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ABSTRACT

The distribution of the cells expressing three prepro-gonadotrophin-releasing hormones
(GnRH), corresponding to salmon GnRH (sGnRH), seabream GnRH (sbGnRH), and chicken
GnRH-II (¢cGnRH-II) forms, was studied in the brain and pituitary of the sea bass (Dicen-
trarchus labrax) by using immunohistochemistry. To circumvent the cross-reactivity prob-
lems of antibodies raised to GnRH decapeptides, we used specific antibodies generated
against the different sea bass GnRH-associated peptides (GAP): salmon GAP (sGAP), sea-
bream GAP (sbGAP), and chicken-II GAP (cIIGAP). The salmon GAP immunostaining was
mostly detected in terminal nerve neurons but also in ventral telencephalic and preoptic
perikarya. Salmon GAP-immunoreactive (ir) fibers were observed mainly in the forebrain,
although sGAP-ir projections were also evident in the optic tectum, mesencephalic tegmen-
tum, and ventral rhombencephalon. The pituitary only receives a few sGAP-ir fibers. The
seabream GAP-ir cells were mainly detected in the preoptic area. Nevertheless, sbGAP-ir
neurons were also found in olfactory bulbs, ventral telencephalon, and ventrolateral hypo-
thalamus. The sbGAP-ir fibers were only observed in the ventral forebrain, innervating
strongly the pituitary gland. Finally, chicken-II GAP immunoreactivity was only detected in
large synencephalic cells, which are the origin of a profuse innervation reaching the telen-
cephalon, preoptic area, hypothalamus, thalamus, pretectum, posterior tuberculum, mesence-
phalic tectum and tegmentum, cerebellum, and rhombencephalon. However, no cIIGAP-ir fibers
were detected in the hypophysis. These results corroborate the overlapping of sSGAP- and sbGAP-
expressing cells in the forebrain of the sea bass, and provide, for the first time, unambiguous
information on the distribution of projections of the three different GnRH forms expressed in the
brain of a single species. J. Comp. Neurol. 446:95-113, 2002.  © 2002 Wiley-Liss, Inc.
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Abbreviations
ALL anterior lateral line nerve NLVp posterior part of the nucleus of the lateral valvula
AON anterior octaval nucleus nMLF nucleus of the medial longitudinal fascicle
AP accessory pretectal nucleus (part of the area pretectalis of NP nucleus pretectalis of Schnitzlein (1962)
Schnitzlein, 1962) NPC central pretectal nucleus (part of the area pretectalis of
C caudal nucleus of the octavolateral area Schnitzlein, 1962)
CCe corpus of the cerebellum NPGc commissural preglomerular nucleus (nucleus supramam-
CM mammillary bodies millaris of Bergquist, 1932)
CP central posterior thalamic nucleus (part of the nucleus NPGI lateral preglomerular nucleus (part of the nucleus pre-
dorsomedialis thalami of Schnitzlein, 1962) thalamicus of Meader, 1934)
cz central zone of the optic tectum NPGm medial preglomerular nucleus
Dcl subdivision 1 of the central part of the dorsal telencepha- NPOav anteroventral part of the parvocellular preoptic nucleus
lon (nucleus preopticus periventricularis of Crosby and
Dc2 subdivision 2 of the central part of the dorsal telencepha- Woodburne, 1940, part of the nucleus preopticus parvo-
lon cellularis anterioris of Braford and Northcutt, 1983)
Dd dorsal part of the dorsal telencephalon NPOpc parvocellular part of the parvocellular preoptic nucleus
Did dorsolateral part of the dorsal telencephalon (nucleus preopticus periventricularis of Crosby and
Dlp posterolateral part of the dorsal telencephalon Woodburne, 1940, part of the nucleus preopticus parvo-
Divl subdivision 1 of the ventrolateral part of the dorsal telen- cellularis anterioris of Braford and Northcutt, 1983)
cephalon NPPv posterior periventricular nucleus (nucleus preopticus
DIv2 subdivision 2 of the ventrolateral part of the dorsal telen- periventricularis of Crosby and Woodburne, 1940, part
cephalon of the nucleus preopticus parvocellularis posterioris of
Dm1l subdivision 1 of the medial part of the dorsal telencepha- Braford and Northcutt, 1983)
lon NPT posterior tuberal nucleus
Dm2 subdivision 2 of the medial part of the dorsal telencepha- NRLI lateral part of the nucleus of the lateral recess
lon NRP nucleus of the posterior recess
Dm3 subdivision 3 of the medial part of the dorsal telencepha- NSV nucleus of the saccus vasculosus
lon NTe nucleus of the thalamic eminentia (eminentia thalami of
Dm4 subdivision 4 of the medial part of the dorsal telencepha- Bergquist, 1932, and Herrick, 1948)
lon ocC optic chiasm
Dp posterior part of the dorsal telencephalon OLN olfactory nerve fibers
DP dorsal posterior thalamic nucleus (caudal part of the nu- oT optic tectum
cleus dorsomedialis and nucleus dorsolateralis thalami P pituitary
of Schnitzlein, 1962) PCo posterior commissure
DwWz deep white zone of the optic tectum PG periventricular granular cell mass of the caudal lobe
E entopeduncular nucleus pgd dorsal periglomerular nucleus
ECL external cellular layer PGz periventricular gray zone of the optic tectum
EG eminentia granularis PLI lateral part of the perilemniscular nucleus
G granular layer of the cerebellum PLm medial part of the perilemniscular nucleus
GL glomerular layer PMgc gigantocellular part of the magnocellular preoptic nucleus
HCo horizontal commissure PPd dorsal periventricular pretectal nucleus
ICL internal cellular layer PPv ventral periventricular pretectal nucleus
10 inferior olivary nucleus PSp parvocellular super ficial pretectal nucleus (nucleus lateral
P interpeduncular nucleus geniculatus of Sheldon, 1912 and Schnitzlein, 1962)
\% fourth ventricle PVO paraventricular organ (nucleus posterioris periventricu-
LFB lateral forebrain bundle laris and nucleus recessus lateralis pars medialis of
LSO lateral septal organ other authors)
LT lateral thalamic nucleus (nucleus lateralis thalami of RI inferior reticular nucleus
Holmgren, 1920, and Bergquist, 1932, and nucleus post- RL lateral reticular nucleus
glomerulosus of Schnitzlein, 1962) RM medial reticular nucleus
M molecular layer of the cerebellum RS superior reticular nucleus
MAG magnocellular nucleus of the octavolateral area SOF secondary olfactory fibers
Mc Mauthner cells SR nucleus of the superior raphe
MON medial octavolateral nucleus SV saccus vasculosus
NAPv anterior periventricular nucleus (part of the suprachias- SWGZ superficial white and gray zone of the optic tectum
matic nucleus of Crosby and Woodburne, 1940, nucleus TLa nucleus of the torus lateralis
preopticus parvocellularis posterioris of Braford and TLo torus longitudinalis
Northcutt, 1983) TN terminal nerve area
NAT anterior tuberal nucleus TNgc terminal nerve ganglion cells
NC nucleus corticalis TPp periventricular nucleus of the posterior tuberculum
NCLI central nucleus of the inferior lobe TSc central part of the semicircular torus
NDLI diffuse nucleus of the inferior lobe TSI lateral part of the semicircular torus
NDLIc caudal part of the diffuse nucleus of the inferior lobe TSv ventral part of the semicircular torus
NDLII lateral part of the diffuse nucleus of the inferior lobe \% Descending trigeminal tract
NDLIm medial part of the diffuse nucleus of the inferior lobe Vil facial nerve
NGa anterior part of the nucleus glomerulosus (corpus glo- VAO ventral accessory optic nucleus
merulosum pars anterior of Brickner, 1929) Ve central part of the ventral telencephalon
NGp posterior part of the nucleus glomerulosus (corpus glo- VCe valvula of the cerebellum
merulosum pars rotunda of Brickner, 1929) vd dorsal part of the ventral telencephalon
NGS secondary gustatory nucleus Vi intermediate part of the ventral telencephalon
NGT tertiary gustatory nucleus Vi lateral part of the ventral telencephalon
NI isthmic nucleus VLo vagal lobe
NLTd dorsal part of the lateral tuberal nucleus VM ventromedial thalamic nucleus
NLTi inferior part of the lateral tuberal nucleus VOT ventral optic tract
NLTI lateral part of the lateral tuberal nucleus Vp postcommissural part of the ventral telencephalon
NLTm medial part of the lateral tuberal nucleus Vs supracommissural part of the ventral telencephalon
NLTv ventral part of the lateral tuberal nucleus Vv ventral part of the ventral telencephalon
NLVc central part of the nucleus of the lateral valvula Xm motor nucleus of vagal nerve



