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REVIEW

Gonadotropin-Releasing Hormone: Present Concepts, Future Directions*
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ABSTRACT—There is an overwhelming amount of evidence to indicate that gonadotropin-releasing hormone (GnRH), a
decapeptide, is found in multiple molecular forms, and is vital for the functional integration of brain-pituitary-gonadal axis
in vertebrates. In simple terms, there is an overall agreement that GnRH acts as a neuroendocrine regulator of pituitary
gonadotropin secretion, gonadal steroid secretion, sexual behavior, and reproduction. GnRHs are distributed widely
within the vertebrate body, particularly in the brain. The brain GnRH neuronal system(s) varies in its morphology,
ontogenesis and function across vertebrates. It is a highly dynamic structure which does not function at the same level
throughout life. A large framework of studies completed to date attests to the emerging concept that GnRH neuronal
system is regulated by a complex neural circuitry, comprised of diverse neurochemical signals, which may provide
excitatory or inhibitory input to GnRH neurons. While general considerations on GnRH systems may be similar among
vertebrates, it must not seduce us to generalize the more specific details. In fact, there may occur ontogenesis and
reproductive status-related changes and a timetable of complex neuroendocrine events that are probably (certainly)

species-specific.

INTRODUCTION

Gonadotropin-releasing hormone (GnRH=LHRH), a
10-amino acid bioregulatory neuropeptide, has a widespread
occurrence within the living kingdom, and is not restricted
just to vertebrates. In fact, from the evolutionary viewpoint
one can go as far back as the yeast cells in which Loumaye et
al. [55] demonstrated that a mating factor, called a-factor,
necessary for sexual reproduction, has a strong similarity to
GnRH, as evaluated by its ability to influence pituitary
gonadotropin (GtH) secretion.

Brain is certainly the most complex organ of the verte-
brate body. Within this highly specialized tissue there are
cells characterized by their ability to synthesize GnRH.
Originally isolated as a brain peptide, GnRH is well known
for its regulatory role in the release of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) from the ante-
rior pituitary (pars distalis, adenohypophysis, ventral lobe).
Since the isolation and structural elucidation of the hypotha-
lamic GnRH in the early-1970s there have been numerous
investigations to unveil the distribution pattern of GnRH-like
peptide(s) in the brain of all vertebrate classes, from mam-
mals down to cyclostomes [4, 6, 10, 22, 23, 44, 64, 77, 87].
During evolution this neuropeptide has undergone gene
duplication with consequent structural diversification which is
evident in the presence of multiple molecular forms across
vertebrate species [see 45]. So far eight GnRH molecular
forms have been described in the vertebrate brain, character-
ized and named for the vertebrate species in which they were
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first identified: mammalian (mGnRH), chicken I (¢cGnRH-I),
chicken II (cGnRH-II), salmon (sGnRH), lamprey I
and III (IGnRH), catfish (cfGnRH) and dogfish (dfGnRH)
[10, 44-46, 64, 87, 86]. From a phylogenetic viewpoint
¢GnRH-II is considered to be the most conserved GnRH
across vertebrates and residues 5, 7 and 8 vary among
different forms. So far, only cGnRH-II has been described
in all jawed vertebrates. Lamprey GnRH, however, varies
from cGnRH-II in positions 3, 5, 6 and 8, and its presence has
been demonstrated in cyclostomes only. An endogenous
posttransational product of the GnRH precursor has been
characterized in mammalian and frog hypothalamus:
(Hydroxyproline®)GnRH [29]. More recently, in Xenopus
laevis, this form was shown to be distributed in the forebrain,
midbrain and hypothalamus [46]. This peptide, as well as
the C-terminal fragments of GnRH, are supposed to enhance
sexual behavior as GnRH itself [30]. Novel GnRH forms
described in oviparous mammals, reptiles, amphibians, bony
and cartilaginous fishes and cyclostomes are yet to be char-
acterized and still other GnRH forms are expected to be
discovered [45-47, 64, 75]. Furthermore, over a couple of
thousand analogs of GnRH (GnRH,) have been synthesized
whose availability becomes a powerful tool in understanding
the regulatory roles and mechanisms of action of GnRH [42,
83]. The molecular heterogeneity is apparently the basis for
a variety of regulatory functions of GnRH: as the stimulator
of the reproductive system and sexual behavior, as a neuro-
modulator and/or neurotransmitter in the central and sym-
pathetic nervous system, and as a paracrine/autocrine regula-
tor in the pituitary, gonads, placenta, and in tumor cells.
This article is intended to give a “bird’s eye view” of the
morpho-functional features of GnRH neuronal systems
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across vertebrates, and to spotlight the new knowledge that
has emerged from latest studies.

