nervous system in addition to NCAM.
Other examples include various forms of tenascin [24] and laminin
[7]. In cultures of embryonic olfactory neurons, laminin was a poor
substrate for cell adhesion but enhanced cell migration [6]. Additional laminin isoforms are expressed in the developing olfactory
system, and that adhesion can be mediated by an endogenous
lectin, L-14 [28]. L-14 is capable of promoting olfactory axon
fasciculation by crosslinking adjacent axons and can promote
axonal adhesion to the extracellular matrix. TAG-1 is a glycosylphosphatidylinositol (GPI)-linked cell surface glycoprotein [17]
that also has promise in aiding an analysis of the developing
olfactory system and GnRH neurons in rodents. The TAG-1 adhesion molecule is expressed preferentially on olfactory-derived
fibers that reach toward the hypothalamus, and its expression is
restricted in time during the period of GnRH neuron migration
[72]. In E12 mice, small subsets of GnRH neurons coexpress
TAG-1 (K. Yoshida and G.A. Schwarting, unpublished observations), which raises the possibility that homophilic TAG-1/TAG-1
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interactions might contribute to adhesion of GnRH cells to
TAG-11 axons.
IDENTIFIED CELLS MIGRATING THROUGH THE
OLFACTORY SYSTEM
Much data concerning the migration of cells from the olfactory
system towards the brain also is derived from histochemical studies examining particular molecules at successive ages (e.g.,
[8,32,45,46,68]. Subsets of cells that migrate upon the pathway
also maintain selective carbohydrates on their cell surfaces. Evidence suggests that both neurons and glial cells migrate from
origins in the olfactory epithelial zones towards the cribriform
plate. Such cells have been identified based on their morphology
by electron microscopy [29], or the presence of specific antigens
detected by either immunocytochemistry [8,46,68] or lectin histochemistry [32,45]. Immunocytochemical and lectin histochemical
studies further suggest the potential involvement of specific cell
surface carbohydrates in the migration of these additional cells
through the nasal compartment. The same glycoconjugate directed
reagents that identify fibers also identify individual cells that can
be seen along those fibers (Fig. 2). In sections double-labeled for
UEA-1 and GnRH, the two cell types are often located in close
proximity. Interactions between these cells during the migration
process have not been examined.
We have recently utilized antisera directed against g-aminobutyric acid (GABA) to identify the neurotransmitter phenotype of
cells moving through the nasal compartment of rats, mice, and
humans [66]. Previously, the peptides molluscan cardioexcitatory
tetrapeptide (FRMFamide) in fish (e.g.,[69]), and somatostatin
[36] and neuropeptide Y [18] in chickens had been identified in