GnRHs IN THE BRAIN AND PITUITARY OF SEA BASS

The decapeptide gonadotrophin-releasing hormone
(GnRH) constitutes the main cerebral factor stimulating
the production and secretion of the pituitary gonadotro-
phins, follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) (Breton et al., 1972; Sherwood et al., 1993).
In addition to its role in releasing gonadotrophins, GnRH
seems to be implicated in other functions such as nesting
and sexual behavior (Muske and Moore, 1994; Yamamoto
et al., 1995, 1997) and their understanding requires solid
data and knowledge on the organization of these systems.
However, GnRH does not represent a unique molecule. In
fact, since the discovery of the mammalian GnRH form in
1971 (mGnRH, Matsuo et al., 1971), the existence of fif-
teen isoforms of GnRH in vertebrates and protochordates
has been reported, which have received the name of the
species in which they have been discovered (Powell et al.,
1996; Carolsfeld et al., 2000; Okubo et al., 2000a; Mon-
taner et al., 2001). From these 15 GnRHSs, eight forms are
present in the brain of different teleosts: salmon GnRH
(sGnRH: Sherwood et al.,, 1983), mGnRH (King et al.,
1990), catfish GnRH (cfGnRH: Ngamvongchon et al.,
1992), seabream GnRH (shGnRH: Powell et al., 1994),
chicken GnRH-II (cGnRH-II: King and Millar, 1982; Miy-
amoto et al., 1984), herring GnRH (hGnRH, Carolsfeld et
al., 2000), medaka GnRH (mdGnRH, Okubo et al., 2000a),
and pejerrey GnRH (pGnRH, Montaner et al., 2001).

In teleosts, the basic pattern of distribution of GnRH
cells suggested the existence of two major GhnRH systems:
one system along the ventral forebrain (terminal nerve,
ventral telencephalon, preoptic area, and hypothalamus)
expressing different GnRH forms (sGnRH, mGnRH, cf-
GnRH, sbhGnRH, etc.), and another system in the synen-
cephalon expressing systematically cGnRH-II (Mu “nz et
al., 1981; Goos et al., 1985; Kah et al., 1986, 1991; Subhe-
dar and Krishna, 1988; Batten et al., 1990; Amano et al.,
1991; Grober and Bass, 1991; Yamamoto et al., 1995;
Rodriguez-Gémez et al., 1999). The organization of these
GnRH systems was mainly established via immunohisto-
chemistry by using antibodies more or less speci fic for the
endogenous decapeptides. However, in different teleost
species, terminal nerve cells showed strong sGnRH and a
weaker cGnRH-II immunoreactivity, whereas midbrain
tegmentum cells exhibited strong cGnRH-Il and a weaker
sGnNRH immunoreactivity (Yamamoto et al.,, 1995;
Rodriguez-Gomez et al., 1999). Although colocalization of
different GnRH forms in the same cell cannot be com-
pletely excluded, this observation seems to re flect the
cross-reactivity of antisera with more than one GnRH
form as a consequence of the high identity among the
different GnRH decapeptides.

In the European sea bass, a previous study based on the
use of antibodies to sGnRH showed the presence of nu-
merous GnRH-immunoreactive neurons along a contin-
uum of GnRH fibers extending from the olfactory bulbs to
the pituitary (Kah et al., 1991). On the other hand, the
presence of neurons expressing GnRH in the synencepha-
lon of sea bass was not detected by using antibodies to
sGnRH (Kah et al., 1991), but they were observed by using
an antiserum against cGnRH-II, which also revealed the
presence of cGnRH-II fibers in the pituitary (J.A. Mun ~oz-
Cueto, unpublished). In some, but not all species of te-
leosts, cGnRH-II has also been detected in the pituitary
(Yu et al., 1988; Schultz et al., 1993; Montero et al., 1995;
Rodriguez-Gémez et al., 1999) although its origin is still
uncertain.
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Recently, it has been demonstrated that perciforms ex-
press three different GnRH forms in their brains: salmon
GnRH, seabream GnRH, and chicken GnRH-II (Powell et
al., 1994; White et al., 1995). Furthermore, most studies
performed up to now suggested the existence of a neuro-
anatomical segregation in the expression of these three
different GnRHs (Gothilf et al., 1996; Okuzawa et al.,
1997; White and Fernald, 1998). Thus, the expression of
salmon GnRH appears restricted to the rostral olfactory
bulbs; seabream GnRH is mainly expressed in the preoptic
area, whereas chicken-Il GnRH is synthesized in large
cells at the diencephalic-mesencephalic transition. Based
on these results, it has been proposed that sGnRH neu-
rons differentiate from the olfactory placode, whereas
sbGnRH and cGnRH-II neurons originate from preoptic
and mesencephalic primordia, respectively (Parhar, 1997,
Parhar et al., 1998; Ookura et al., 1999). Although phys-
iological data provided evidence that the three GnRH
forms can stimulate the gonadotrophin secretion (Zohar et
al., 1995), sbhGnRH seems to be the main hypophysiotropic
hormone in perciforms (Powell et al., 1994; Holland et al.,
1998), whereas the role of salmon GnRH and chicken-II
GnRH in reproduction is still unclear.

Recently, the cDNAs encoding the three GnRH isoforms
present in sea bass have been cloned (Zmora et al., 2002),
providing information on the molecular structure of the
three preproGnRHs in this species. Sea bass GnRH
cDNAs contain coding sequences for a signal peptide, the
decapeptide GnRH, a processing tripeptide, and a GnRH-
associated peptide or GAP. These GAP sequences repre-
sent valuable tools for in situ hybridization techniques
because they are longer when compared to GnRH se-
quences and there is a lower sequence identity among
GAP sequences. By using these probes, we have recently
demonstrated that, according to previous studies, each of
the three GnRH prepro-mRNAs is preferentially ex-
pressed in a specific brain region. However, we have de-
scribed for the first time a clear overlapping of the SGAP-
and sbGAP-expressing cells in the telencephalon and di-
encephalon of the sea bass, suggesting that the anterior
GnRH systems are not clearly segregated, at least in this
species (Gonzdez-Mart inez et al., 2001).

One of the aims of the present study was to corroborate
which brain areas express the different GnRH prepro-
forms in the sea bass by using immunohistochemical tech-
nigues. The second aim of this study was to obtain precise
information about the projections of each GnRH form into
the brain and pituitary of sea bass, determining which
GnRH form(s) is(are) hypophysiotrophic in this species. To
avoid the problem of cross-reactivity often encountered
when raising antibodies to highly related GnRH decapep-
tides, we used antibodies generated against the different
sea bass GAPs, because it has been reported that the
distribution of immunoreactive GnRH was consistently
similar to that of the corresponding immunoreactive GAP
(Ronchi et al., 1992; Polkowska and Przekop, 1993).

MATERIALS AND METHODS
Animals

Adult immature male (n 5) and female (n  5) spec-
imens of sea bass ranging in weight from 200 to 250 g were
purchased from a local fishery (Cupimar, San Fernando,
Spain) and kept in the laboratory in running seawater.
Animals were treated in agreement with the European
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Union regulation concerning the protection of experimen-
tal animals.

