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In all vertebrate species studied, the main central population of GnRH neurones,
which produces the final messages regulating reproduction, originates outside the
brain. Early during fetal life, they appear in the olfactory placode epithelium and
then migrate toward the base of the telencephalon in close association with the
nervus terminalis, penetrate the brain within the nervus terminalis roots, reach their
final locations and eventually grow axons toward their targets. Only part of this
process is documented in ruminants. In the sheep fetus, the olfactory placode
develops between day 22 and day 26 of gestation, but the first GnRH-
immunoreactive neurones have been detected only at day 35, associated with the
extracerebral part of the nervus terminalis. During the next 30 - 40 days, the GnRH
neuronal systems progressively invade the brain. In both sexes, most of the
development, in terms of distribution and morphology of the neurones, appears to
be completed by the middle of gestation (term being on day 145). On day 85

GnRH-immunoreactive neuronal systems of male and female fetuses have also been
reported to be very similar to GnRH neuronal systems of adult females. Attention
should now be focused on the earliest developmental steps.

Introduction

For each animal, reproduction is a key task involving numerous neural, endocrine and behavioural
events. Most of the endocrine events are controlled by the rate of secretion into the hypothalamo—
pituitary portal blood of a single decapeptide, gonadotrophin-releasing hormone (GnRH). Some of the
sexual behavioural components may also require the expression of GnRH-linked information. Therefore,
GnRH pulsatile secretion is to some extent the final common message from the brain, integrating all the
neurally translated cues necessary for reproduction to occur (for a review, see Caldani et al., 1993).
Besides this rhythmic activity, implying the existence of a pace-maker and of a way of synchronizing
about two thousand neurones, the GnRH neurones possess a unique property as neuroendocrine
neurones; i.e. they originate outside the brain.

In adult ruminant brains, as in all eutherian mammals studied in detail (see Silverman et al., 1994), the
GnRH neurones are not found in precise groups of cells but occur as a loose continuum in the ventral
telencephalic and diencephalic areas (sheep: Advis et al., 1985; Lehman et al., 1986; Caldani ef al., 1988;

cows: Leshin et al., 1988). Figure 1 shows the distribution of the 2500 - 3000 GnRH immunoreactive
neurones of an adult sheep brain (half of them being found in the preoptic area), and the main fibre
pathways and terminal fields (Caldani et al., 1988). GnRH-immunoreactive neurones are also found
outside the brain: since the pioneering work of Schwanzel-Fukuda and Silverman (1980) describing the
presence of GnRH-immunoreactive neurones in the nervus terminalis of adult guinea-pigs, the same
localization has also been found in numerous species (see Silverman et al., 1994) including sheep (Caldani
et al., 1987). For a general review of the nervus terminalis complex and its possible functions see Demski
(1993).
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Fig. 1. Schematic drawing of a sagittal projection of an adult sheep brain with the location

of GnRH-immunoreactive perikarya: (I) preoptic area (50%), (2) olfactory tubercle/septal

area (15%), (3) anterior and lateral hypothalamus (16%), (4) mediobasal hypothalamus

(14%) and extrahypothalamic structures (5%): olfactory bulb (5), subcallosal area (6) and

median amygdala (7). Major projection sites are (a) median eminence and (b) organum

vasculosum of the lamina terminalis. Dotted lines represent GnRH-immunoreactive fibres.

PG: pituitary gland. Scale bar represents 1 cm.

Determining how the diffuse system of individual, scattered neurones is coordinated in the adult
brain will be ". . . one the major anatomic challenges of this decade" (Silverman et al., 1994), but

the challenge of the last few years has been to demonstrate that the GnRH neurones originate outside
the brain at the olfactory placode and then migrate into the brain, in close association with the nervus
terminalis system. Such a phenomenon was first described in the mouse fetus (Schwanzel-Fukuda and
Pfaff, 1989; Wray et aL, 1989a,b), and then in other species, suggesting that it is a general phenomenon
among vertebrates.

The different steps of the ontogeny of the GnRH systems will be described and discussed in the
following sections, on the basis of available data in vertebrates. Special attention will be paid to what is
known in ruminant species (i.e. sheep), based mainly on our own work.