cells migrating through the olfactory system. However, these peptides have not been observed in the olfactory migration routes of
mammalian species. The dipeptide carnosine has been found in
migrating cells in mammals, however, its role in neurotransmission is unknown [61]. Recently, a homodimeric glycoprotein was
discovered in the pituitary of adult lampreys, and the olfactory
system of larval lampreys, and named nasohypophysial factor
(NHF [59]). In larval lampreys, the distribution of immunoreactive
NHF is similar to GS-1 reactive cells and fibers from the olfactory
epithelium to the hypothalamus. Interactions among the different
migrating cell populations may provide important determinants of
the migratory process in the nasal compartment and at the cribriform plate. GABA, in particular, may play important neurotrophic
roles [25], and/or significantly influence neuronal migration [5]
during development. At a minimum, these markers help identify
the phenotypes of cells that migrate through the olfactory system
and perhaps into the brain.
The analysis of potential GABA-GnRH interactions was recently extended to prolarval lamprey [27]. Sections from animals
processed for GABA immunocytochemistry were compared with
those processed separately for GnRH immunocytochemistry. Although technical considerations precluded direct double-label experiments, GnRH neurons were found in regions close to cells that
contained immunoreactive GABA. Immunoreactive GABA was
present early in lamprey brain development (within 10 days of
fertilization), prior to the appearance of immunoreactive GnRH
(between 20 and 30 days after fertilization). The distribution of
GABA immunoreactive cells was significantly more widespread
than that of GnRH, however, there always appeared to be a gap in
the GABA cell distribution where GnRH neurons would be expected. Thus, the overwhelming impression was that GABA neurons surrounded GnRH neurons. There was no indication that
either populations of GABA or GnRH neurons originated in the
olfactory placode. The proximity of GABA to GnRH neurons
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FIG. 3. Photomicrographs of horizontal sections from larval lamprey (79 days after fertilization) reacted with monoclonal
antibody 5A5, which recognizes polysialic acid (A and B) or GnRH (C). The plane in A is dorsal to that shown in B and C. In
A, numerous PSA containing cells are seen in periventricular cells of the midbrain (black arrowheads) and reactive material is
seen on the medial surfaces of the olfactory bulbs (OB) and rostral diencephalon. At the more ventral level of B there were PSA
containing scattered cells (black arrows) in the same region where GnRH neurons are normally found (C; black arrows). 5A5
immunoreactive material was never seen in the olfactory epithelium (OE). The scale bar in C represents 50 microns and applies
to all panels. V 5 ventricle, H 5 hypothalamus, Hb 5 habenula, Th 5 thalamus.