Generation of specibc antibodies
against GAPs

The procedures for the isolation of the sequences coding
for the three sea bass GAPs and the expression of recom-
binant GAPs were reported previously (Zmora et al., 2002;
Gonzalez-Mart inez et al., 2001). The full-length sequences
of the three sea bass prepro-GnRH forms are available at
the GeneBank, accession numbers AAF62898 for sb-
GnRH, AAF62899 for sGnRH, and AAF62900 for cGnRH-
Il. Brie fly, for the production of recombinant GAPs, two
expression vectors were used: the His-tagged expression
system for sGAP and sbGAP, and the Gluthathione-S-
transferase (GST) expression system for cllIGAP. Analysis
on 17% sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) to detect the existence of recombi-
nant GAP peptides resulted in clear bands of the expected
size (6.5 KD) for sGAP and sbGAP. For clIGAP, SDS-
PAGE analysis revealed two bands: the cliIGAP/GST fused
protein, as a dominant band of 34 KD in size, and a
smaller faint band of 27 KD which corresponds to the GST
protein. The puri fied recombinants GAPs were used for
the immunization of 9 female guinea pigs (5/6 weeks old;
345-365 g) obtained from CEGAV (France) and housed in
laboratory cages designed for guinea pigs. Animals, three
for each GAP, were acclimated for 1 week before the be-
ginning of the immunization protocol. Each injection con-
sisted of 25 | of recombinant GAP (1 g/ 1), 75 | dis-
tilled water, and 100 g of incomplete Freund ’s adjuvant.
Preimmune sera were collected on the day of the first
injection and stored at 20°C. The first injection was
intradermal in the back (6 -7 points) and the others, at
1-month intervals, were given intramuscularly in the pos-
terior legs. Eight days after the fourth injection, blood was
collected under anesthesia by cardiac punction, centri-
fuged and the serum stored at  25°C.

Dot blot analysis

The specificity of the antisera used in the immunohis-
tochemical study was assessed by dot blot analysis by
using the recombinant sGAP, sbhGAP, and clIGAP pro-
teins as antigens. Brie fly, 6-12 g of recombinant sGAP,
sbGAP, and clIGAP proteins were added to individual
nitrocellulose filter slices. The slices were saturated for an
hour in Tris buffer saline pH 7.4 (TBS) containing 5% of
nonfat dry milk. Samples were then incubated for 12
hours with the primary antisera (anti-sGAP, anti-sbhGAP,
and anti-cll-GAP) at a 1:2,000 dilution. After incubation,
the slices were washed several times with TBS containing
0.05% Tween 20 (Sigma, St. Louis, MO) and incubated for
1 hour in peroxidase-conjugated anti-guinea pig 1gG
(Jackson, Peninsula Laboratories, Belmont, CA) diluted
1:3,000. Slices were washed three times in 0.05% TBS-
Tween 20, developed in 0.025% 4-chloro-1-naphtol (Sigma)
containing 0.002% hydrogen peroxide in 0.05 M Tris
buffer, and washed thoroughly in distilled water.

Immunohistochemistry

Animals were anesthetized with 2-phenoxyethanol (0.3
ml/liter of water; Sigma) and perfused via the aortic bulb
with Bouin ’s fixative (4% paraformaldehyde and 0.2%
picric acid in 0.1 M phosphate buffer, pH 7.4). Brains with
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the pituitary attached, were then removed and post fixed
in the same fixative for 5 —7 hours in the dark at 4 °C. After
cryoprotection overnight in 0.1 M phosphate buffer con-
taining 15% sucrose, brains were embedded in Tissue-Tek,
frozen in cold isopentane and serial coronal and sagittal
sections of 16- m-thick were obtained with a cryostat.

Immunohistochemical staining was performed by using
a streptavidin-biotin-peroxidase complex method. Endog-
enous peroxidase activity was blocked with 1% hydrogen
peroxide in Coons buffer p H 7.4 (CBT, 0.01 M Veronal,
0.15 M NaCl) containing 0.1 —0.2% Triton X-100 for 30
minutes. Before immunostaining, sections were trans-
ferred for 5 minutes to CBT and then saturated in CBT
containing 0.5% casein for 30 minutes. Sections were in-
cubated overnight in a moist chamber at room tempera-
ture with anti-sGAP, anti-sbGAP, and anti-clIGAP anti-
sera (1:500 to 1:1,000 dilution in CBT 0.5% casein).
Sections were washed in CBT (2 15 minutes) and incu-
bated for 1.5 hours at room temperature with Biotin-sp-
Conjugated-Af finiPure Goat Anti-Guinea Pig -IgG (Jack-
son Immuno Research Laboratories, West Grove, PA)
diluted 1:1,000 in CBT. After washing in CBT (2 15
minutes), sections were incubated 1.5 hour at room tem-
perature with peroxidase-conjugated-streptavidin com-
plex (Jackson Immuno Research Laboratories) diluted
1:1,000 in CBT. Finally, sections were washed in CBT
followed by Tris-HCI (0.05 M, pH 7.4) and peroxidase
activity was visualized either in 0.05 M Tris-HCI, pH 7.6
containing 0.025% 3,3 diaminobenzidine tetrahydrochlo-
ride (Sigma) and 0.01% hydrogen peroxide or 0.04%
4-chloro-1-naphthol (Sigma) and 0.01% hydrogen perox-
ide. To confirm the speci ficity of the immunostaining, con-
trols were performed by preabsorption of primary antisera
with their respective antigens, replacement of primary
antisera with the corresponding preimmune sera, and
omission of primary or biotinylated antisera.

To check that GAP was a reliable marker of GnRH-
producing cells, double immuno fluorescence staining has
been carried out by incubating the sections concomitantly
with anti-sGAP and anti-sGnRH (donated by Dr. Breton)
sera, anti-sbhGAP and anti-mGnRH (donated by Dr.
Tramu) sera, and anti-cllIGAP and anti-cGnRH-II (donat-
ed by Dr. Peute) sera. The GAP and GnRH antisera used
were obtained in guinea pigs and rabbits, respectively.
The immunoreactive GAP cells and fibers were revealed
by incubating the sections with an antibody against
guinea pig IgG coupled to fluorescein (Jackson Immu-
noResearch), whereas the immunoreactive GnRH cells
and fibers were evidenced by using an antibody against
rabbit IgG coupled to 7-amino-4-methylcoumarin-3-acetic
acid (AMCA) or Texas Red (Jackson ImmunoResearch).

Immunohistochemical sections were analyzed on a
Leica photomicroscope and computer images were ob-
tained with a Sony DKC-CM30 Digital Camera (Sony,
Japan). The software used was Adobe Photoshop 5.0 and
no subsequent alterations have been made with the ex-
ception of the color of Figure 1B, which has been altered
for purposes of illustration. Ten to  fifty immunoreactive
cells of each nucleus were measured in order to evaluate
the average cell size. For the precise localization of the
different GAP cells and projections, we have used a de-
tailed sea bass brain atlas recently developed in our lab-
oratory (Cerda’-Reverter et al., 2001a, b).
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TABLE 1. Dot Blot Analysis of Anti-GAP Sera !

SGAP  shGAP CIIGAP
anti-sGAP | .0
anti-sbGAP €: W
anti-clIGAP . _

Dot blot analysis using the recombinant sGAP, sbhGAP, and clIGAP proteins (6  —12 Q)
as antigens, and anti-sGAP, anti-sbGAP, and anti-cll-GAP (1:2,000 dilution) as pri-
mary antisera. See Material and Methods for further description.

2GAP, gonadotrophin-releasing hormone-associated peptides; SGAP, salmon GAP; sb -
GAP, seabream GAP; clIGAP, chicken-1l GAP.