Origin of GnRH Neurones

General embryology

During the early stages of vertebrate embryo development, the sensory placodes appear as
thickenings of the head epiderm. Later, the olfactory placode invaginates twice: the first (main) recess
later develops into the nasal cavity; the secondary (accessory), medial recess becomes the vomeronasal
organ. From the lateral part of the olfactory epithelium neurones associated with the main olfactory
system migrate, whereas neurones associated with the accessory (vomeronasal) system migrate from the
medial part of the epithelium. The neurone migrations from the rat olfactory placode have been
investigated in detail (Pellier and Astic, 1994). Another neuronal system, the nervus terminalis, also
originates in the epithelium of the secondary recess, and migrates toward the posterior forebrain in the
medial septum and preoptic area (Johnston, 1913; Larsell, 1918, 1950).

First appearanceof GnRH-immunoreactive neurones

The mouse fetus has been a 'model of choice' for the description of GnRH neurones in the
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epithelium of the medial part of the olfactory placode (Schwanzel-Fukuda and Pfaff, 1989; Wray et al.,
1989a, b), as in mice the phenotypic differentiation, i.e. GnRH synthesis, allows them to be observed
directly before they begin to migrate. Such a direct observation has also been reported in Rhesus
monkey fetuses (Ronnekleiv and Resko, 1990) and in some non-mammalian species (chicken: Norgren
and Lehman, 1991; Murakami et al., 1991). However, in most vertebrates, there is evidence of a close

association between GnRH neurones and elements of the nervus terminalis during the later stages of
development (for reviews, see Tobet et al., 1992; Daikoku et al., 1993; Silverman et al., 1994). This

evidence has been corroborated both by studies in which the ablation of the olfactory placode was
followed by the absence of GnRH-immunoreactive neurones (in amphibians: Murakami et al., 1992;
Northcutt and Muske, 1994 or in chicken: Akutsu et af, 1992), and studies showing the presence of

GnRH-immunoreactive neurones in cultures derived from mouse (Schwanzel-Fukuda et al., 1992b),

monkey (Terasawa et al., 1993) and rat (Daikoku et al., 1993) olfactory placodes in vitro. In rats, this result

is of great importance since, in that species, GnRH-immunoreactive neurones were never directly
labelled at the placode epithelium.

The previous data clearly show that there may be differences in the rate of GnRH synthesis in the
earliest steps of the development among species, which could determine whether GnRH-immunoreactive
neurones could be detected in the olfactory placode epithelium. On paraffin wax sections obtained from
ovine fetuses and stained with cresyl violet for topographical recognition, we identified the first
appearance of the olfactory placode as a thickening of the nasal epiderm (Fig. 2a) on day 22. It then

invaginates twice, and by day 26 the two recesses, the main one and the accessory one on its medial

side, are clearly obvious in horizontal sections (Fig. 2b). At this stage, groups of cells associated with
fibre bundles can be distinguished between the epithelium of the placode and the base of the forebrain
(Fig. 2c). As the recess deepens, the turbinates develop and become evident between day 29 and day 35.

On paraffin-wax sections, GnRH-immunoreactivity was not observed before day 52. The sensitivity of
immunodetection was increased by investigating cryostat sections from days 26 to 35 (the period when
nasal cavity development occurs) fetuses for GnRH immunohistochemistry, but we could not label any
GnRH-immunoreactive neurones before day 35, and we did not find them in the epithelium.

Determining whether the presence of GnRH-immunoreactive neurones inside the epithelium of the
olfactory placode represents real species differences or whether it is related to the nature of the epitopes
recognized by the primary antibodies used is currently under investigation. On fetal sheep tissue the
anti-2-10 GnRH antibody we use, which recognizes only the free peptide (Caldani et al., 1988), is

different from the antibody used in the mouse studies (see Livne et al., 1993 for the differential kinetics
in the development of the peptide and its precursor immunoreactivities in the fetal mouse).

Placocleor not placocle?