lends support to the idea that GABA may influence the development of GnRH neurons in the lamprey.
OLFACTORY PATHWAYS AND GNRH CELLS
In species for which two or more forms of GnRH have been
identified, the different GnRH forms are usually found in different
cell populations (e.g., [10,26,30], reviewed [39]). However, evidence suggests that in one of the oldest extant vertebrates, the
agnathan lamprey, at least two different forms of GnRH in sea
lamprey are found in the same cells [64,65]. The population of
GnRH immunoreactive cells in lamprey is confined to a densely
packed tight arc within the rostral preoptic area. Both lamprey
GnRH-I and lamprey GnRH-III are found within this same cell
population from the earliest points in development, including
metamorphosis [23,64]. While in some species (e.g., a teleost:
Catostomus commersoni) cells containing different immunoreactive forms of GnRH can be located close to one another [48], in
lamprey GnRH neurons are packed side by side with virtually no
room for other cell types. Interestingly, in humans where some of
the first data for multiple forms of GnRH in a single species was
described, immunocytochemical evidence suggested that an alternative form (then tentatively identified as a lamprey GnRH-I form)

is present in cells within the same regions as those containing the
mammalian form [60]. In humans, different immunoreactive forms
of GnRH may coexist in the same cells, or be found in nearby
cells.
In the vertebrates that have been analyzed, the form of GnRH
not thought to regulate the hypothalamic–pituitary– gonadal axis
usually resides in more caudal sites. For example, in axolotls, the
caudal cell population (containing chicken GnRH-II) is not derived
from the olfactory placode [44]. Again, lampreys provide an
exception, because neurons containing two lamprey forms of
GnRH may be derived from cells within the brain and not the
olfactory placode [65]. On the other hand, a second population of
cells containing only lamprey GnRH-III was found transiently
during larval lamprey development [64].
A combination of several experiments utilizing different approaches led us to suggest that in lamprey GnRH neurons are born
within the central nervous system [64,65]. Thus, neurons containing immunoreactive GnRH appear first within the brain within
weeks of fertilization and the numbers increase slowly over the
course of the first year, with all added neurons appearing in the
same preoptic/hypothalamic location. Cells in this region can
incorporate the mitotic indicator bromodeoxyuridine (BrdU) dur-
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ing the larval period when GnRH neuron number is rising slowly.
These neuronal birthdating studies in larval lampreys also indicated that cells born in the region where GnRH neurons appear
often move radially away from the ventricles. Birthdating studies
in prolarval lampreys indicated that a majority of cells born in the
olfactory epithelium from 10 to 30 days after fertilization are not
postmitotic because olfactory epithelial labeling at these ages
dilutes out significantly within 10 –30 days.
All fibers containing immunoreactive GnRH are located caudal
to the olfactory bulbs at prolarval, larval, and metamorphic stages
and only appear to have originated from sources in the preoptic
area. At all points in development, olfactory fibers (as indicated by
GS-1 reactivity) coursed lateral to the locations of GnRH cells.
The boundary between the cell dense periventricular zone and the
lateral fiber region appeared to preclude direct contacts of GS1-B4 reactive olfactory fibers and cells with the more medial
perikarya containing immunoreactive lamprey GnRH. GnRH neurons themselves never appeared GS-1 reactive. As fibers containing immunoreactive lamprey GnRH exited the cell dense medial
zone to stream caudally toward the neurohypophysis, they did
mingle with GS-1-B4 reactive olfactory fibers travelling the same
path.
Unlike other vertebrates, in lampreys both forms of GnRH act
as neurohormones that stimulate the pituitary– gonadal axis [13].
Thus, the function and distribution of GnRH differs between
lamprey and other vertebrates. A central nervous system origin of
GnRH cells in the lamprey would be consistent with the hypothesis
that a central nervous system origin is a phylogenetically older
pattern. An extension of this hypothesis is that as new forms of
GnRH evolved that more specifically modulate pituitary function
(e.g., coincident with the development of a true portal circulation),
older forms were relegated to more caudal brain sites (with little to
no pituitary directed function). Newer forms of GnRH may have
come to be expressed in neurons with placodal origins. Such a shift
in gene expression to placodally derived cells may have been
presaged by the existence of cells in the olfactory system that were
already migrating into the brain. Thus, BrdU-labeled cells were
found in larval lamprey that appeared to be migrating from the
olfactory epithelium into the region of olfactory bulbs [65]. A
single mutation causing the expression of GnRH in such a cell
population could establish the more commonly found pattern of