RESULTS

Table 1 summarizes the results obtained by dot blot
analysis in order to test the speci ficity of the anti-sGAP,
anti-sbGAP, and anti-clIGAP sera. Immunostaining re-
vealed a strong specific signal of the primary antiserum
with its own antigen, but no nonspeci fic reaction was
observed with the two other recombinant proteins, con-
firming the speci ficity of sera used in this immunohisto-
chemical study. However, the speci ficity of the different
anti-GnRH sera used could not be con firmed at immuno-
histochemical level because a cross-reactivity of antisera
appears evident on the same cell masses. At least in sea
bass (data not shown), the anti-cGnRH-II serum immuno-
stained large cell bodies in the synencephalon but also in
the ventral telencephalon and olfactory bulbs (putative
sGnRH and/or sbhGnRH cells), whereas the anti-sGnRH
antibody immunolabelled neurons in the ventral forebrain
but also detected immunoreactive perikarya in the dorsal
synencephalon (putative cGnRH-II cells).

As we used antisera against the GAP fragments of each
prepro-GnRH form in order to localize speci fically the
different GnRH-expressing cells, this made it necessary to
demonstrate previously that GAP-immunoreactive cells
also expressed GnRH peptides in sea bass. Thus, by using
double immuno fluorescence techniques we have corrobo-
rated that salmon GAP-immunoreactive cells were also
immunoreactive for anti salmon GnRH (Fig. 1A and B),
seabream GAP-immunoreactive cells were also immuno-
stained with anti mammalian GnRH serum (Fig. 1C and
D), and chicken-Il GAP-immunoreactive cells also exhib-
ited immunoreactivity with the chicken GnRH-Il anti-
serum (Fig. 1E and F).

All levels of the brain were examined with the three
anti-GAP sera on adjacent serial coronal and sagittal sec-
tions and results obtained are summarized in Figure 1G.
No immunostaining was observed when primary antisera
were preabsorbed with their respective antigens or re-
placed with the corresponding preimmune sera, or when
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primary and biotinylated antisera were omitted. The re-
sults were highly consistent from one fish to the other and
no evident differences could be noted between males and
females, although the number of positive cells for each
antiserum was not quanti fied. The levels of transverse
sections illustrated in Figure 2 are shown in Figure 1G.

Salmon GAP-immunoreactive cells

Immunoreactivity for anti-sGAP serum was mostly de-
tected in the olfactory bulbs, and particularly in ganglion
cells of the terminal nerve associated to the glomerular
layer (Figs. 2A and 3A) and at the junction between the
caudal olfactory bulbs and the telencephalon (Figs. 2B and
3B). These medium-sized to large cells (10 —25 m in di-
ameter) were rounded, ovoid, or pyramidal in shape. Fur-
thermore, sGAP-immunoreactive (sGAP-ir) cells were also
detected further caudal, in the ventral telencephalon (Fig.
2C) and in the ventral preoptic area, associated to the
parvocellular and anteroventral subdivisions of the par-
vocellular preoptic nucleus (Fig. 2D). Such cells were also
round, bipolar, or pyramidal in shape but they were much
smaller (4 —8 m in diameter) than in olfactory bulbs (Fig.
3D and E). More caudally, no other sGAP-ir cells could be
detected in the brain of the sea bass.

The sGAP-ir fibers were observed mainly in the fore-
brain. These sGAP-ir fibers were more evident in olfactory
bulbs (Figs. 2A,B, 3C), ventral telencephalon (ventral, dor-
sal, supracommissural, postcommissural, and intermedi-
ate nuclei, Figs. 2C,D, 3D), preoptic area (parvocellular
and magnocellular preoptic nuclei, anterior periventricu-
lar nucleus, suprachiasmatic nucleus, Figs. 2D,E, 3F),
hypothalamus (medial part of the lateral tuberal nucleus,
anterior tuberal nucleus, nucleus of the lateral recess, Fig.
2F,G), ventral thalamus (ventromedial and ventrolateral
thalamic nuclei, Fig. 2E), pretectum (central prectectal
nucleus, Fig. 2F) and dorsal tegmentum (semicircular
torus, secondary gustatory nucleus, perilemniscular nu-
cleus, Fig. 2G,H). However, a conspicuous sGAP innerva-
tion was also observed in the dorsal telencephalon (lat-
eroventral and lateroposterior parts, posterior part,
second subdivision of the medial zone, Fig. 2C,D), optic
tectum (central zone and periventricular gray zone, Figs.
2E-H, 3G), and ventral rhombencephalon (reticular for-
mation, anterior octaval nucleus, vagal lobe, inferior oli-
vary nucleus, Figs. 2H —J, 3H). The pituitary only receives
a small number of sGAP-ir fibers (Fig. 2F). These fibers
enter the neurohypophysis and reach the proximal pars
distalis of the adenohypophysis (Fig. 6A).

Seabream GAP-immunoreactive cells

The sbGAP immunoreactivity was more evident in cells
of the preoptic area associated with the parvocellular pre-
optic nucleus (Figs. 2D, 4E) and the anterior periventricu-
lar nucleus (Fig. 2E), but were also slightly more rostral,
in the ventral nucleus of the ventral telencephalon (Figs.
2C, 4D). These seabream GAP-immunoreactive (shGAP-
ir) cells were small or medium-sized (5 —-20 m in diame-
ter) and exhibited fusiform, bipolar, rounded, or ovoid
shapes. However, shGAP immunoreactivity was not re-
stricted to these areas and some shGAP-ir cells also ap-
peared in the olfactory bulbs, associated with the glomer-
ular layer (Figs. 2A, 4A) and the terminal nerve area
(Figs. 2B, 4B), where the sGAP-ir cells were found. This
result did not represent a cross-reaction because labelling
with anti-sbGAP serum was not evident in large SGAP-ir
cells of the terminal nerve (Fig. 4B). Furthermore,
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sbGAP-ir cells of the olfactory bulbs were less nhumerous
and clearly smaller than sGAP-ir cells of the same region
(4-10 m in diameter versus 10 —25 m in diameter).
There were also some sbhGAP-ir cells, further caudally, in
the ventrolateral hypothalamus (Figs. 2F, 4G), in which
only one to two small and rounded immunolabelled cells
(4-9 m in diameter) could be observed per section.

The sbGAP-ir fibers were observed only in the ventral
surface of the forebrain, along the ventral telencephalon,
the preoptic area, and the ventral hypothalamus, inner-
vating strongly the pituitary gland of sea bass (Figs.
2C-F, 4F-H). Nevertheless, some varicose immunoreac-
tive fibers originating in shGAP-ir cells of the olfactory
bulbs did not run to the pituitary and remained in the
olfactory area (Fig. 4C), in the vicinity of large ganglion
cells of the terminal nerve, which appeared immuno-
stained by using the anti-sGAP serum (Fig. 3B) but not
appear immunostained with anti-sbGAP serum (Fig. 4C).
Running rostrocaudally from the ventral telencephalon to
the pituitary stalk, there was clearly a major tract of
sbGAP-ir fibers along which sbGAP-ir cell bodies could be
detected. Furthermore, another tract of sbGAP-ir  fibers
originating in the hypothalamus arched in the ventrolat-
eral surface of the brain, running caudorostrally to reach
the pituitary of sea bass. Both fiber tracts appeared more
evident in sagittal sections (Fig. 4F,H) than on transverse
sections (Fig. 4D,G). These sbGAP-ir fibers entered the
neurohypophysis and invaded the proximal pars distalis
of the adenohypophysis (Figs. 2F, 6B), and the border of
the pars intermedia.

Chicken-ll GAP-immunoreactive cells

Finally, chicken-Il GAP-immunoreactive (cllIGAP-ir)
cells appeared restricted to the medial zone of the dorsal
synencephalon, lying close to the fibers of the medial lon-
gitudinal fascicle in a periventricular position (Figs. 2G,
5A). These large cells (15-23 m in diameter), rounded
and ovoid in shape, appeared just caudal to the posterior
commissure and rostral to the mesencephalic tegmentum.