DISTRIBUTION

Evidences based upon radioimmunoassay (RIA), chro-
matography (HPLC), in situ hybridization histochemistry
(ISHH) and immunohistochemistry (ICC) techniques indi-
cate the presence of GnRH-like peptide(s) in several brain as
well as outside brain areas of a variety of vertebrate species.
Localization of GnRH-producing neurons and their projec-
tions has been studied in the brain of mammals, birds,
reptiles, amphibians, bony and cartilaginous fishes and cy-
clostomes [4, 6, 10, 19, 21-23, 40, 50, 56, 57, 64, 68, 77, 78,
87]. In several vertebrates HPLC/RIA analyses have con-
firmed ICC data as far as the distribution of GnRH-like
material in the brain is concerned. However, in some
species of birds, reptiles and amphibians ICC and HPLC/
RIA data have shown discrepancy regarding the presence and
distribution of different molecular forms of GnRH [19, 24,
28, 57, 61, 67, 75, 78, 101, unpublished data}.

Modern ICC techniques are considered highly efficient,
and yet we can not exclude the possibility that there may be
GnRH neurons which fall below the level of detectability of
the ICC procedures. Taking into account this reservation,
at the present time GnRH-containing neurons and their
projections have been described in the rhinencephalon, tel-
encephalon, diencephalon, mesencephalon, metencephalon
and myelencephalon [6, 10, 19, 21, 23, 57, 64, 87].
Although there are remarkable interspecies differences, a
large hypothalamic population constitutes the biggest group
of GnRH neurons in the brain of most vertebrates. In the
median eminence (ME) no GnRH cell bodies are found.
Among mammals, only musk shrew brain contains a cluster
of GnRH neurons in the mesencephalon [21], and it is not
known whether this feature is common to other primitive
mammals. No GnRH neurons have been described pos-
terior to the midbrain in any mammalian species. GnRH
neurons in the forebrain, however, send fiber projections to
the midbrain in all mammals. In nonmammalian verte-
brates, except urodele amphibians [19] and cyclostomes [48],
a mesencephalic group of GnRH neurons has been described
[50, 57, 61, 64, 65, 101, 106, unpublished data]. Projections
of midbrain GnRH neurons in bony fishes may innervate the
caudal neurosecretory system (urophysis) [23]. Conspic-
uous differences in the distribution pattern have been de-
scribed within each vertebrate subgroup. For example,
among anuran amphibians, Rana esculenta brain shows
perhaps the most extensive network of GnRH neurons and
fibers [24, 78], whereas Pachymedusa dacnicolor brain con-
tains only a small number of GnRH neurons all located
exclusively in the anterior preoptic area (POA) [40] from
where axonal projections reach the ME. In cyclostomes, the
POA-located GnRH neurons project to the neurohypophysis
(PN; pars nervosa) [48]. In most vertebrates GnRH fiber
endings in the ME are derived from the forebrain-located

neurons, mainly in the hypothalamus and septum, and only in
bony fishes do the POA-located GnRH neuron projections
directly contact pituitary gonadotropes [23]. Several studies
have established that the populations of GnRH cells in the
forebrain that project to the pituitary, PN and/or ME are
often completely separate from those GnRH neurons that
give rise to brain stem and/or spinal cord projections [65].
In fact, a growing body of evidence indicates that there are
subpopulations of anatomically distinct GnRH-neuronal sys-
tems in the vertebrate brain, and that GnRH neurons may be
unipolar, bipolar or multipolar. At a subcellular level
GnRH immunoreactivity is distributed around the outside of
the nuclear envelope, associated particularly with the rough
endoplasmic reticulum, secretory vesicles and Golgi appa-
ratus, and in the neuronal projections [54, 59, 110]. Sex-
related differences in subcellular organelles have been de-
scribed in mares and stallions [59]. To the best of our
knowledge, no ultrastructural study of GnRH neurons is
available in nonmammalian vertebrates.