GnRH neuronal migration from the olfactory system. Later mutations, in an evolutionary sense, may have been related to targeting
mechanisms that caused them to migrate further caudally to the
diencephalon in search of distant tropic cues from the newly
evolved median eminence.
One of the most common hypotheses regarding cues that guide
GnRH neurons into and through the brain is that they follow the
central projections of the terminal nerve (reviewed: [12,14,39,49]).
In adult lamprey, fibers have been traced from the nasal compartment into the brain using horseradish peroxidase [4,43]. However,
GnRH neurons have not been found along the terminal nerve in
adult lamprey [4,14], and it is controversial as to whether they lie
along the terminal nerve in amphibians [19,20], compared with
[38,40]. On the other hand, it was recently suggested that the
presence of GnRH is necessary to designate the ‘‘terminal nerve’’
as a projection from the vomeronasal organ [14]. Regardless of the
name of the projections from the olfactory system into the brain,
such olfactory-derived fibers exist in every vertebrate studied. In
the lamprey, the visualization of the projection of olfactory fibers
in combination with GnRH containing neurons shows that contacts
between fibers that arise in the olfactory system and the system of
GnRH containing cells and fibers is relegated to the level of the
fiber projections. It is likely that throughout vertebrate phylogeny
the olfactory system has maintained an intimate, yet flexible,
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relationship with brain circuits related to reproduction, and GnRH
neurons in particular. Even when GnRH neurons do not follow
olfactory fibers during development, olfactory fibers may still
impart significant information to GnRH neuronal fibers as they
project toward the pituitary.
UTILIZATION OF IN VITRO STUDIES
In vitro systems are useful for testing specific mechanisms
during development. To begin determining the nature of cues used
by GnRH neurons during their migration, we established a tissue
slice preparation that maintains connections between the forebrain
and nasal compartments [67]. Our initial studies tested whether
GnRH neurons utilize cues intrinsic to their migration route to
traverse the nasal/brain boundary. GnRH neuron migration between the nasal and brain compartments was evident based on
changes in their positions after successive days in vitro. Patterns of
GnRH neuron migration in situations where fiber guidance cues
may have been disturbed in vitro provide support for the suggestion that GnRH neurons utilize olfactory system fibers for guidance over a portion of their migration in the brain.
In the lamprey, the opportunity exists to expose the olfactory
system in vivo to selective agents by adding them to the lamprey’s
normal aqueous environment. As reviewed above, there appears to
be extensive opportunity for olfactory fiber interactions with the
developing GnRH system. An advantage of using prolarval lamprey is that they do not use nutrients from the environment, as they
still feed from their embryonic yolk proteins. In preliminary experiments we utilized prolarvae 20 days after fertilization, before
the first detectable GnRH neurons appear. Lamprey were placed
into 0.02 M solutions containing a-methyl-galactoside, melibiose,
or nothing extra. Lamprey were raised in this environment for
16 –22 days and then immersed in fixative prior to processing for
GnRH immunocytochemistry. When the number of neurons per
brain containing immunoreactive lamprey GnRH-III in 36- and
42-day old lamprey were counted, control animals had 17.8 6 3.2
(n 5 8), whereas a-methyl-galactoside– exposed animals had almost twice as many 30.7 6 3.4 (n 5 9), and those treated with the
alternate carbohydrate, melibiose, were not different from control
(20.9 6 4.3; n 5 9). These preliminary data are consistent with the
hypothesis that environmental exposure to specific carbohydrates
may influence the development of the GnRH system in lamprey.
Exogenous carbohydrate exposure may influence the olfactory
system either by binding to receptors on the surface of olfactory
neuroepithelia or by interfering (e.g., competitive inhibition) with
endogenous interactions between a-galactose–linked glycoconjugates and the carbohydrate binding proteins with which they
normally interact. Experiments such as these can help determine
factors that influence the development of GnRH neurons.
CONCLUSIONS
In mammals the existence of a transient pathway that extends
from olfactory neuroepithelial cells to regions caudal to the olfactory bulbs has been shown based on DiI labeling, lectin histochemistry, and immunocytochemistry for identified molecules. Our
studies in lamprey show that the olfactory fibers projecting caudally, beyond the primordial glomerular layer, are evident from
very early in development. Thus, where primary interactions between olfactory fibers and GnRH neurons are likely transient in
mammals, olfactory modulation of GnRH secretion in adulthood is
likely to be indirect. In lamprey, where primary interactions between olfactory fibers and GnRH projections are likely lifelong,
olfactory modulation of GnRH secretion in adulthood may be
more direct.