In the chick embryo, the removal of the olfactory placode anlage at a stage as early as the neural folds
stage is not followed by the absence of GnRH-immunoreactive neurones (El Amraoui and Dubois, 1993).
Rather, GnRH neurones were not detected when the presumptive ectoderm of the nasal cavity or both
the olfactory placode and the ectoderm of the nasal cavity presumptive territories were removed. Thus,
in the chick embryo, GnRH neurones seem to be committed very early during development and,
moreover, they do not originate from the olfactory placode but from the adjacent ectoderm of the nasal
cavity presumptive territory (El Amraoui and Dubois, 1993), close to the presumptive territory of the
adenohypophysis (Couly and Le Douarin, 1988). As olfactory placode ablation at later stages of
development in chicken (Akutsu et al., 1992) or in newts (Murakami et al., 1992) results in a failure of
GnRH neurone development, it is hypothesized that a first migration occurs early during neurogenesis
and that "... olfactory placode derivatives (i.e. olfactory epithelium and nerve) should be regarded as a
bridge, but not as a source, for GnRH neurones to reach brain areas" (El Amraoui and Dubois, 1993).

In addition to the main GnRH neurone group, the 'terminalis group' or GnRH-I group, which is
always found as a continuum in Lel- and di-encephalic structures, a second group of GnRH neurones has
been described in several vertebrates (see Northcutt and Muske, 1994), this group being more caudally
and not anatomically contiguous with the GnRH-I group (GnRH-II group). The question of the origin
of the GnRH-II neurones has recently been posed: in the axolotl, bilateral olfactory placode ablation,
followed by the disappearance of the GnRH-I group, is not followed by the disappearance of the
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Fig. 2. Development of the olfactory placodes of sheep fetus on cresyl violet stained paraffin-wax

sections. (a) Day 22 fetus, sagittal view, the olfactory placode is a small thickening of the face epiderm

(arrowheads); (b) and (c) day 26 fetus, horizontal view, the main and accessory (arrowheads) recesses of

the placode are present (b), with fascicles of cells (arrows) between the olfactory epithelium and the

ventral forebrain (c). Scale bars represent 1 mm in (a) and (b), and 100 pm in (c).

GnRH-II group, which, therefore, is not of nasal origin (Northcutt and Muske, 1994). Moreover, the
recently characterized frog GnRH-I gene shares common features with the mammalian gene but is not
responsible for the expression of GnRH in the caudal group (Hayes ef a)., 1994).

It can be concluded that two populations of GnRH neurones coexist in the brain of vertebrates, one
of placodal/ectodermal origin, responsible for the gonadotrope function, and the other one of unknown
origin, responsible for an unknown function, synthesizing a GnRH-related peptide(s), encoded by an
unknown gene. However, no data are available about the GnRH-II group in sheep.

Extracerebral Migration of GnRH Neurones

After appearing in the epithelium of the olfactory placode, the GnRH neurones migrate from the nasal
cavity through the cribriform plate, follow the intracranial course of the nervus terminalis and penetrate
the brain within its roots.

Kallmannsyndrome

In humans, an association of anosmia and hypogonadism, known as the Kallmann syndrome
(Kallmann ef al., 1944), is considered to result from the failure of olfactory and GnRH neurones to
migrate into the brain normally (Schwanzel-Fukuda ef 1989). The human Kallmann gene has been
shown to encode a putative adhesion protein (Legouis ef al., 1991, 1994). Furthermore, its chicken
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homologue is expressed in both fetal and adult mitral cells of the olfactory bulbs (the targets of
the olfactory axons), suggesting a role in neuronal targeting for the encoded protein, the failure of the
GnRH neurone migration being a consequence of the abnormal development of the olfactory bulbs
(Rugarli et al., 1993).

Cell adhesion molecules(CAMs) and migratory mechanisms

The mechanisms involved in this migration remain largely unknown. In chick embryos, an
association between neural cell adhesion molecule (NCAM)-immunoreactive cells and GnRH migrating
neurones has been described (Murakami et al., 1991; Norgren and Brackenbury, 1993). However, the
precise role of NCAM in migration is not clear. As NCAMs are expressed uniformly in the olfactory
epithelium and nerves, without increased intensity of staining in the vicinity of GnRH neurones, it has
been suggested that rather than guiding the migration, they could play a permissive role (Norgren and
Brackenbury, 1993). Similarly, in the mouse fetus, GnRH-immunoreactive neurones have been shown to
follow a type of scaffolding made of NCAM-immunoreactivity which joins the olfactory epithelium to
a cellular aggregate located below the forebrain, where GnRH-immunoreactive neurones are observed
before they penetrate the brain (Schwanzel-Fukuda et al., I992a). Moreover, antibodies to NCAM, when
injected at the level of the olfactory recess before the onset of migration, can disrupt the migration of
GnRH neurones (Schwanzel-Fukuda et al., 1994). Lastly, neurones expressing NCAM along the
migration route between the olfactory placode and the forebrain in Rhesus monkey fetuses have also
been shown to express a non-mammalian (not yet identified) form of GnRH, preceding and maybe
providing guiding cues for the mammalian neurones expressing GraH (Quanbeck et al., 1994). Other
challenging molecules could also play a role in migration, for example a glycoconjugate, CC2, which is
expressed intensely at the cribriform plate (Tobet et al., 1992), or the growth-associated protein GAP-43
(Livne et al., 1993).

