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ABSTRACT

The decapeptide gonadotropin-releasing hormone (GnRH) is a key hormone for the central
regulation of reproduction. The distribution of salmon GnRH (sGnRH), which is the major
form in salmonids, has been studied in different fish species by immunocytochemistry.
Discrepancies in data concerning the distribution of sGnRH perikarya led us to investigate this
problem in two species, the Atlantic salmon and the rainbow trout, with in situ hybridization of
sGnRH messenger, a highly specific molecular tool. By Northern blot analysis, the rainbow
trout sGnRH messenger appears to be about 500 bases in length, which is close to those isolated
from Atlantic salmon or masu salmon and characterized previously. In situ hybridization with
riboprobes generated with Atlantic salmon sGnRH ¢cDNA demonstrated that sGnRH perikarya
are restricted to the ventral part of olfactory bulbs, telencephalon, and preoptic area. They are
distributed on a nearly continuous line extending from the olfactory bulbs to the preoptic area
in both salmonid species studied.

Despite the presence of GnRH-like immunoreactivity in the preoptic magnocellular
nucleus (NPOm) and in the tegmentum of the midbrain (MT), the sGnRH mRNA is not present
in these two structures. Stained cells in NPOm could be target cells for GnRH and
immunoreactive neurons in MT are likely to be chicken GnRH-II containing cells. Qur study
not only gives a precise distribution of the sGnRH system in two salmonids, Atlantic salmon
and rainbow trout, but also clarifies the ambiguous data published up to now in rainbow

trout. © 1994 Wiley-Liss, Inc.

Key words: salmon gonadotropin-releasing hormone, in situ hybridization, immunocytochemistry,

Salmo salar, Oncorhynchus mykiss

Gonadotropin-releasing hormone (GnRH) plays a major
role in the regulation of the hypothalamic-pituitary-
gonadal axis leading to the control of reproductive events.
The structure of this decapeptide has been studied in a wide
variety of vertebrates, and up to eight different forms have
been identified among all classes (Sower et al., 1993). In
salmonids, two molecular forms of GnRH have been charac-
terized: salmon GnRH (sGnRH; Sherwood et al., 1983) and
chicken GnRH-II (¢cGnRH-II; Sherwood et al., 1986). These
two forms are present together in the same fish but appear
to have different patterns of distribution in the brain
(Amano et al., 1991). The sGnRH that is the major form in
salmonids (Sherwood et al., 1984) is widely distributed in
the brain and pituitary, whereas the cGnRH-I1 is undetect-
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able in the olfactory bulbs and pituitary (Okuzawa et al.,
1990; Amano et al., 1992), suggesting that the latter form
does not directly participate in the control of pituitary
functions.

The distribution of GnRH-containing cells has been
studied by immunocytochemistry in a number of salmo-
nids, but all observations are not in agreement. A possible
explanation for such a discrepancy in data could be the
specificity of the antisera used in these studies. For in-
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stance, in the rainbow trout, three studies have been
performed with antisera directed against mammalian GnRH
(mGnRH). One did not reveal any immunoreactive (ir) cell
bodies (Dubois et al.,, 1979), whereas the others found
GnRH-ir perikarya either in the dorsal telencephalon (Goos
and Murathanoglu, 1977) or in the preoptic magnocellular
nucleus (NPOm; Shiffer et al., 1989). By contrast, when
studies were conducted with antisera against salmon GnRH,
immunoreactive perikarya were found to be distributed in
the ventral part of the olfactory bulbs, telencephalon, and
preoptic area (Breton et al., 1986; Amano et al., 1991).

Because the preoptic area is usually considered to be one
of the most important areas in the fish brain for the control
of reproduction (for review, see Peter and Fryer, 1983), it
was necessary to perform experiments with sensitive and
highly specific molecular tools. Therefore, to investigate
further the sGnRH system in salmonids, we have developed
an in situ hybridization method to detect sGnRH mRNA in
brain sections, using an sGnRH c¢DNA cloned from Atlantic
salmon (Klungland et al., 1992b). In fact, one study has
been conducted with such a technique in the masu salmon
(Suzuki et al., 1992), but the authors did not compare their
results with immunocytochemical data on preoptic sGnRH
neurons.