OLFACTORY–GnRH INTERRELATIONSHIPS

485

ACKNOWLEDGEMENTS

This study was supported by NIH Grants HD33441 (GAS/SAT) and
MR Core HD-04147, NSF Grant IBN-94-21697 (SAT), and IBN-90-04332
and IBN-94-07767 (SAS), and by a grant from the Great Lakes Fishery
Commission (SAT/SAS). We thank Jim Crandall, Troy Chickering, Iris
Hanna, Keiko Yoshida, Fred Goldman, Craig Robinson, Janet MacIntyre,
Cindy Chase, Kelly Deragon, Rebecca Gamble, and Denise Brescia for
contributing to the work summarized in this review.

19.
20.
21.
22.

REFERENCES
1. Akutsu, S.; Takada, M.; Ohki–Hamazaki, H.; Murakami, S.; Arai, Y.
Origin of luteinizing hormone-releasing hormone (LHRH) neurons in
the chick embryo: Effect of the olfactory placode ablation. Neurosci.
Lett. 142:241–244; 1992.
2. Amraoui, A. E.; Dubois, P. M. Experimental evidence for an early
commitment of gonadotropin-releasing hormone neurons, with special
regard to their origin from the ectoderm of nasal cavity presumptive
territory. Neuroendocrinology 57:991–1002; 1993.
3. Astic, L.; Le Pendu, L.; Mollicone, R.; Saucier, D.; Oriol, R. Cellular
expression of H and B antigens in the rat olfactory system during
development. J. Comp. Neurol. 289:386 –394; 1989.
4. Bartheld, C. S. von; Meyer, D. L. Central projections of the nervus
terminalis in lampreys, lungfishes, and bichirs. Brain Behav. Evol.
32:151–159; 1988.
5. Behar, T. N.; Li, Y. X.; Tran, H. T.; Ma, W.; Dunlap, V.; Scott, C.;
Barker, J. L. GABA stimulates chemotaxis and chemokinesis of embryonic cortical neurons via calcium-dependent mechanisms. J. Neurosci. 16:1808 –1818; 1996.
6. Calof, A. L.; Lander, A. D. Relationship between neuronal migration
and cell-substratum adhesion: Proliferation and differentiation of an
olfactory neuron precursor in vitro. Neuron 3:115–127; 1991.
7. Calof, A. L.; Campanero, M. R.; O’Rear, J. J.; Yurchenco, P. D.;
Lander, A. D. Domain-specific activation of neuronal migration and
neurite outgrowth-promoting activities of laminin. Neuron 13:117–
130; 1994.
8. Carr, V. M.; Farbman, A. I.; Lidow, M. S.; Colletti, L. M.; Hempstead,
J. L.; Morgan, J. I. Developmental expression of reactivity to monoclonal antibodies generated against olfactory epithelia. J. Neurosci.
9:1179 –1198; 1989.
9. Daikoku, S.; Koide, I. In vitro development of placode-derived LHRH
neurons: Possible involvement of a-fetoprotein. Horm. Behav. 28:
328 –335; 1994.
10. Dellovade, T. L.; King, J. A.; Millar, R. P.; Rissman, E. F. Presence
and differential distribution of distinct forms of immunoreactive gonadotropin-releasing hormone in the musk shrew brain. Neuroendocrinology 58:166 –177; 1993.
11. Dellovade, T. L.; Rissman, E. F. Gonadotropin releasing hormoneimmunoreactive cell numbers change in response to social interactions. Endocrinology 134:2189 –2197; 1994.
12. Demski, L. S. Terminal nerve complex. Acta Anat. 148:81–95; 1993.
13. Deragon, K. L.; Sower, S. A. Effects of lamprey gonadotropin-releasing hormone-III on steroidogenesis and spermiation in male sea lampreys. Gen. Comp. Endocrinol. 95:363–367; 1994.
14. Eisthen, H. L.; Northcutt, R. G. Silver lampreys (Ichthyomyzon unicuspis) lack a gonadotropin-releasing hormone- and FMRFamideimmunoreactive terminal nerve. J. Comp. Neurol. 370:159 –172; 1996.
15. Finger, T. E.; Bottger, B. Peripheral peptidergic fibers of the trigeminal
nerve in the olfactory bulb of the rat. J. Comp. Neurol. 334:117–124;
1993.
16. Franceschini, V.; Lazzari, M.; Revoltella, R. P.; Ciani, F. Histochemical study by lectin binding of surface glycoconjugates in the developing olfactory system of rat. Int. J. Devl. Neurosci. 12:197–206;
1994.
17. Furley, A. J., Morton, S. B., Manalo, D., Karagogeos, D., Dodd, J.,
Jessell, T. M. The axonal glycoprotein TAG-1 is an immunoglobulin
superfamily member with neurite outgrowth-promoting activity. Cell
61:157–170; 1990.
18. Hilal, E. M.; Chen, J. H.; Silverman, A. J., Joint migration of gonadotropin-releasing hormone (GnRH) and neuropeptide Y (NPY) neu-

23.

24.

25.
26.

27.

28.
29.
30.

31.
32.
33.

34.

35.
36.
37.

38.

39.