Role of the GnRH neurones in their own migration

In addition, the direct involvement of the GnRH neurones in migration has been shown by the
disruption of migration in mice transgenic for the GnRH gene (Radovick et al., 1991).

Do CnRH-immunoreactive neuronesalso mgrate in the sheepfetus?

Owing to the low sensitivity of GriRH immunohistochemical detection methods on paraffin-wax
sections, sheep fetus cryostat sections were treated in the presence or absence of Triton-X100.

Examination of cryostat sections immunohistochemically treated without Triton-X100 obtained from
day 29-35 fetuses did not reveal any immunoreactive structures and from day 36, all the GnRH
immunoreactivity was found exclusively inside the brain.

The main observation of the cryostat sections treated in the presence of Triton-X100 was the
appearance of GnRH immunoreactivity earlier than in the other groups and its occurrence outside
the brain. The specificity of the immunoreaction was assessed by its absence after preincubation of the
primary anti-GnRH antibody with mammalian GnRH, but not with chicken I- or chicken II-GnRH.
Although no labelling was demonstrated on day 29, from day 35 immunoreactive cells were present in
the head and neck epidermis (Fig. 3a). This labelling persisted throughout gestation and during
adulthood (Caldani and Batailler, 1990). As early as day 36 (data not shown), it was also possible to
detect some immunoreactive neurones and fibres both in the nervus terminalis and in the medial
olfactory tubercle, where the nervus terminalis has been shown to penetrate the brain in adults (Caldani
et al., 1988). GnRH-immunoreactive structures were never observed in the nervus terminalis without any
labelling inside the brain.

GnRH immunodetection was also performed on free-floating sections obtained from a day 40 fetus.
As on cryostat sections in the presence of Triton-X100, immunoreactive cells were simultaneously
labelled in the facial and neck epiderm (Fig. 3b) and in the upper part of the posterior nasal cavity, at the
level of the intranasal course of the nervus terminalis (Fig. 3c).
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Fig. 4. Classical immunofluorescence methods (overnight incubation in the primary antibody and I h
incubation in the secondary antibody, both being diluted 1/200) show that GnRH-immunoreadive structures
are very weakly labelled on the paraffin-wax sections and cryostat sections without Triton-X100 from sheep
fetuses at very early stages. However, on paraffin-wax sections, perikarya appear to be labelled in the
preoptic (a), septal (b) and anterior hypothalamic (c) areas, with few immunoreactive fibres starting from the
perikarya (arrows) and terminals in the organum vasculosum of the lamina terminalis (d) in a fetus at day 63.
From day 80, no more immunoreactive perikarya are labelled on paraffin-wax sections, but the number of
immunoreactive fibres increases until birth, especially in the median eminence (day 141 (e)). Numerous
irnrnunoreactive perikarya (arrows) and fibres are also found in the mammillary bodies (day 62, cryostat (f)).
Scale bars represent 25 p.m.
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organum vasculosum of the lamina terminalis, or more laterally, near the anterior commissure and in the
medial septum (Fig. 4b). Some of them were more posteriorly located in the anterior and lateral
hypothalamus (Fig. 4c). In one case (day 63) one immunoreactive perikaryon was identified in the
infundibular nucleus.

On day 52, immunoreactive perikaya were labelled exclusively in the preoptic area, very close to the
lamina terminalis. Later, their distribution and number increased: about 20-50 on day 52, between 250
and 300 on day 63 and between 1500 and 2000 on day 70. These numbers were estimated from the
numbers of perikarya labelled on the one treated section of every ten sections. The observed distribution
differed from that of adults; the proportion of immunoreactive perikarya in the infundibular nucleus was
smaller and the posterior extension of cellular labelling was larger as it includes the mammillary bodies
(data not shown).