Fig. 1. Evidence of the coexpresion of prepro-gonadotrophin-
releasing hormone-associated peptides (GAPs; left column) and
prepro-gonadotrophin-releasing hormones (GnRHs; right column) on
the same cells by using immuno fluorescence methods. Note the im-
munolabelling on the same cells and fibers when comparing A with B,
C with D, and E with F. A: Section processed with an anti-salmon
GAP (sGAP) serum obtained in guinea pig and anti-guinea pig 19G
coupled to Texas Red. B: Same section as A processed with an anti-
sGnRH serum obtained in rabbit and anti-rabbit 19G coupled to
AMCA. The color has been altered from blue to green for purposes of
illustration. C: Section processed with an anti-seabream GAP (sb-
GAP) serum obtained in guinea pig and anti-guinea pig IgG coupled to
Texas Red. D: Same section as C processed with an anti-mammalian
(mGnRH) serum obtained in rabbit and anti-rabbit 1IgG coupled to
fluorescein isothiocyanate (FITC). E: Section processed with an anti-
chicken-1l GAP (clIGAP) serum obtained in guinea pig and anti-
guinea pig 1gG coupled to Texas Red. F: Same section as E processed
with an anti-chicken (cGnRH-II) serum obtained in rabbit and anti-
rabbit 19G coupled to FITC. G: Sagittal drawing of sea bass brain
summarizing the distribution of SGAP (red triangles), sbGAP (green
circles) and clIGAP (blue stars) cells and fibers (colored small dots).
Lettered lines indicate the levels of the transverse sections shown in
Figure 2 (? refers to the caution concerning the presence of SGAP cells
projecting to the pituitary in the olfactory bulbs of the sea bass. For
more details, see the Discussion section). Hypot, hypothalamus; MO,
medulla oblongata; OB, olfactory bulbs; Pit, pituitary; POA, preoptic
area; SC, spinal cord; Syn, synencephalon;Tel, telencephalon. For all
other abbreviations, see list. Scale bars 100 min A-F.
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In turn, cliIGAP-ir  fibers were profusely distributed in
the brain of sea bass, being especially evident in the mid-
brain and hindbrain. This innervation was conspicuous in
the dorsal telencephalon (medial, lateroventral, and pos-
terior parts, Fig. 2C,D), ventral telencephalon (ventral,
dorsal, supracommissural, central, and postcommissural
nuclei, Fig. 2C,D), periventricular preoptic area (parvocel-
lular and magnocellular preoptic nuclei, anterior periven-
tricular nucleus, Fig. 2D,E), and hypothalamus (lateral
tuberal nucleus, anterior tuberal nucleus, nucleus of the
lateral recess, diffuse nucleus of the inferior lobe, Fig.
2F-H), dorsal and ventral thalamus (Fig. 2E,F), pretec-
tum (super ficial and central pretectal nuclei, Fig. 2F),
posterior tuberculum (posterior tuberal nucleus, periven-
tricular nucleus, preglomerular nuclear complex, Fig.
2F,G), mesencephalic tectum (central zone, periventricu-
lar gray zone, super ficial white and gray zone, longitudi-
nal torus, Figs. 2E —H, 5B) and tegmentum (semicircular
torus, oculomotor and trochlear nuclei, secondary gusta-
tory nucleus, locus coeruleus, Figs. 2G,H, 5C), granular
layer of the valvula, corpus and eminentia granularis of
the cerebellum (Figs. 2G —I, 5D,E), medulla oblongata (re-
ticular formation, interpeduncular nucleus, octavolateral
area, visceromotor nuclei, vagal lobe, inferior olive, Figs.
2H-J, 5F) and spinal cord. Although clIGAP-ir  fibers
could be observed in the ventromedial hypothalamus, in
the vicinity of the pituitary stalk, no cllIGAP-ir axons were
detected in sea bass hypophysis (Fig. 6C).

DISCUSSION

It is considered that the presence of three GnRH forms
in the brain is not restricted to perciform  fish (Powell et
al., 1994; White et al., 1995; Gothilf et al., 1996; Gonza ’lez-
Mart inez et al., 2001) but is likely to be prevalent in most,
if not all, vertebrates (Powell et al., 1985; Sherwood et al.,
1986; Lescheid et al. 1997; Montaner et al., 1998,1999;
Yahalom et al., 1999). These findings raise the question on
the precise roles of multiple GnRH forms in the control of
reproduction and other physiological processes. Emerging
data also point to a multiplicity of GnRH receptors, be-
cause two GnRH receptor subtypes have been evidenced
in the gold fish (llling et al., 1999) and three in the bullfrog,

a diploid species (Wang et al., 2001). One approach to-
wards clarifying this puzzle is to clearly identify the brain
nuclei expressing the different GnRH variants and their
respective projections into the brain and pituitary.

In this study, we have presented the distribution of
immunoreactive prepro-GnRH cells in the brain of the
European sea bass, Dicentrarchus labrax, by using specific
antisera directed against the different sea bass GAP pep-
tides. The results permit us to demonstrate that, in sea
bass, GAP and GnRH peptides are coexpressed in the
same cells, as described in mammals (Ronchi et al., 1992;
Polkowska and Przekop, 1993), and con firm that GAP
antisera represent valuable tools to localize speci fically
the cells expressing the different GnRH forms, avoiding
the problem of cross-reactivity of antibodies directed
against the GnRH decapeptides.

The immunohistochemical localization of SGAP, shGAP,
and clIGAP cell bodies totally agrees with results ob-
tained in the same species by using in situ hybridization
techniques (Gonzdlez-Mart inez et al., 2001). Thus,
SGAP-ir cells are predominant in the olfactory bulbs,
whereas shGAP-ir cells were more abundant in the caudal
telencephalon and preoptic area, and clIGAP-ir cells ap-
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Fig. 2. A-J: Series of schematic transverse sections through the stars) perikarya and fibers (small dots). Thick lines represent fibers
brain of sea bass showing the distribution of immunoreactive salmon en passage. A constitutes the most rostral section and J the most
prepro-gonadotrophin-releasing hormone-associated peptides (SGAP; caudal one. For abbreviations, see list. Scale bars 1 mm.

triangles), seabream GAP (sbGAP; circles), and chicken-Il (cliIGAP;
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Fig. 3. Distribution of immunoreactive salmon prepro-gonad-
otrophin-releasing hormone-associated peptide (sGAP) cells and fi-
bers in the sea bass brain. A: sGAP cells in the glomerular layer of
olfactory bulbs. Transverse section. B: sGAP immunoreactivity in
terminal nerve ganglion cells and fibers. Sagittal section. C: sGAP-
immunoreactive fibers in the olfactory bulbs. Dark field. Sagittal sec-
tion. D: sGAP cells and fibers in the ventral nucleus of the ventral
telencephalon. Transverse section. E: sGAP cells in the parvocellular
part of the parvocellular preoptic nucleus. Transverse section.

F: sGAP-immunoreactive fibers in the preoptic area. Dark field. Sag-
ittal section. G: sGAP-immunoreactive fibers in the optic tectum.
Dark field. Transverse section. H: sGAP-immunoreactive fibersin cau-
dal rhombencephalon. Dark field. Sagittal section. Arrowheads in A,D,
and E mark sGAP-immunoreactive cells. OB, olfactory bulbs; POA,
preoptic area; RF, reticular formation; Tel, telencephalon. For all
other abbreviations, see list. Scale bars 50 minAD,E,200 min
B,C,F,G,H.



106 D. GONZALEZ-MARTINEZ ET AL.

OB *::.-TNQC OB

ﬁ iy
R~ !
{

POA

Figure 4



GnRHs IN THE BRAIN AND PITUITARY OF SEA BASS

peared restricted to the synencephalon. This study dem-
onstrates that the overlapping of the sGAP and sbGAP
from the olfactory bulbs to the preoptic region obtained at
the mRNA level (Gonza’lez-Mart inez et al., 2001) is also
verified at the protein level. This overlapping did not
represent a cross-reaction of antibodies because sbGAP-ir
cells in olfactory bulbs were clearly smaller than sGAP-ir
cells. Labelling with anti-sbGAP sera was never evident in
large sGAP-ir cells, and conversely, anti-sGAP sera did
not immunostain smaller sbGAP-ir cells. Furthermore, as

it was observed by using in situ hybridization (Gonza “lez-
Mart inez et al., 2001), the ventrolateral hypothalamus of
sea bass only contained sbGAP-ir neurons and appeared
devoid of sGAP immunoreactivity on cell bodies. Finally,
dot blot analysis and controls performed reinforce the
specificity of antisera used in this study.