rons from olfactory placode to central nervous system. J. Neurobiol.
31:487–502; 1996.
Hofmann, M. H.; Meyer, D. L. Subdivisions of the terminal nerve in
Xenopus laevis. J. Exp. Zool. 259:324 –329; 1991b.
Hofmann, M. H.; Meyer, D. L. Peripheral origin of olfactory nerve
fibers by-passing the olfactory bulb in Xenopus laevis. Brain Res.
589:161–163; 1992.
Ichikawa, M.; Osada, T.; Ikai, A. Bandeiraea simplicifolia lectin I and
Vicia villosa agglutinin bind specifically to the vomeronasal axons in
the accessory olfactory bulb of the rat. Neurosci. Res. 13:73–79; 1992.
Jan, L. Y.; Jan Y.N.; Brownfield, M. S. Peptidergic transmitters in
synaptic boutons of sympathetic ganglia. Nature 288:380 –382; 1980.
King, J. C.; Sower, S. A.; Anthony, E. L. P. Neuronal systems
immunoreactive with antiserum to lamprey gonadotropin-releasing
hormone in the brain of Petromyzon marinus. Cell Tissue Res. 253:
1– 8; 1988.
Krull, C. E.; Oland, L. A.; Faissner, A.; Schachner, M.; Tolbert, L. P.
In vitro analysis of neurite outgrowth indicate a potential role for
tenascin-like molecules in the development of insect olfactory glomeruli. J. Neurobiol. 25:989 –1004; 1994.
Lauder, J. M. Neurotransmitters as growth regulatory signals: Role of
receptors and second messengers. Trends Neurosci. 16:233–240; 1993.
Lepretre, E.; Anglade, I.; Williot, P.; Vandesande, F.; Tramu, G.; Kah
O. Comparative distribution of mammalian GnRH (Gonadotropinreleasing hormone) and chicken GnRH-II in the brain of the immature
Siberian sturgeon (Acipenser baeri). J. Comp. Neurol. 337:568 –583;
1993.
MacIntyre, J. K.; Gamble, R.; Chickering, T. W.; Sower, S. A.; Tobet,
S. A. Developmental relationship of neurons containing g-aminobutyric acid to neurons containing gonadotropin-releasing hormone in the
sea lamprey. Am. Zool. 35:22A; 1995.
Mahanthappa, N. K.; Cooper, D. N. W.; Barondes, S. H.; Schwarting,
G. A. Rat olfactory neurons can utilize the endogenous lectin, L-14, in
a novel adhesion mechanism. Development 120:1373–1384; 1994.
Mendoza, A. S.; Breipohl, W.; Miragall, F. Cell migration from the
chick olfactory placode: A light and electron microscopic study. J.
Embryol. Exp. Morphol. 69:47–59; 1982.
Millam, J. R.; Faris, P. L.; Youngren, O. M.; El Halawani, M. E.;
Hartman, B. K. Immunohistochemical localization of chicken gonadotrophin-releasing hormones I and II (cGnRH I and II) in turkey hen
brain. J. Comp. Neurol. 333:68 – 82; 1993.
Miragall, F.; Dermietzel, R. Immunocytochemical localization of cell
adhesion molecules in the developing and mature olfactory system.
Microsc. Res. Technol. 23:157–172; 1992.
Mollicone, R.; Trojan, J.; Oriol, R. Appearance of H and B antigens in
primary sensory cells of the rat olfactory apparatus and inner ear. Dev.
Brain Res. 17:275–279; 1985.
Murakami, S.; Seki, T.; Wakabayashi, K.; Arai, Y. The ontogeny of
luteinizing hormone-releasing hormone (LHRH) producing neurons in
the chick embryo: Possible evidence for migrating LHRH neurons
from the olfactory epithelium expressing a highly polysialated neural
cell adhesion molecule. Neurosci. Res. 12:421– 431; 1991.
Murakami, S.; Kikuyama, S.; Arai, Y. The origin of the luteinizing
hormone-releasing hormone (LHRH) neurons in newts (Cynops
purrhogaster): The effect of olfactory placode ablation. Cell Tissue
Res. 269:21–27; 1992.
Murakami, S.; Arai, Y. Direct evidence for the migration of LHRH
neurons from the nasal region to the forebrain in the chick embryo: A
carbocyanine dye analysis. Neurosci. Res. 19:331–338; 1994.
Murakami, S.; Arai, Y. Transient expression of somatostatin immunoreactivity in the olfactory-forebrain region in the chick embryo.
Dev. Brain Res. 82:277–285; 1994.
Murakami, S.; Kamiya, M.; Akutsu, S.; Seki, T.; Kuwabara, Y.; Arai,
Y. Straying phenomenon of migrating LHRH neurons and highly
polysialylated NCAM in the chick embryo. Neurosci. Res. 22:109 –
115; 1995.
Muske, L. E.; Moore, F. L. The nervus terminalis in amphibians:
Anatomy, chemistry and relationship with the hypothalamic gonadotropin-releasing hormone system. Brain Behav. Evol. 32:141–150;
1988.
Muske, L. E. Evolution of gonadotropin-releasing hormone (GnRH)
neuronal systems. Brain Behav. Evol. 42:215–230; 1993.