Numerous studies have demonstrated that more than
one GnRH molecular form may be present in the brain, and
there are several reports on a differential distribution of
GnRH variants in distinct brain areas [10, 13, 44, 46, 61, 65,
96, 109]. Moreover, in the lizard, Podarcis sicula, more
than one GnRH form were colocalized in the same neuron
[57]. In the musk shrew, mGnRH is distributed all through
the forebrain and diencephalon, whereas midbrain-located
neurons contain only cGnRH-II [21]. In the midbrain of
adult chicken only cGnRH-II is present, while cGnRH-I is
present chiefly in the forebrain, diencephalon and ME [43].
However, in a later study, van Gils et al. [101] detected
c¢GnRH-II in the ME of chicken as well as Japanese quail.
Similarly, Millam et al. [61] did not find cGnRH-II in the ME
of turkey by ICC, while in a later study RIA analysis showed
the presence of cGnRH-II in the posterior pituitary [El
Halawani, unpublished, see 60]. Further, in a turtle species,
¢GnRH-I and II are differentially distributed, the former
being most concentrated in the ME in a ratio of 8:1 against
the latter which is more abundant in the caudal regions [96].
Likewise, in X. laevis mGnRH is distributed throughout the
brain, whereas ¢cGnRH-II is more concentrated in the mid-
brain and hindbrain [46]. In the frog, R. ridibunda,
c¢GnRH-II neurons, but not mGnRH neurons innervate the
neurointermediate lobe of the pituitary; similarly, in R.
esculenta mGnRH neurons project to ME and PN [78], and
using a highly specific cGnRH-II antiserum GnRH neurons
were revealed in the midbrain tegmentum and fiber endings
in the pars intermedia [unpublished]. Differential distribu-
tion of GnRHs has been described in the brain of bony fishes
as well [see 45, 47]. Recently, ring dove brain has been
shown to contain GnRH-like material-containing nonneuron-
al cells [88]. Characterized as mast cells, component of the
immune system, they are distributed mainly in the medial
habenula. This interesting finding could be leading to in-
vestigate other vertebrate groups as well.

How does brain GnRH reach the target organs? In
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tetrapods GnRH is conveyed to the pituitary via the hypotha-
lamo-hypophyseal portal vessels; however, there are evi-
dences to indicate that GnRH can also be secreted into the
cerebral ventricles as well as in brain vessels. In bony fishes,
which lack the ME, GnRH neurons are found to directly
innervate pituitary gonadotropes. In elasmobranchs, the
ventral lobe of the pituitary does not receive a portal supply,
and GnRH is evidently released into the general circulation,
where, in fact, GnRH and GnRH-binding protein molecules
have been determined [83]. In cyclostomes, King et al. [48]
have suggested that GnRH can be released into the third
ventricle and transported by tanycytes to the pituitary; GnRH
may also reach pituitary by simple diffusion from neuronal
projections in the PN. In elasmobranchs, GnRH may reach
pituitary and gonads via general circulation, and its presence
has been ascertained in the cerebrospinal fluid [86, 107]. In
tetrapods and bony fishes, GnRH can act on the gonads as a
paracrine regulatory factor, and the idea is reinforced by the
presence of GnRH-like molecules as well as of GnRH-
binding sites in the gonads [27, 32, 35].

GnRH neurons have been described in the terminal
nerve of mammals, birds, amphibians, and bony and cartila-
ginous fishes [19, 23, 64, 67, 103]. Fibre projections from
these neurons may reach areas as far ahead as nasal capsule
and as far behind as thombencephalon, except the pituitary
{69, 103]. In the dwarf gourami, a bony fish, using whole
brain in vitro, it was shown that terminal nerve GnRH
neurons may be the most extensively projecting GnRH cells
in the brain [69]. Reptiles and cyclostomes remain the only
vertebrate taxa in which GnRH neurons have not been
described yet in the terminal nerve. In cyclostomes, howev-
er, the presence of a terminal nerve-like structure is still a
question of debate.

Besides the brain and terminal nerve, GnRH-like mate-
rial has been detected in a variety of other structures: gonads,
mammary gland, tumor cells, human placenta and pancreas,
follicular fluid, milk, olfactory epithelium, sympathetic gang-
lia, adrenal gland, liver, intestine and retina [10, 12, 35, 44].
GnRH-like material outside the brain and terminal nerve
may be similar to or different than one of the GnRH variants
characterized in the brain.

ONTOGENESIS

The embryonic origin(s) of GnRH neurons has received
considerable interest in recent years. Several reports have
described that these neurons, unique among brain cells,
originate not in the brain but in the olfactory placode and
migrate into the forebrain/diencephalon along the olfactory/
terminal nerve. The extracranial origin, time course and
route of GnRH neuronal migration has been clarified in some
species of mammals, birds and amphibians [19, 64, 65, 84,
92]. In birds and urodele amphibians, this line of evidence
has been confirmed by surgical removal of the olfactory
placode which results in the elimination of GnRH neurons in
the forebrain and diencephalon [1, 63, 64]. In anuran

amphibians, however, the midbrain-located group of GnRH
neurons is supposed to have an intracranial origin [18, 65,
unpublished data]. Among tetrapods, the reptilian GnRH
neuronal system is morphologically “atypical” in that GnRH
neurons are mainly located in the midbrain and infundibulum
[57], and they are not considered to have an extracranial
origin [unpublished data]. Interestingly, the midbrain clus-
ter of GnRH neurons is the first to appear during lizard
ontogenesis, followed by their appearance in the infundibu-
lum; we argue that these neurons may take origin in the
nearby neuroepithelium [unpublished data]. However, the
ontogenesis of GnRH neuronal system in reptiles need be
investigated in more species to unequivocally clarify the
intracranial origin of GnRH neurons in this group. In a
bony fish, Pterophyllus scalare, the first ontogenetic appear-
ance of GnRH-immunoreactive cells in the pituitary precedes
that in the POA and this may be indicative of still another site
of origin for GnRH-producing cells [16]. No information on
the extracranial origin of GnRH neurons in the brain is
available for cyclostomes; in this group Muske [64] suggests
another line of origin of the POA-located GnRH neurons,
and that is from the ventricular ependyma because of the
periventricular localization of GnRH cell bodies. Needless
to say, the phylogenetic picture of the embryonic origin of
GnRH neuronal systems in the vertebrate brain is far from
complete.