The overlapping distribution of sGAP- and sbGAP-
expressing cells from the olfactory bulbs to the preoptic
region obtained by using both immunohistochemical (this
study) and in situ hybridization techniques (Gonza ’lez-
Mart inez et al., 2001) in sea bass brain is in contradiction
to previous studies in perciforms showing a neuroana-
tomical segregation in the expression of forebrain GnRH
systems, viz. sGnRH in terminal nerve and sbhGnRH in
preoptic area (White et al., 1995; Gothilf et al., 1996;
Okuzawa et al., 1997; White and Fernald, 1998; Parhar et
al., 1998). Based on this expression pattern and ontogenic
studies, several authors proposed that sGnRH cells de-
velop from the olfactory placode, whereas sbhGnRH neu-
rons originate from the preoptic area (Parhar, 1997, 1999;
Parhar et al., 1998; Ookura et al., 1999). This is in con-
trast with evidence obtained in other vertebrates, in
which all forebrain GnRH neurons seem to have similar
developmental origins. In amphibian, avian, and mam-
mals, neurons destined to produce the preoptic/
hypothalamic GnRH form develop from the olfactory pla-
code and migrate centrally along the ventral surface of the
brain, adopting their final positions in a continuum from
the olfactory bulbs to the hypothalamus (Wray et al., 1989;
Muske, 1993; Muske and Moore, 1994; Norgren and Gao,
1994; Schwanzel-Fukuda, 1999). Recently, in addition to
the mGnRH and cGnRH-II isoforms (White et al., 1998;
Urbanski et al., 1999), the existence of a third form of
GnRH which seems to correspond with sGnRH, has been
referred to in mammals, including humans (Yahalom et

Fig. 4. Distribution of immunoreactive seabream prepro-
gonadotrophin-releasing hormone-associated peptide (sbhGAP) cells
and fibers in the sea bass brain. A: shGAP cell in the glomerular layer
of olfactory bulbs. Transverse section. B: sbhGAP-immunoreactive cell
in the proximity of two unstained terminal nerve ganglion cells (open
arrowheads). Transverse section. C: sbGAP-immunoreactive fibers in
the olfactory bulbs of sea bass surrounding unstained terminal nerve
ganglion cells (open arrowheads). Sagittal section. D: sbhGAP cells and
fibers in the ventral nucleus of the ventral telencephalon. Transverse
section. E: shGAP cells in the parvocellular part of the parvocellular
preoptic nucleus. Sagittal section. F: sbGAP-immunoreactive fiber
tracts in the preoptic area running to the pituitary. Dark field. Sagittal
section. G: sbhGAP-immunoreactive cells and fibers in the ventrolat-
eral hypothalamus. Transverse section. H: sbGAP-immunoreactive
fiber tract in the ventrolateral hypothalamus running rostrally to
reach the pituitary. Dark field. Sagittal section. Dark arrowheads in
A,B,D, and G mark sbhGAP-immunoreactive cells. Hypot, hypothala-
mus; OB, olfactory bulbs; POA, preoptic area; Tel, telencephalon.
Scale bars 50 min A-E,G, 200 min F,H. For abbreviations, see
list.
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al., 1999). Furthermore, there is growing evidence on the
existence of sGnRH in amphibian (Sherwood et al., 1986),
reptilian (Powell et al., 1985), and eutherian mammals
(Montaner et al., 1998, 1999). In calves and humans,
sGnRH and mGnRH are localized in the same regions and
the total contents of sGNnRH and mGnRH in the hypothal-
amus are similar (Yahalom et al., 1999). In the rhesus
macaque, the existence of two different populations of
GnRH-immunoreactive neurons that arise during devel-
opment has been demonstrated, exhibiting different mor-
phological features (Quanbeck et al., 1997). A comparable
result was obtained in sea bass, in which two distinct
GnRH cell populations, i.e., sGAP- and sbhGAP-ir cells,
were colocalized in the same brain areas. According to
these results, we have also observed morphological differ-
ences between sGAP- and shGAP-ir cells, especially in the
terminal nerve area of sea bass, SGAP-ir cells being much
larger than sbGAP-ir neurons. Taken together, our
present and previous (Gonza’'lez-Mart inez et al., 2001) re-
sults suggest that, as in other vertebrates, the forebrain
GnRH systems of highly evolved teleosts arise from a
common olfactory primordium. Furthermore, it seems im-
probable that sbGnRH cells in sea bass originate in the
preoptic area because this would imply that they migrate
in two different directions during development, rostrally
towards the olfactory bulbs, and caudally up to the ventral
hypothalamus.

The distribution pattern of SGAP- and sbGAP-ir cells on
the same brain areas suggests that both forebrain GnRH
isoforms have evolved from a common ancestor gene by
duplications and mutations, probably coinciding with the
genomic duplication that occurred in early teleosts
(Amores et al., 1998). Furthermore, this duplication ap-
pears to have occurred more recently than the duplication
that gave rise to the cGnRH-II form, which represents the
most conserved GnRH form in phylogeny. The identi fica-
tion of three GnRH forms in a representative of an early
evolving teleost group such as the herring (Carolsfeld et
al., 2000) indicates that the presence of three GnRHs is
not restricted to the brain of highly evolved teleost. Con-
sidering the monophyletic hypothesis of teleostean evolu-
tion (De Pinna, 1996), all teleosts evolving after the her-
ring should exhibit three forms of GnRH, but some
euteleosts such as salmonids or cat fishes have only two
forms of GnRH. White and Fernald (1998) remarked on
the high similarities between the genomic sequence en-
coding the sGnRH form in the perciform  Haplochromis
burtoni and the presumed releasing form of GnRH in
salmonids, and suggested that the gene encoding the re-
leasing form of GnRH in salmonids might not yet be de-
scribed. In salmonids, speci fic in situ hybridization studies
showed an intense sGNRH gene expression in the terminal
nerve area and a weak expression in the preoptic area
(Suzuki et al., 1992; Bailhache et al., 1994). A similar
result was obtained by us in sea bass by using in situ
hybridization with sGAP riboprobes, whereas sbhGAP
MRNA expression exhibited the inverse pattern, i.e., an
intense labelling in the preoptic area and a lower expres-
sion in the olfactory bulbs (Gonza ‘lez-Mart inez et al.,
2001). Nevertheless, immunocytochemical studies using
anti-sGnRH sera in salmonids revealed an intense label-
ling in preoptic GnRH cells (Amano et al., 1991; Navas et
al., 1995). In the sea bass, a study performed before the
characterization of sbGnRH and based on the use of anti-
bodies to sGnRH also showed the presence of numerous
GnRH-ir neurons in the anterior olfactory bulbs, terminal
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Fig. 5. Distribution of immunoreactive chicken-II prepro-gonad-
otrophin-releasing hormone-associated peptide (cllIGAP) cells and  fi-
bers in the sea bass brain. A: cliIGAP cells in the dorsal synencepha-
lon. Transverse section. B: clIGAP-immunoreactive fibers in the optic
tectum. Dark field. Transverse section. C: cllIGAP-immunoreactive fi-
bers in the torus semicircularis of the tegmentum. Sagittal section.