486
40. Muske, L. E.; Moore, F. L. Antibodies against different forms of
GnRH distinguish different populations of cells and axonal pathways
in a urodele amphibian, Taricha granulosa. J. Comp. Neurol. 345:
139 –147; 1994.
41. Nair, S.; Prasadarao, N.; Tobet, S. A.; Jungalwala, F.B. Rostral-caudal
expression of antibody HNK-1 reactive glycolipids in mouse cerebellum: Relationship to developmental compartments and leaner mutation. J. Comp. Neurol. 332:282–292; 1993.
42. Norgren, R. B.; Gao, C. LHRH neuronal subtypes have multiple
origins in chickens. Dev. Biol. 165:735–738; 1994.
43. Northcutt, R. G.; Puzdrowski, R. L. Projections of the olfactory bulb
and nervus terminalis in the silver lamprey. Brain Behav. Evol. 32:
96 –107; 1988.
44. Northcutt, R. G.; Muske, L. E. Multiple embryonic origins of gonadotropin-releasing hormone (GnRH) immunoreactive neurons. Dev.
Brain Res. 78:279 –290; 1994.
45. Pellier, V.; Astic, L. Histochemical and immunocytochemical study of
the migration of neurons from the rat olfactory placode. Cell Tissue
Res. 275:587–598; 1994.
46. Pellier, V.; Astic, L.; Oestreicher, A. B.; Saucier, D. B-50/GAP-43
expression by the olfactory receptor cells and the neurons migrating
from the olfactory placode in embryonic rats. Dev. Brain Res. 80:63–
72; 1994.
47. Piavis, G. W. Embryological stages in the sea lamprey and effects of
temperature on development. Fishery Bull. Fish Wildlife Serv. 61:
111–143; 1961.
48. Robinson, T. C.; Tobet, S. A.; Sower, S. A. Gonadotropin-releasing
hormones in the teleost, Catostomus commersoni (White Sucker). Am.
Zool. 35:22A; 1995.
49. Schober, A.; Meyer, D. L.; Von Bartheld, C. S. Central projections of
the nervous terminalis and the nervous praeopticus in the lungfish
brain revealed by nitric oxide synthase. J. Comp. Neurol. 349:1–19;
1994.
50. Schwanzel–Fukuda, M.; Pfaff, D. W. Origin of luteinizing hormonereleasing hormone neurons. Nature 338:161–164; 1989.
51. Schwanzel–Fukuda, M.; Pfaff, D. W. Migration of LHRH-immunoreactive neurons from the olfactory placode rationalizes olfacto-hormonal relationships. J. Ster. Biochem. Mol. Biol. 39:565–572; 1991.
52. Schwanzel–Fukuda, M.; Reinhard, S.; Abraham, S.; Crossin, K. L.;
Edelman, G. M.; Pfaff, D. W. Antibody to neural cell adhesion
molecule can disrupt the migration of luteinizing hormone-releasing
hormone neurons into the mouse brain. J. Comp. Neurol. 342:174 –
185; 1994.
53. Schwarting, G. A.; Deutsch, G.; Gattey, D. M.; Crandall, J. E. Glycoconjugates are stage and position-specific cell surface molecules in
the developing olfactory system: 1. The CC1 immunoreactive glycolipid defines a rostrocaudal gradient in the rat vomeronasal system.
J. Neurobiol. 23:120 –129; 1992.
54. Schwarting, G. A.; Deutsch, G.; Gattey, D. M.; Crandall, J. E. Glycoconjugates are stage and position-specific cell surface molecules in
the developing olfactory system: 2. Unique carbohydrate antigens are
topographic markers for selective projection patterns of olfactory
axons. J. Neurobiol. 23:130 —142; 1992.
55. Schwarting, G. A.; Crandall, J. E. Subsets of olfactory and vomeronasal sensory epithelial cells and axons revealed by monoclonal antibodies to carbohydrate antigens. Brain Res. 547:239 –248; 1991.
56. Sherwood, N. M.; Lovejoy, D. A.; Coe, I. R. Origin of mammalian
gonadotropin-releasing hormones. Endocr. Rev. 14:241–254; 1993.
57. Sower, S. A. Neuroendocrine control of reproduction in lampreys. Fish
Physiol. Biochem. 8:365–374; 1990.
58. Sower, S. A.; Chiang, Y.-C.; Sandor, L.; Conlon, J. M. Primary