Immunoreactive fibres and terminals were first mainly concentrated in the preoptic area and organum
vasculosum of the lamina terminalis (Fig. 4d), respectively. Later, in the mediobasal hypothalamus, fibres
showed a preferential orientation toward the median eminence which itself remained quite devoid of any
labelling until day 70.

It was not possible to observe even one immunoreactive perikaryon on fetuses at day 80 or later.
Conversely, the number of immunoreactive fibres and terminals increased both in the preopticohypo-
thalamic areas and extra-preopticohypothalamic areas. At the median eminence they were rapidly
organized with the same pattern as in the adult: their highest concentrations were observed in the
dorsolateral parts of the external layer (Fig. 4e).

Cryostat sections without Triton- X100. The first GnRH-immunoreactive structures were

observed between day 36 and day 40. Owing to the weak intensity of labelling, no difference was
noticed between day 40 and day 43. Immunoreactive neurones, always very scarce at this stage of
development, were found in the olfactory tubercle and in the basal preoptic, septal and lateral
hypothalamic areas. Fibres were also labelled in the mediodorsal preoptic area and the mediobasal
hypothalamus. The organum vasculosum of the lamina terminalis contained few, if any, fibres and the
median eminence never contained them (data not shown).

Subsequently, immunoreactive perikarya progressively invaded the different parts of the preoptico-
hypothalamic areas between day 49 and day 62, including, as also noticed on paraffin-wax sections, the
mammillary bodies (Fig. 4f).

Extra-hypothalamic GnRH-immunoreactive cells were quite difficult to detect, perhaps because
there are few of them. However, very weakly labelled perikarya were observed in the medial amyg-
dala on day 54 and in the olfactory bulbs on day 57 (data not shown), indicating a simultaneous
development of GnRH systems in both preopticohypothalamic areas and extra-preopticohypothalamic
groups.

The development of GnRH-immunoreactive fibres in the preopticohypothalamic areas was mainly
the same as that of cell bodies. Between day 43 and day 49, the immunoreactive fibres very quickly
invaded all the parts of this region and presented a pattern of organization very similar to that observed
in young or adult sheep. Conversely, their development at the median eminence was more progressive:
fibres approached the lateral parts of this organ on day 49, but they were rare. Their number increased
progressively, but a concentration of fibres and terminals in the laterodorsal parts of the external layer
was not obvious before day 66. The pituitary stalk did not contain GnRH fibres until day 97.

In extra-preopticohypothalamic areas containing GnRH-immunoreactive cell bodies, the develop-
ment of immunoreactive fibres occurred between day 49 and day 83.

In extra-hypothalamic regions that did not contain GnRH-immunoreactive cell bodies, immuno-
reactive fibres seemed to develop progressively starting from the cells in the preopticohypothalamic
area. For instance, fibres reached the stria medullaris thalami as early as day 62, but the fasciculus
retroflexus did not show labelling up to day 123.

Cryostat sectionswith Triton- X100. On day 40 the distribution of GnRH-immunoreactive neurones

was limited to the medial olfactory tubercle and the anterior septum (Fig. 5a).
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Fig. 5. In sheep fetuses from the cryostat sections with 1% Triton-X100 added to the primary antibody dilution,

the first GnRH-immunoreactive structures inside the brain appear to be labelled at the entrance of the forebrain

((a), day 40). On day 49, while both GnRH-immunoreactive perikarya (arrows) and fibres are still present in the

intranasal (b) and intracranial (c) parts of the nervus terminalis, they are also found in the mediobasal preoptic area

(d) and in the septum (e). Few immunoreactive fibres (arrows) are labelled in the median eminence at that stage

(f) but the number of fibres en route to the median eminence increases soon after, as illustrated by the presence

of immunoreactive fibres along the lateral suprachiasmatic pathway on day 57 (g). Note that in (b) the fluorescent

secondary antibody was replaced by a peroxidase-labelled antibody; the peroxidase activity was then revealed as

in Fig. 3(a) — (c). Scale bars represent 251.1.m.