Biochemical and ultrastructural differentiation of GnRH
neurons, during their olfactory placode-forebrain migration,
has been analyzed in the mouse [54], in which GnRH gene is
expressed early in ontogenesis [107] and the differentiation of
GnRH neurons continues and is coordinated during migra-
tion. In this mammal, however, axonal projections are
formed only upon entering the forebrain. In contrast, in the
rhesus monkey axonal projections are elaborated while
GnRH neurons are still in the nasal septum [82]. Similarly,
in the chick [92] and newt [19] GnRH axons are seen in the
terminal/olfactory nerve during early migratory stage. Prior
to migration GnRH neurons are scattered as individual cell
bodies in the placode, while during migration they come to lie
in close apposition, as confirmed by electron microscopy [92,
110]. Cell-to-cell contact appears to be established when
these neurons are located at the adult site. The nature of
these contacts must be investigated at the ultrastructural
level.

During ontogenesis, besides the morphological and
biochemical changes, a remarkable change may also occur in
the number of GnRH neurons. In the mouse, in fact,
GnRH cell number decreases drastically in the last stages of
migration [110], and it is suggested that programmed cell
death may be one reason, or that after migration some
neurons stop synthesizing GnRH and become undetectable
by ICC. There is the need for further investigation as well as
the necessity to draw more vertebrate groups in this reper-
toire.
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CORRELATES OF BIOSYNTHETIC AND
SECRETORY ACTIVITY, AND FUNCTIONS

Morphological and biochemical correlates

Indeed, the basic theme of investigations related to the
morphological, histochemical and biochemical correlates of
GnRH secretion and functions has almost always been
around the age, sex and reproductive status-related changes
in the hypothalamo-hypophyseal-gonadal system. The va-
rious steps are, in sequence, comprised of the identification of
GnRH-like material in the brain, morphology, distribution
and ontogenesis of the GnRH neuronal system, anatomical
connections with the pituitary, and an analysis of the GnRH
content in the brain, ME, portal blood and systemic circula-
tion under different conditions. Among the central regula-
tory mechanisms involved in the control of the development
of the hypothalamo-hypophyseal-gonadal axis until sexual
maturity, the importance of GnRH has been emphasized in
all vertebrates [see 31, 98, 104]. In the adult, besides the
pulsatile pattern of GnRH secretion, abundantly referred to
in mammals, insight into the functional relationships of the
hypothalamo-hypophyseal-gonadal system is also gained
through evaluating seasonal pattern of GnRH secretion [see
3, 26, 28, 80]. Among tetrapods GnRH content has been
evaluated in tissue extract as well as in portal blood, and only
in bony and cartilaginous fishes has the radioimmunoassayble
GnRH been determined in general circulation [47, 73].

It has hitherto been demonstrated that GnRH neurons
undergo morphological, distributional and numerical changes
associated with the developmental stage and reproductive
status of the animal. Prominent seasonal cycles in GnRH
cell morphology are observed in a variety of vertebrates [see
78, 98, 108]. It is evident that a particular morphological
feature of the GnRH neuron may be correlated with a
particular aspect of reproduction. In hibernating mammals,
degranulation of GnRH cells occurs during hibernation, and
increased storage after arousal. In the male Djungarian
hamster, there occurs an increase in the number of unipolar
neurons correlated with the onset of puberty, whereas bipolar
GnRH neurons increase only in postpubertal period [108].
An ultrastructural analysis of GnRH neurons in the pony
brain has, furthermore, indicated that irregularly-contoured
cells in the POA /organum vasculosum lamina terminalis may
have higher synthetic activity as compared to most other
neurons, and it is suggested that GnRH neurons may utilize
ultrashort feedback [59]. In the Syrian hamster, it was
ascertained that the inhibitory effects of short days on the
reproductive axis are mediated through a suppression of
GnRH neurons which, in turn, is reflected as an increase in
the net content of GnRH within the brain [97]. Inthe cow, a
quantitative light microscopical study describing morpholog-
ical changes in GnRH neurons supports the hypothesis of
reduced activity of GnRH neurons during early to middle
stages of the puerperium [51] which is in line with the concept
of postpartum infertility due to the suckling stimulus-
mediated suppression of GnRH, and consequently of LH,

secretion.