TOBET, SOWER AND SCHWARTING

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

structure and biological activity of a third gonadotropin-releasing
hormone from lamprey brain. Endocrinology 132:1125–1131; 1993.
Sower, S. A.; Takahashi, A.; Nozaki, M.; Gorbman, A.; Youson, J. H.;
Joss, J.; Kawauchi, H. A novel glycoprotein in the olfactory and
pituitary systems of larval and adult lampreys. Endocrinology 136:
349 –356; 1995.
Stopa, E. G.; Sower, S. A.; Svendsen, C. N.; King, J. C. Polygenic
expression of gonadotropin-releasing hormone (GnRH) in human?
Peptides 9:419 – 423; 1988.
Tarozzo, G.; Peretto, P.; Perroteau, I.; Andreone, C.; Varga, Z.; Nicholls, J.; Fasolo, A. GnRH neurons and other cell populations migrating from the olfactory neuroepithelium. Ann. Endocrinol. 55:249 –
254; 1994.
Terasawa, E.; Quanbeck, C. D.; Schulz, C. A.; Burich, A. J.; Luchansky, L. L.; Claude, P. A primary cell culture system of luteinizing
hormone releasing hormone neurons derived from embryonic olfactory
placode in the Rhesus monkey. Endocrinology 133:2379 –2390; 1993.
Tobet, S. A.; Crandall, J. E.; Schwarting, G. A. Relationship of
migrating luteinizing hormone-releasing hormone (LHRH) neurons to
unique olfactory system glycoconjugates in embryonic rats. Dev. Biol.
155:471– 482; 1993.
Tobet, S. A.; Nozaki, M.; Youson, J. H.; Sower, S. A. Distribution of
lamprey gonadotropin-releasing hormone-III (GnRH-III) in brains of
larval lampreys (Petromyzon marinus). Cell Tissue Res. 279:261–270;
1995.
Tobet, S. A.; Chickering, T. W.; Sower, S. A. Relationship of gonadotropin-releasing hormone (GnRH) neurons to the olfactory system in
developing lamprey (Petromyzon marinus). J. Comp. Neurol. 376:97–
111; 1996.
Tobet, S. A.; Chickering, T. W.; King, J. C.; Stopa, E. G.; Kim, K.,
Kuo–LeBlank, V.; Schwarting, G.A. Expression of g-aminobutyric
acid and gonadotropin-releasing hormone during neuronal migration
through the olfactory system. Endocrinology 137:5415–5420; 1996.
Tobet, S. A.; Hanna, I. K.; Schwarting, G. A. Migration of neurons
containing gonadotropin-releasing hormone (GnRH) in slices from
embryonic nasal compartment and forebrain. Dev. Brain Res. 97:287–
292; 1996.
Valverde, F.; Heredia, M.; Santacana, M. Characterization of neuronal
cell varieties migrating from the olfactory epithelium during perinatal
development in the rat. Immunocytochemical study using antibodies
against olfactory marker protein (OMP) and luteinizing hormonereleasing hormone (LH-RH). Dev. Brain Res. 71:209 –220; 1993.
White, J.; Meredith M. Nervus terminalis ganglion of the bonnethead
shark (Sphyrna tiburo): Evidence for cholinergic and catecholaminergic influence on two cell types distinguished by peptide immunocytochemistry. J. Comp. Neurol. 351:351– 403; 1995.
White, S. A.; Kasten, T. L.; Bond, C. T.; Adelman, J. P.; Fernald, R. D.
Three gonadotropin-releasing hormone genes in one organism suggest
novel roles for an ancient peptide. Proc. Natl. Acad. Sci. USA 92:
8363– 8367; 1995.
Wray, S.; Grant, P.; Gainer H. Evidence that cells expressing luteinizing hormone-releasing hormone mRNA in the mouse are derived
from progenitor cells in the olfactory placode. Proc. Natl. Acad. Sci.
USA 86:8132– 8136; 1989.
Yoshida, K.; Tobet, S. A.; Crandall, J. E.; Jimenez, T. P.; Schwarting,
G. A. The migration of luteinizing hormone-releasing hormone neurons in the developing rat is associated with a transient, caudal projection of the vomeronasal nerve. J. Neurosci. 15:7769 –7777; 1995.
Yoshida, K.; Schwarting, G. A.; Rutishauser, U.; Crandall, J. E. LHRH
neuronal migration is disrupted by enzymatic removal of polysialic
acid in embryonic mice. Soc. Neurosci. Abstr. 21:1528; 1995.