Ontogenyof GnRH systems 157

In fetuses at day 49, GnRH immunoreactivity was found in similar locations to those in adult sheep,
that is from front to back, nervus terminalis (both in its intranasal, Fig. 5b and intracranial, Fig. 5c parts),
olfactory tubercles, preoptic (Fig. 5d) and septal (Fig. 5e) areas, hypothalamus, stria medullaris thalami,
stria terminalis, habenula, fasciculus retroflexus and interpeduncular nuclei. In two major areas of adult
brains that contain GnRH, the olfactory bulbs and the periventricular central grey matter, no labelling
was detected. At the median eminence (Fig. 5f) immunoreactive fibres to GnRH were very scarce. Later,
the number of fibres en route to the median eminence increased regularly as illustrated by the presence
of immunoreactive fibres along the lateral suprachiasmatic pathway on day 57 (Fig. 5g). In a 60-day-old
fetus, from which the most anterior and most posterior parts of the brain were not studied, the general
distribution of GnRH-immunoreactive elements was very close to that observed in adults (Fig. 6), with
three exceptions: the proportion of immunoreactive cell bodies in the laterobasal preoptic area appeared
to be greater than in adults, immunoreactive neurones were found in the mammillary bodies, and
although immunoreactive fibres were present in the median eminence they were not concentrated mainly
in its external zone.

Free- floating sections. On free-floating sections from fetuses at day 75 and day 111, the distribution

of GnRH-immunoreactive structures inside the brain was similar to that observed in adult sheep.
Moreover, as early as day 75, the differences in morphology of the GnRH-immunoreactive perikarya,
with unipolar, fusiform or multipolar shapes, as well as the presence of small clusters of neurones, typical
of sheep GnRH-immunoreactive neurones (Lehmann et al., 1986; Caldani et al., 1988; Wood et al., 1992),
were observed (Fig. 7a—c).

Thus, the main result from our studies on sheep fetuses is that, even if the duration of gestation in sheep
is 145 days, compared with 21-22 days in rodents, the development of the GnRH systems in the sheep
fetus occurs during a short period, between about day 25 in the olfactory placode and about day 60 for the
major components of the system to be distributed throughout the brain. In addition, the characteristic
morphology of sheep GnRH neurones was observed as early as day 75. This observation, together with an
absence of sex differences also noticed in our studies (whenever both male and female fetuses of the same
ages were available and processed with the same method, no sex difference was observed), has also been
reported in a previous study of sheep fetuses at day 85 (Wood et al., 1992). Thus the full morphological
maturation of the GnRH system seems to be completed before or around mid-gestation.

From the results obtained with paraffin-wax sections, it may be hypothesized that an increase in the
synthesis or processing rate of GnRH or of both processes occurs from day 52, leading to an increased
storage of the peptide in the perikarya. Thus, being above the sensitivity threshold of the method, some
of the perikarya are labelled. Later, as axonal transport increases, or terminal release begins at the median
eminence (about day 70), the perikarya storage decreases below the sensitivity threshold. This occurs
not only during the second half of gestation but also during youth and adulthood, times when colchicine
injections are required for labelling GnRH perikarya on paraffin-wax sections (Caldani et al., 1988).

The extension of the GnRH-immunoreactive cell bodies is larger in fetuses than in young or adults,
especially with the presence of immunoreactive cell bodies in the mammillary bodies as also noted in
sheep (Polkowska, 1986) and mouse (Livne et al., 1993) fetuses. The function of such a transient presence
of GnRH neurones in the mammillary area is unknown.

With regard to the main target of the GnRH neurones in the control of gonadotrope function, the
median eminence, it is noteworthy that the first immunoreactive fibres reach it as early as day 49. Since
both the anatomical development of the median eminence (Matwijiw et cll., 1989) and the vascular
hypothalamic—hypophyseal connections (Levidiotis et cil.,1989) are fully completed at day 45, it can be
hypothesized that these early fibres may already release some GnRH which acts on the developing
pituitary, where gonadotrope cells have been immunohistochemically identified on day 50 (Messaoud-
Toumi et cil., 1993).