Functions

In all major vertebrate groups, the effects of exogenous
GnRH/GnRH4 have been investigated in vivo and in vitro.
These comprise stimulation of pituitary GtH and, in some
cases, growth hormone secretion, stimulation of pituitary-
thyroid axis, gonadal steroidogenesis, gametogenesis, sper-
miation, ovulation, and sexual behavior. However, ex-
tremely varied experimental protocols, as well as different
GnRH forms and/or GnRH, have been used, and thus it
becomes rather arduous to unify these data in order to draw
generalized considerations. Nevertheless, all native GnRH
variants appear to have at least one characteristic in common,
and that is the stimulation of GtH release from the pituitary.
A series of studies have also provided evidences that naturally
occurring GnRH variants may exhibit different biological
potencies in different species in terms of their ability to
enhance pituitary GtH secretion [see 10, 53, 73}.

In a variety of mammals, including man, and in the
domestic fowl, reproductive function can be inhibited by a
prolonged treatment with GnRH/GnRHy [93, 94].  In the
adult, initially, GnRH administration enhances pituitary GtH
secretion but a continuous exposure to GnRH eventually
leads to desensitization of the pituitary to GnRH with the
consequent suppression of gonadal function [102]. It is also
known that GnRH/GnRH, exert a differential control over
FSH and LH. This may be credited to the fact that GnRH is
released in pulses, inducing a pulsatile pattern of LH release,
but not of FSH. Nonetheless, chronic GnRH treatment
suppresses both LH and FSH. In contrast, in amphibians, it
was demonstrated that pituitary is relatively resistant to
desensitization due to chronic in vivo GnRH exposure which
enhances GtH biosynthesis and secretion [53, 89]. Howev-
er, in the goldfish GnRH desensitization has been reported
[34]. Further, in some mammals and birds evidences are
that, during ontogenesis, GnRH plays a role in the develop-
ment of pituitary gonadotropes, and that GnRH, at least in
the rat, is important for maintaining FSH synthesis [see 9,
104].

Differential distribution, distinct roles

Do naturally occurring GnRH variants play distinct
roles? The answer is yet far from clear. However, it is
becoming increasingly evident that native GnRHs are dif-
ferentially distributed within the brain of jawed vertebrates
[13,21, 43, 46, 61, 96]. In the musk shrew, and some species
of birds, reptiles, amphibians and bony fishes a quantitative
predominance of cGnRH-II is found not in the forebrain, but
in the midbrain and/or hindbrain, and this has led to the
assertion that cGnRH-II may have an extrapituitary role.
However, a specific role for this form has not yet been
established. In birds, in which ¢cGnRH-I seems to pre-
dominate in the forebrain/hypothalamus, it is argued that the
potential function of cGnRH-I and II may diverge early in
development [43, 60]. Among amphibians, based upon the
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predominance of mGnRH in the hypothalamus in X. laevis it
was suggested that this variant may be the prime regulator of
GtH release, whereas cGnRH-II, abundant in the hindbrain,
may have an extrapituitary role [45]. In R. esculenta,
however, it was suggested that cGnRH-II may have a
hypophysiotropic activity [28]. Further, in this species it was
also seen that cGnRH-I and II and mGnRH all enhanced
androgen production in intact males, whereas in
hypophysectomized males only cGnRH-II enhanced testicu-
lar androgen production, suggesting that a ¢cGnRH-II-like
molecule, produced in the testis, may be the local paracrine
regulator of testicular activity [20, 79]. None of the tetrapod
species studied is responsive to IGnRH [see 53], in terms of
pituitary GtH secretion. However, IGnRH enhances plas-
ma androgen levels in intact male frog [20]. In the
forebrain/hypothalamus of fishes the predominant form
varies from mGnRH, sGnRH to catfish or dogfish GnRH,
making it evident that any of these variants may have a
hypophysiotropic role. However, cGnRH-II neuronal en-
dings may terminate in the bony fish pituitary [see 45].
Perhaps, in lower vertebrates the specificity of GnRH
variants is very low. Lovejoy et al. [56] have proposed the
division of known native GnRHs in two groups: mGnRH,
c¢GnRH-I and catfish GnRH with hydrophilic residues, and
c¢GnRH-II, sGnRH and dogfish GnRH with hydrophobic
residues. They suppose that this may lead to clarify, on a
structural basis, their distinct functional roles. Naturally,
1GnRH is not included in this classification, being this variant
present exclusively in cyclostomes.