In the present paper, we describe the distribution of
sGnRH expressing perikarya in two salmonids, the Atlantic
salmon and the rainbow trout. For the latter, results of in
situ hybridization are compared with immunocytochemical

data of sGnRH.

MATERIALS AND METHODS
Animals

Three-year-old Atlantic salmon (Salmo salar) weighing
2-3 kg, transferred to fresh water for 1 month, and
2-year-old rainbow trout (Oncorhynchus mykiss), weighing
1.5-2.0 kg, kept in fresh water, were used in this study. All
fish used were females at the end of vitellogenesis, as
determined by oocyte diameter (4—5 mm) and were pur-
chased from an experimental fish farm (SEMI, France).
Five females of each species were used for in situ hybridiza-
tion (ISH), and immunocytochemistry (ICC) was per-
formed on five female rainbow trout.

Abbreviations
AC anterior commissure
C cerebellum
Dm area dorsalis telencephali pars medialis
HA habenula
ICL internal cell layer (granule cell layer)
M medulla oblongata
MT tegmentum of the midbrain

NAPv nucleus anterioris periventricularis
NE nucleus entopeduncularis

NPOm nucleus preopticus pars magnocellularis
NPOp nucleus preopticus pars parvicellularis
NPP nucleus preopticus periventricularis

OB olfactory bulb

oC optic chiasma

ON olfactory nerve

oT optic tectum

Pit pituitary

sV saccus vasculosus

T telencephalon

vd area ventralis telencephali pars dorsalis
Vi area ventralis telencephali pars lateralis
Vv area ventralis telencephali pars ventralis
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Northern blot analysis

Total RNA was extracted from 20 rainbow trout brains
by a lithium chloride/urea method (Auffray and Rongeon,
1980) and messenger RNAs (poly-A*) were purified on an
oligo(dT) trisacryl column as described by Aviv and Leder
(1972).

Poly-A* mRNAs were run on a formaldehyde-agarose
denaturing gel and transferred to a nylon membrane
(Biodyne, Pall). The membrane was hybridized under high-
stringency conditions (Thomas, 1980) with «32P-labeled
sGnRH ¢DNA and autoradiographed with a Kodak X-Omat
film.

Tissue fixation

Fish were deeply anaesthetized in phenoxy ethanol
(Merck; 4 ml/10 liters fresh water) and kept under gill
perfusion with the same solution. They were perfused
through the heart with 100 ml heparin (Roche; 10 UI/ml)
in phosphate-buffered saline (PBS; 137 mM NaCl, 2.6 mM
KC(Cl, 8 mM Na,HPO,, 1.5 mM KH,PO,, pH 6.8) for ISH, or
in phosphate buffer (PB; 0.1 M, pH 7.2) for ICC, followed by
500 ml fixative (paraformaldehyde 4% in the respective
buffer). Brains were removed from the skull and postfixed
overnight at 4°C in the fresh fixative.

In situ hybridization

In situ hybridization was performed according to Wilkin-
son et al. (1987), a method adapted to fish brain by Salbert
et al. (1991). Briefly, after two rinses in PBS and saline
(0.9% NaCl), brains were dehydrated and embedded in
paraffin wax. Parasagittal sections (6 pm thick) were cut
with a microtome and transferred to 3-amino-propyltrieth-
oxysilane (Sigma, St. Louis, MO) coated slides and stored at
4°C with silica gel. After removal of the wax, sections were
rehydrated in saline, postfixed in 4% paraformaldehyde in
PBS, treated with proteinase K (20 pg/ml in 50 mM Tris
HCl, 5 mM EDTA, pH 8.0), fixed again in the same fixative,
and immersed in acetic anhydride (0.25% in triethanol-
amine 0.1 M, pH 8.0). One rinse in PBS was made between
each step. Sections were then dehydrated through an
ethanol series and air dried.