Axonal sprouting of the developingGnRH neurones

Putative GnRH-immunoreactive growth cones have been observed only during a restricted period
in the development of rat fetuses (Tobet et al., 1992), suggesting that during later stages the peptide is
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Fig. 6. Frontal cryostat sections from a day 60 sheep fetus were treated using the peroxidase—anti-

peroxidase method in the presence of Triton-X100. GnRH-immunoreactive perikarya are mainly labelled in

the medial preoptic area (a), but also in the mediobasal hypothalamus (b) including its posterior part at the

transition with the mammillary bodies (c), and in the mammillary bodies themselves, close to the floor of the

diencephalon (d); very thin immunoreactive fibres, indicated by arrowheads, are found in the preoptic area

(a), including the organum vasculosum of the lamina terminalis (e), in the mediobasal hypothalamus (b), and

also in extra-preopticohypothalamic areas, such as the stria medullaris thalami at the level of the developing

habenula (f). Scale bars represent 25 i_tm.
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(C)

Fig. 7. In frontal free-floating sections from a fetus at day 75 (peroxidase—anti-peroxidase labelling),

immunoreadive GnRH neuronal systems exhibit most of their adult characteristics: perikarya and fibres

are both quite numerous in the mediobasal preoptic area (a), and also in the mediobasal hypothalamus

(b) and they are also found in ex tra-preopticohypothalamic areas, such as the medial amygdala (c). Note

that they display various morphologies. Scale bars represent 25 1.1.m.

present only when the processes are extended. The presence of immunoreactive fibres in the nasal
septum of monkey fetuses (Ronnekleiv and Resko, 1990), or associated with the nervus terminalis in
sheep fetuses (see above) together with the presence of fibres containing the processed peptide in or
close to the median eminence at a time when cell bodies are still migrating toward the preoptic area (our
own results and those obtained in mouse fetuses (Livne et al., 1993)), also suggest that axonal growth,
and thus differentiation, may occur very early during development. However, the previous data seem to
indicate that the time when GnRH neurones initiate axonal outgrowth may be species specific.

Mechanismsinvolvedin the intracerebralmigrationof GnRH neurones

The presence of a CAM-trail associated with migrating GnRH neurones along the medial edge of
the forebrain has been described in chicken embryos (Norgren and Brackenbury, 1993). Such a trail could
guide the migrating neurones through homophylic interactions with glycoconjugates present on their
surface. A glycoconjugate (CC2) is expressed on a subset of migrating GnRH neurones in the forebrain
of the rat fetus (Tobet ef al,, 1992). The central pathway followed by the GnRH neurones through the
forebrain towards the preoptic area corresponds to the central roots of the nervus terminalis (Johnston,
1913; Larsell, 1950; Wirsig and Leonard, 1986). In the preoptic area of one adult ewe, part of the GnRH

(a) (b)
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Fig. 8. Schematic ontogeny of GnRH neuronal development in the sheep fetus. ME median em nence.

neurone population has been observed as forming a 'sort of nerve' (M. Caldani, M. Batailler, J. Fleming,
unpublished data), suggesting a failure in the dispersion mechanism of the neurones out of the nervus
terminalis. However, these data are too fragmentary to allow any reliable explanation for the
intracerebral migration and dispersion of the GnRH neurones.

Conclusion

In the sheep fetus, even if the earliest steps of development remain unknown, the origin, migration and
maturation of the GnRH neurones seem to occur in a similar way to those of other mammalian and
non-mammalian species. The main characteristics of GnRH neuronal development in sheep fetuses
(Fig. 8) are (i) the apparant delay in phenotypic differentiation, i.e. absence of GnRH immunoreactivity
during the early migratory steps compared with that of mice, (ii) the short period required for the
intr,acerebral dispersion and axonal growth of the GnRH neurones, including the early occurrence of
immunoreactive fibres in the median eminence, and (iii) a morphological maturation completed around
mid-gestation. Culture of olfactory placode explants in vitro could be a suitable model to study to obtain
a better understanding of what happens at the level of the olfactory placode. Preliminary results
obtained in our laboratory using fetal mouse or sheep olfactory placodes are very promising. Such a
model could also be helpful for the study of both the migratory phenomenon and mechanisms
underlying the regulation of GnRH expression and secretion.

The authors thank A. Locatelli for the surgery, A. Beguey and 0. Moulin for their contribution in obtaining the

illustrations and D. Nowak for the reviewing of the English manuscript.
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