D: cliIGAP-immunoreactive fibers in the corpus of the cerebellum.
Dark field. Sagittal section. E: cllGAP- immunoreactive fibers in the
valvula of the cerebellum. Dark field. Sagittal section. F: cliIGAP-

nerve area, ventral telencephalon, ventrolateral preoptic
region, and ventrolateral hypothalamus along a conspicu-
ous tract of immunoreactive fibers running to the pitu-
itary (Kah et al., 1991). The present study fully con firms
this distribution but indicates that the sGnRH antibodies
used in this pioneer study probably recognizes both
sGnRH and sbGnRH of sea bass because labelling with

immunoreactive fibers in the caudal rhombencephalon. Dark field.
Sagittal section. Arrowheads in A mark clIGAP-immunoreactive
cells. CCg, granular layer of the corpus of the cerebellum; CCm,
molecular layer of the corpus of the cerebellum; RF, reticular forma-
tion; Syn, synencephalon; Teg, tegmentum; TS, torus semicircularis;
VCg, granular layer of the valvula of the cerebellum; VCm, molecular
layer of the valvula of the cerebellum. For abbreviations, see list.
Scale bars 100 min AB, 200 min C-F.

anti-sGnRH serum fits almost perfectly with the addition
of SGAP and shGAP immunoreactivity. In addition, an in
situ hybridization and immunohistochemical study per-
formed in cat fish by using specific riboprobres and anti-
bodies against the cat fish GAP isoform revealed the dis-
tribution of cat fish GnRH-expressing cells in this species
(Zandbergen et al., 1995). This distribution coincides al-
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Fig. 6.
thalamus immunostained with anti-salmon prepro-gonadotrophin-
releasing hormone-associated peptides (SGAP; A), anti-seabream prepro-
gonadotrophin-releasing hormone-associated peptides (sbGAP; B), and
anti-chicken-Il prepro-gonadotrophin-releasing hormone-associated pep-
tide (cllIGAP; C) sera. Dark field. Note the intense sbhGAP innervation of

Serial transverse sections of the sea bass pituitary and hypo-

most completely with the localization of sbGAP cells de-
tected in sea bass by using both in situ hybridization
(Gonzalez-Mart inez et al., 2001) and immunohistochem-
istry (this study). Furthermore, prepro-cfGnRH mRNA-
expressing cells and cfGnRH-ir perykaryon present in the
olfactory area were scarce and small (see Figs. 2 and 5 of
Zandbergen et al., 1995, respectively), resembling the sb-
GAP cells located in the olfactory bulbs of the sea bass and
differing notably of the large and abundant sGAP cells
present in this area. Taken together, this evidence sug-
gests that a third GnRH form probably has yet to be
discovered in salmonids and cat fishes.

Many researchers consider that cGnRH-Il neurons in
the synencephalon (or rostral midbrain tegmentum) be-
long to the nucleus of the medial longitudinal fascicle
(nMLF), because of their similar location and spinal pro-
jections of the two neuronal populations. However, they
have connectional, cytological, and immunological differ-
ences, and should not be regarded as the same neuronal
population. Neurons of the nMLF project only to the spi-
nal cord, whereas synencephalic GnRH neurons project to
the telencephalon, diencephalon, mesencephalon, cerebel-
lum, and medulla oblongata, in addition to the spinal cord
(Yamamoto et al., 1995, 1998b). The nMLF neurons are
inmunonegative to GnRH sera, located ventrolateral to
the GnRH neurons, and do not show ultrastructural fea-
tures of peptidergic neurons (Miller and Kriebel, 1985,
Miller and Kriebel, 1986b; Yamamoto et al., 1998b). Also
importantly, these previous studies show that the synen-
cephalic GnRH neurons are located in the subventricular
zone surrounded with ependymal matrix and that nMLF
neurons are present beneath the ependyma surrounded by
nMLF fibers. Thus, synencephalic GnRH neurons and the

the pituitary (B), the presence of a few sGAP-immunoreactive  fibers (A),
and the absence of cllIGAP immunostaining (C) in the hypophysis of sea
bass (white arrowheads). NH, neurohypophysis; PPD, proximal pars
distalis of the pituitary. For abbreviations, see list. Scale bars 400 m
for A—C.

nMLF neurons cannot be regarded as dorsal and ventral
subnuclei of a single cell mass. Miller and Kriebel (1985)
used the term “dorsal tegmental magnocellular nucleus
to distinguish this synencephalic GnRH cell mass from the
nMLF.

Moreover, we have obtained, for the first time, unam-
biguous detailed information on the distribution of fibers
immunoreactive for the three different GnRH forms ex-
pressed in the brain of a single species, which could pro-
vide valuable information on the precise functions of each
GnRH form. The sGAP-ir fibers were observed mainly in
the forebrain (olfactory bulbs, ventral telencephalon, pre-
optic area, periventricular hypothalamus, ventral thala-
mus, pretectum) although a conspicuous sGAP innerva-
tion was also observed in the dorsal tegmentum, optic
tectum, and ventral rhombencephalon. In turn, the
sbGAP-ir fibers were observed only in the ventral surface
of the forebrain, associated with the ventral telencepha-
lon, preoptic area, and hypothalamus. Furthermore,
clIGAP-ir axons were profusely distributed in the brain of
sea bass, being especially evident in dorsal and ventral
telencephalon, periventricular preoptic area and hypo-
thalamus, thalamus, pretectum, posterior tuberculum,
mesencephalic tectum and tegmentum, cerebellum, and
the rest of the rhombencephalon. By using these speci fic
anti-GAP sera, we have also demonstrated that the sb-
GnRH neurons represent the main source of GnRH to the
pituitary of sea bass. The sbGAP-ir fibers reach the prox-
imal pars distalis and the border of the pars intermedia of
the pituitary, where gonadotrophic cells and GnRH recep-
tors are also found (Gonza'lez-Mart inez et al., unpublished
data). This result corroborates physiological evidence stat-
ing the main role of sbGnRH in the stimulation of the

»
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secretion of gonadotrophins in perciforms (Powell et al.,
1994; Zohar et al., 1995; Gothilf et al.,, 1996,1997;
Yamamoto et al., 1997; Holland et al., 1998; Senthilkuma-
ran et al., 1999). However, sbGnRH does not represent the
unique hypophysiotrophic GnRH in sea bass. Immunohis-
tochemical results demonstrate that SGAP-ir axons also
reach the pituitary of sea bass but this innervation is
strongly reduced as compared to sbhGAP immunoreactiv-
ity. In contrast, no cllIGAP-ir axons were detected in the
pituitary of sea bass, suggesting that the putative role of
chicken-1l GnRH in the control of reproduction does not
involve a direct action of cerebral cGnRH-II on gonadotro-
phic cells, at least in this species. According to our results,
no immunoreactive fibers were detected in the pituitary of
catfish by using a specific antibody against cllIGAP (Zand-
bergen et al., 1995). Thus, the detection of clIGnRH-ir
fibers in the pituitary of sea bass by using an anti-
cGnRH-1I serum seems to be the consequence of the cross-
reactivity of this antibody with sbGnRH and/or sGnRH
axons entering the hypophysis.

Recently, Rodriguez et al. (2000) found that all three
GnRH forms were present in the pituitary of male sea
bass during sex differentiation and  first spawning season,
being sbhGnRH levels 9-fold higher than cGnRH-II and
17-fold higher than sGnRH levels. The contradiction of
this finding to our immunohistochemical results could re-
flect the existence of changes in the presence of cGnRH-II
in the sea bass pituitary in relation to sex, developmental,
and/or physiological stages. Furthermore, the presence of
cGnRH-II in the pituitary of sea bass could be the conse-
guence of an intrapituitary secretion because, at least in
seabream, a local pituitary synthesis of GnRH has been
described (Zmora et al., 2000). However, the detection of
cGnRH-II in sea bass pituitary by using enzyme-linked
immunoassays could also be the result of a cross-reactivity
of antisera against the different GnRH peptides, as it was
observed in immunohistochemistry.