Interaction with sex steroids

Among vertebrates, the repertoire of GnRH functions
appears to be remarkably complex and involves interactions
with several hormonal and other factors. GnRH acts upon
the pituitary gonadotropes through interaction with mem-
brane-associated high affinity receptors [14]. GnRH-
modulated pituitary GtH secretion regulates gonadal activity
and reproduction. Sex steroids in turn influence GnRH-
regulated GtH biosynthesis and secretion. For this the sex
steroid signals from the gonads must be correctly interpreted
within the brain. Further, it is necessary to mention that
GnRH regulation of pituitary GtH secretion can be mod-
ulated by sex steroids at the level of the pituitary as well,
positively or negatively [see 71]. Although GnRH neurons
do not appear to have sex steroid receptors, their distribution
pattern has a remarkable overlapping with that of sex steroid-
concentrating neurons, and the latter may even project to
other brain areas in order to transmit steroid-influenced
signals [10, 22, 25, 62, 74]. Most likely, the GnRH neurons
which send their axon terminal in the ME are affected by
estrogen-sensitive  afferent neuronal systems. Indeed,
GnRH neurons in such areas may represent targets for the
feedback of steroids, and this is substantiated by a recent
study in the rat, in which the rostral medial POA contains
estrogen receptors and the GnRH neurons situated in this
area are sensitive to estrogen treatment. Changes in GnRH

neuronal mRNA levels in this area of estrogen-supplemented
ovariectomized rats are taken as the cellular correlates of the
positive feedback effects of estrogen on GnRH neurons [74].
This experimental model may be used to examine temporal
changes in GnRH gene transcription, GnRH mRNA stability
and GnRH translation all contributing to the understanding
as to how estrogen triggers the preovulatory hypersecretion
of GnRH which leads to LH surge followed by ovulation.
However, in the meanwhile pituitary sensitivity to GnRH is
enhanced by preovulatory progesterone surge. Similarly, in
R. esculenta, in which sex steroid-concentrating neurons
abound in the anterior POA, gonadectomy in both sexes
caused a severe quantitative depletion of GnRH neurons in
this area, as evaluated by ICC [41].  Sex steroid-replacement
therapy enhanced somal accumulation of immunoreactive
material, indicative probably of an increased synthesis and
storage. In R. catesbeiana, it is suggested that GnRH can
enhance pituitary GtH secretion in juveniles, but biosynthesis
of GtH is enhanced only at a later time, coincident with
gonadal steroid production {90]. These authors suggest that
androgens may augment GnRH receptor molecules in the
pituitary as well as endogenous secretion of GnRH in the
hypothalamus. It thus appears that GnRH-stimulated GtH
release is influenced not only by age, sex, season or morpho-
functional heterogeneity of pituitary gonadotropes, but also
by sex steroids [see 89, 90, 96].

External factors

Of the behavioral cues, courtship enhances GnRH con-
centration in the terminal nerve in a urodele amphibian [76],
whereas in the ring dove, it determines the appearance of
nonneuronal GnRH-containing cells in the habenula [88],
thus making it obvious that GnRH-producing brain areas may
be differentially correlated with diverse reproductive aspects
in different species.

An upsurge in interest in the implication of odours in
animal reproduction dates long-long back, and it is widely
contended that reproductive activity is dependent upon a
fully functional olfactory system, and that pheromone signals
can be transduced by terminal nerve GnRH system to in-
fluence reproductive activity through the modulation of
GnRH secretion in the hypothalamus [22, 23, 91]. This
concept is strengthened by the fact that limbic (hypothala-
mus, amygdala, hippocampus, POA) and olfactory systems
indeed control reproductive behavior, and extensive GnRH
projections between the terminal nerve and limbic systems
are well placed to create a chain through the olfactory
mucosa, brain, pituitary, and on to the gonad. In a recent
study on the electrical activity and morphology of terminal
nerve-GnRH neurons in the dwarf gourami, it was shown that
these neurons display an endogenous rhythmic discharge
pattern, a feature common to all peptidergic and
monoaminergic modulator neurons, but are not projected to
the pituitary, and thus it was assumed that they do not
function as a hypophysiotropic GnRH system, but rather as
neuromodulator [69].
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Neural modulation of GnRH release and function

Besides the fact that GnRH neurons display neuroendo-
crine as well as neuromodulator function, their own secretory
activity is influenced by multiple neurotransmitters and/or
neuromodulators. Only recently is the pivotal importance
of such relationhips becoming fully appreciated. Indeed,
there are evidences to indicate that several neural circuits are
involved in controlling the GnRH neuronal systems. Trans-
mitters and modulators of importance include GABA (y-
amino butyric acid), neuropeptide-Y (NPY), neurotensin,
catecholamines, FMRFamide, endogenous opioid peptides
(EOP), and others. All these circuits may provide impor-
tant inputs to the GnRH system and some of them might
contain excitatory as well as inhibitory input to GnRH
system. It is also conceivable that one or the other compo-
nent may, in turn, be influenced pre-synaptically by other
neural circuits or factors, like sex steroids, cytokines etc. In
mammals, GnRH-induced LH release in vivo is potentiated
by NPY, ecither probably as a paracrine regulator (NPY
neurons may synapse on GnRH neurons in the POA), or
through enhancing the binding of GnRH to pituitary GnRH
receptors [8, 70]; NPY secretion is enhanced by the preovula-
tory surge of sex steroids, and in turn it stimulates GnRH
secretion. GnRH enhances intracellular calcium levels
through openining voltage-sensitive calcium channels and this
post-receptor GnRH action is also potentiated by NPY [15].
A number of investigations has suggested that EOPs can act
as powerful inhibitors of GtH release acting by primarily
decreasing the amplitude of GnRH pulses, and are in turn
influenced by gonadal steroids [5, 8]. EOP-containing
neurons may communicate with GnRH neural circuitry by
adjusting locally the influx of excitatory adrenergic signals
along the hypothalamo-hypophyseal axis. There is evidence
that corticotropin-releasing hormone (CRF) may deplete
GnRH neuronal activity through central opioidergic path-
ways, although direct effects are also likely to occur [2]. In
the rat, dopamine can inhibit calcium ionophore-induced
GnRH release [49]. In the goldfish, GnRH release from the
POA is inhibited by dopamine and enhnaced by noradrena-
line [73]. Noradrenaline, however, may be excitatory to
GnRH in the presence of estrogens and inhibitory in their
absence [33]. GnRH release and GnRH gene expression
can be markedly inhibited by cytokines and the effects may be
direct or mediated by opioids and prostaglandins [81].
GABAergic fibers are reported to directly innervate GnRH
neuronal cells and until recently this provided morphological
basis for a role of the GABAergic system in the regulation of
GnRH secretion. Recently, however, Li and Pelletier [52]
have shown that the use of GABA 4 receptor agonists inhibit
not only the release of GnRH but also GnRH gene express-
ion evaluated by ISHH. Simultaneous localization of multi-
ple neuropeptides in the same brain section may yield useful
information in relation to the modulation of GnRH neuronal
activity on part of the complex neuronal circuitry in verte-
brates. Neurons and fiber projections containing GnRH,
FMRFamide and EOPs are interspersed in same brain areas

and this may be the morphological substrate of physiological
interactions between these systems [17, 38, 99, 100]. The
coexistence of FMRFamide-like peptide and GnRH within
the same neuron in a fish has provided morphological basis to
suggest that FMRFamide may have an autocrine action on
GnRH secretion [7]. The neural mechanisms involved in
the stimulation or inhibition of GnRH release need further
study.

Secretory mechanism

One exciting line of investigations is related to the study
of neurosecretory mechanisms of GnRH neurons. Based on
the conservation of ultrastructural features of differentiated
neuroendocrine cells, the pulsatile manner of GnRH secre-
tion and the presence of functional gap junctions in the
GnRH neuronal cell line GT1-7 it has recently been sug-
gested that gap junctional coupling between GnRH neurons
may be the signalling machinery underlying periodic
(pulsatile/circadian/seasonal) secretion of hypothalamic
GnRH neuronal system [57]. GnRH-GnRH cell contacts,
like synaptic organizations, have been described in mammals
[58, 105], and are supposed to be involved in the synchronous
activity of an entire population of GnRH neurons. Conse-
quently, innervation of only a few GnRH neurons on part of
another category of neuron may account for a cascade
excitatory or inhibitory paracrine role of a neurotransmitter/
neuromodulator/neuropeptide. At the same time, GnRH-
GnRH contact will suggest an autocrine regulation within a
GnRH-neuronal population. Taken together, the current
data would suggest that a full understanding of the anatomical
substrates of GnRH/other neuropeptides interactions may
provide the key to the correct interpretation of functional
studies.

Binding sites, receptors and mechanism of action

High affinity binding sites for GnRH/GnRH, have been
demonstrated in the pituitary and/or gonads of several verte-
brate groups, as well as in the mammalian placenta, adrenal
gland and mammary carcinoma [see 10, 11, 27, 44, 45].
GnRH receptor in the mammalian pituitary cells has been
characterized and cloned [72]. It is composed of seven
transmembrane segments, a feature of G-protein-coupled
receptors. Studies are needed to understand the role of
G-proteins in mediating the effects of GnRH as well as the
amino acid sequence of the GnRH receptor of nonmamma-
lian vertebrates.