In dwarf gourami and tilapia, it has been demonstrated
by using immunohistochemistry combined with biocytin
tract tracing that only preoptic GnRH cells innervate the
hypophysis, whereas terminal nerve and midbrain GnRH
neurons do not project to the pituitary (Yamamoto et al.,
1998a, b). These results are consistent with the lack of
changes in the distribution of GnRH  fibers in the pituitary
after terminal nerve and olfactory tract lesions (Kim et al.,
1993; Yamamoto et al., 1995) and the absence of labelled
fibers in the pituitary after intracellular biocytin injec-
tions into terminal nerve GnRH cells (Oka and Matsu-
shima, 1993). In other fish species, cGnRH-Il-ir fibers
were not detected in the pituitary despite the presence of
cGnRH-II-ir cell bodies in the dorsal synencephalon
(Amano et al., 1991; Montero et al., 1994; Millar and King,
1994). In agreement with these results, we have not found
cliIGAP-ir axons in the sea bass pituitary. However,
SGAP-ir fibers reach the sea bass pituitary, the origin of
these axons remaining unsolved. It seems improbable that
the projection pattern of GnRH cells markedly differs
between perciform species such as tilapia and sea bass. If
this is true, preoptic but not olfactory sGAP-ir cells might
contribute to this pituitary innervation. However, in the
goldfish, small fusiform neurons, distinct from the termi-
nal nerve cells, in the olfactory bulbs and tracts were
labelled following Dil injection in the pituitary, suggesting
that a minor contingent of GhRH  fibers reaching the pi-
tuitary may originate from the olfactory system (Anglade
et al.,, 1993). In mammals, the presence of sGnRH in
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neuronal fibers of the median eminence has been reported,
suggesting that sGnRH is transported to the pituitary
gland where it may interact with pituitary cells, but
sGnRH content in pituitary stalk was reduced in compar-
ison to mGnRH levels (Yahalom et al., 1999). A compara-
ble result was obtained in sea bass, in which we noted
higher sbhGAP fiber immunoreactivity compared to sGAP
innervation in the pituitary.

Should the presence of sGnRH be confirmed in higher
vertebrates, this could mean that sGnRH and cGnRH-II
have been submitted to a strong evolutionary pressure, in
contrast with the gonadotrophin-releasing GnRH form
(lamprey GnRH-IIl, dog fish GnRH, catfish GnRH, sea-
bream GnRH, herring GnRH, pejerrey GnRH, medaka
GnRH, chicken GnRH-I, guinea pig GnRH, mammalian
GnRH) which exhibits considerable variation among ver-
tebrates. This selective pressure on sGnRH and cGnRH-II
structure reinforces the assumption that these neurohor-
mones could deserve important functions in brain other
than reproduction (e.g., neurotransmitter and/or neuro-
modulator). In this context, our recent ontogenic studies
in sea bass reveal that cGnRH-Il and sGnRH are ex-
pressed very early during development, much before the
differentiation of gonadotrophic cells and gonads, whereas
sbGnRH is expressed much later (Gonza’lez-Mart inez et
al., 2002). In turn, the diversity of hypophysiotrophic Gn-
RHs might indicate a specialization of this GhnRH towards
a single function, such as the stimulation of gonadotro-
phin secretion. In fact, the sbGAP-ir  fibers in sea bass can
only be detected in the ventral forebrain running to the
pituitary, sGAP-ir and clIGAP-ir fibers being profusely
distributed in other brain areas. It has been proposed that
sGnRH might coordinate the sensory and motivational
systems, cGnRH-II might modify motor reproductive ac-
tivity, whereas sbGnRH provoked the release of gonado-
trophins (White et al., 1995). The results obtained in this
study might support these considerations because
sGAP-ir fibers were abundant in visual and gustatory
sensory areas; clIGAP-ir fibers represented the only ir
fibers detected in the cerebellum and innervated strongly
the medulla oblongata and spinal cord, whereas sbhGAP-ir
axons constituted the main hypophysiotrophic source of
GnRH. Nevertheless, the presence of SGAP-ir fibers in the
pars distalis of the sea bass pituitary suggests a direct
effect of sGnRH on adenohypophyseal functions. These
effects could be exerted directly on gonadotrophic cells to
regulate the gonadotrophin secretion and reproductive
process. However, a direct action of sGnRH on other sea
bass pituitary cells can not be neglected because sGnRH
was reported to induce the release of growth hormone
(Marchant et al., 1989) and prolactin (Weber et al., 1997)
in teleost.

In sea bass, a previous immunohistochemical study
showed the presence of varicose GnRH-ir fibers contacting
and surrounding GnRH-ir cell bodies and dendrites, sug-
gesting the existence of connections between different
GnRH cell groups (Kah et al., 1991). A similar observation
is reported in this study, in which sGnRH and sbGnRH
cells and fibers coexist in the same brain areas and seem
to establish contacts. This is especially evident in the
olfactory bulbs of sea bass, where varicose shGAP-ir fibers
appear surrounding the large perykaria of sGnRH cells. In
mammals, the presence of GnRH endings synapsing on
GnRH perykaria has been well documented (Leranth et
al., 1985; Witkin and Silverman, 1985; Witkin, 1999).
Although ultrastructural studies are needed before con-
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cluding as for the existence of synaptic connections be-
tween different GnRH cells in sea bass brain, these obser-
vations may support this assumption. Whether such
interactions represent some way of in fluencing the activ-
ity of other GnRH cells, or synchronizing the different
GnRH cell populations, is not known. Nevertheless, the
overlapping in the expression of sGnRH and sbGnRH cells
in the same regions, including the preoptic area, the co-
existence of SGAP-ir and sbGAP-ir fibers in the proximal
pars distalis of the sea bass pituitary, and the putative
existence of direct interactions between both GnRH cell
populations, suggest that sGnRH and sbGnRH could co-
operate closely in the synchronization of developmental
and/or reproductive events.

Surprisingly, the hypophysiotrophic GnRH form (sb-
GnRH) of perciforms is less potent than cGnRH-II and
sGnRH in inducing gonadotrophin (Zohar et al., 1995) or
prolactin (Weber et al., 1997) secretion. However, the high
levels of sbhGnRH in the pituitary may compensate for its
lower bioactivity. Furthermore, its reduced effectiveness
on gonadotrophin secretion could also have a physiological
relevance by contributing to a signi ficant response of pi-
tuitary to GnRH when its levels increase in a signi  ficant
manner. Thus, the lower activity of soGnRH could permit
the release of eggs in batches during an extended period of
time because only fully mature eggs ovulate in response to
sbGnRH stimulation. The lower potency of sbGnRH may
suggest a faster enzymatic breakdown and/or more rapid
clearance from the circulation. Also, this evidence could be
the consequence of a more recent emergence of sbhGnRH
and a lower af finity of this form for the pituitary GnRH
receptor, which might have evolved more slowly that its
ligand. In fact, GnRH receptors are very similar in eels
and sea bass (80% of identity) despite the important phy-
logenetic distance between these two species (Okubo et al.,
2000b; T. Madigou, E. Man™anos and O. Kah, unpublished
data). The existence of at least three GnRHSs in a partic-
ular species leads to the emerging concept of the existence
of multiple GnRH receptors. Thus, two different GhRH
receptor subtypes are expressed in gold fish (llling et al.,
1999), and three distinct GnRH receptors seem to be
present in several vertebrate classes (Troskie et al., 1998;
Wang et al., 2001). The elucidation of the relative potency
of different GnRH forms to various GnRH receptors could
be critical to understand their functions. Nevertheless,
precise data on the localization of fibers containing GnRH
variants compared to the distribution of GnRH receptors
also represent a crucial information, because the avail-
ability of a given GnRH to a given receptor is determinant
for their real physiologically relevant interactions. In this
context, the GnRH receptor subtype 1 of bullfrog is ex-
pressed predominantly in the pituitary, whereas GnRH
receptor subtypes 2 and 3 are expressed in the forebrain
and hindbrain (Wang et al., 2001). Furthermore, it is
relevant to mention that a recently cloned GnRH receptor
from trout is poorly expressed in the pituitary, whereas a
strong expression was detected in particular brain nuclei
(Madigou et al., 2000). Current studies in sea bass aim at
determining how many GnRH receptors are expressed
and at clarifying their respective distributions in the brain
and pituitary of this species. As we now have information
on the pattern of projections of the three different GnRH
forms expressed in sea bass, such information could
greatly contribute to improving the knowledge on the pre-
cise roles of multiple GnRH forms and receptors in the
control of reproduction and other physiological processes.
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