In studying the mechanism of action of GnRH on its
targets, extracellular and intracellular Ca’™, protein kinase
C, inositol phosphates, calmodulin, leukotrienes and arachi-
donic acid have been implicated in the mediation of GnRH-
induced GtH secretion [see 66]. GnRH acts upon the
pituitary gonadotropes through specific high affinity mem-
brane-bound receptors [14], by modifying the frequency and
amplitude of action potentials generated spontaneously in
gonadotropes [37]. In mammals, chronic GnRH/GnRH,
treatment causes desensitization of the pituitary by down-
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regulating pituitary GnRH receptors and simultaneously by
uncoupling GnRH signal transduction system and inactivat-
ing voltage-sensitive Ca>* channels [11, 36, 37, 64]. Among
bony fishes, there are two lines of evidences, one supporting
the participation of protein kinase C pathway in the media-
tion of GnRH-stimulated GtH release, while the other sup-
ports the involvement of cAMP pathway [see 41].

FINAL COMMENTS

1. The most logical inference that can be drawn from
the rather bulky and somewhat bizzare repertoire of data is
that a uniform methodological approach should be used
throughout vertebrates. However, because of the existence
of amazingly diverse situations related to reproduction, the
morpho-functional charatecristics of the GnRH neuronal
system of a vertebrate group can not necessarily be general-
ized and extrapolated to other vertebrates. The discrepan-
cies over the identification and distribution of GnRH-like
material in the brain and other tissues may depend upon
methodological variations, and despite the recognition of
inherent difficulties, isolation and sequence analysis of
GnRH-like material from more vertebrate species are
needed.

2. A relevant amount of studies has provided the basis
for additional investigations to fully resolve the questions of
how GnRH regulates pituitary-gonadal activity, and repro-
duction as whole, involving direct GnRH effects on these
organs as well as factors (hormonal and not) which in turn
influence GnRH system. In relation to the last point it is
imperative to clarify whether the stimulatory/inhibitory
effects are exerted both on GnRH secretion and biosynthesis,
and if there exists a direct relationship between alteration in
GnRH release and biosynthesis. Moreover, in ICC analyses
of reproductive status-related changes, corresponding ultra-
structural studies are required to define whether diminished
immunoreactivity is due to decreased biosynthesis or en-
hanced secretion and, vice versa, increased immunoreactivity
is owing to an increased biosynthesis or a decline in release.

3. Although there have been some investigations, the
potential importance of GnRH on the ontogenesis and post-
natal development of pituitary gonadotropes is far from
understood. Nevertheless, it is clear that an analysis of the
number and distribution pattern of GnRH neuronal subtypes
may turn out to be useful in understanding the ontogenetic
mechanisms and the potential (differential) role of regional
subpopulations of GnRH neurons in the process of sexual
maturation. It is also conceivable that embryonic migration
of GnRH neurons into the forebrain from the nasal area
continues in the postnatal/posthatching/pro and postmeta-
morphosis period, and it is possible that precocious migration
includes undifferentiated cells from the olfactory placode that
are capable of division and differentiation at the time of
sexual maturation/puberty. Future studies may involve
more vertebrate species and, hopefully, be aimed to provide
details not only about the extra- and intracranial migratory

course of GnRH neurons and the developmental stage at
which GnRH neurons reach their adult position, but also on
the differential localization of GnRH neurons and processes
showing immunoreactivity for different GnRH forms.

4. Morphological, distributional and molecular heter-
ogeneity of GnRH render the variety of roles played by this
neuropeptide plausible. There are GnRH receptor sybtypes
in the pituitary which has made it possible to ascertain that
C-terminal fragments of GnRH, or GAP, or GnRH, may
have similar effects as GnRH itself. Much remains to be
done before more concrete inferences may be drawn.

5. Besides electrophysiological methods to study the
activity of individual neurons, it is argued that changes in
mRNA levels reflect changes in neuronal activity. The
availability of quantitative ISHH technique allows for
measuring changes in mRNA levels in individual neurons.
However, the current methods used to measure GnRH
content and GnRH mRNA may not be sensitive enough to
detect small changes in GnRH secretion. Hopefully, in the
forthcoming years more sophisticated technologies will
emerge which will allow us to reveal, record and interpret the
electro-chemical and molecular signals released by individual
GnRH neurons. There is a total dearth of information on
the role of the genome in modulating GnRH neuronal
activity. To date only one putative gene has been cloned in
all species examined, and it is of comfort that ISHH unveils
GnRH gene transcription and expression in neurons where
GnRH itself is revealed by ICC.

6. It is hoped that latest studies will stimulate col-
laborative research among physiologists, biochemists,
molecular biologists, genetists, neurobiologists and compara-
tive endocrinologists to unveil the yet “secret” world of
GnRH.
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Note added in proof

In a redent study, Licht et gl [111] identified only
¢GnRH-II and mGnRH in the brain of three species of Rana
(pipiens, ridibunda and esculenta). While both GnRHs were
distributed in the telencephalon and diencephalon, only
c¢GnRH-II was found in the cerebellum and medulla. In the
platyfish, IGnRH, together with mGnRH and sGnRH was
revealed by ICC in some cells of the pituitary gland of animals
of all ages [112].
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