Hybridization was performed with «of3S]JUTP-labeled
riboprobes synthesized with sGnRH ¢DNA (Klungland et
al., 1992b) cloned in pGEM 7 (Promega). Labeled sense and
antisense probes were obtained from the linearized con-
struct using T7 and SP6 polymerase (Boehringer), respec-
tively (specific activity was 2 X 10° cpm/pg). Because short,
single-strand RNA probes increase the specific signal (An-
gerer and Angerer, 1981), [33S|UTP-labeled riboprobes
were trimmed to an average length of 100 nucleotides (Cox
et al., 1984). Two nanograms of labeled probe was distrib-
uted on each slide in 20 pl hybridization mix [50% deionized
formamide, 0.3 M NaCl, 20 mM Tris HCl, pH 8.0, 5 mM
EDTA, 10% dextran sulfate, 1x Denhardt’s solution, 10
mM dithiothreitol (DTT), and 0.5 mg/ml yeast RNA]J.
Slides were covered with coverslips, and hybridization was
carried out overnight at 50°C in a moist chamber.

After high-stringency washes (50% formamide, 0.3 M
NaCl, 30 mM sodium citrate, 10 mM DTT, pH 7.2, at 65°C)
and RNase treatment (20 pg/ml in Tris-EDTA buffer),
sections were dehydrated, immersed in Ilford K5 nuclear
track emulsion, and autoradiographed for 10-15 days at
4°C. Slides were developed (Kodak D-19), fixed in NaS,04
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(30%), counterstained with toluidine blue (0.02%), and
mounted with Depex (Gurr).

Immunocytochemistry

Immunocytochemistry of sGnRH was performed in rain-
bow trout with a standard peroxidase-antiperoxidase (PAP)
procedure on free-floating sections. After fixation, brains
were rinsed in PB and placed in 12% sucrose in PB for 6
hours at 4°C. They were frozen on dry ice and cut with a
cryomicrotome. Parasagittal or frontal sections (50 um
thick) were collected, rinsed in PB, treated with 0.3% H,0,
in PB, incubated with 10% lysine in PB containing 1%
normal sheep serum, and finally incubated overnight at 4°C
in the primary antiserum (rabbit anti-sGnRH, dilution
1/2,000 in PB containing 0.1% triton).

According to the PAP technique, sections were incubated
with goat serum antirabbit immunoglobulins (Jackson;
1/200 in PB) for 1 hour and then in the PAP complex
(Dako; 1/400 in PB) for 1 hour. Extensive rinses were made
between each step. The peroxidase was finally revealed by a
10 minute incubation with 0.025% diaminobenzidine and
0.02% H,0, in 0.04 M Tris HCL, pH 5.5. Sections were put
on gelatin-coated slides, dehydrated, and mounted with
Depex.

The specificity of the primary antibody has been previ-
ously described (Breton et al., 1984). The following controls
were used: 1) omission of the primary antibody, 2) replace-
ment by a nonimmune rabbit serum, and 3) preadsorption
with synthetic sGnRH.

Data analysis

Parasagittal and frontal sections, taken at different levels
of the brain, were drawn under a microscope with a camera
lucida (objective x4), and sGnRH-expressing perikarya or
ir neurons were reported on these drawings based on the
observation of several sections coming from different fish.
Brain structures were also outlined with the help of counter-
stained sections and according to the nomenclature of
Billard and Peter (1982).

RESULTS
Northern blot analysis

Northern blot hybridization of poly-A* mRNA from
vitellogenic rainbow trout with sGnRH ¢cDNA revealed a
single band corresponding to a messenger approximately
500 bases long (Fig. 1). This result obtained under high-
stringency conditions shows that the cDNA can be used for
in situ hybridization studies in Atlantic salmon as well as in
rainbow trout.

In situ hybridization in Atlantic salmon

The background noise observed with the control sense
probe was very low (Fig. 3D) and similar to the signal
obtained with antisense probe over tissue that did not
express sGnRH. Labeled sGnRH neurons were detected by
the accumulation of dense silver grains in the cellular body,
and sometimes this labeling was also seen in the initial part
of primary dendrites (Fig. 3C).

Perikarya revealed by the antisense probe were scattered
in the ventral part of the following areas: olfactory bulbs,
telencephalon, and preoptic area (Fig. 2). Labeled neurons
were fusiform or bipolar, and most of them were oriented
rostrocaudally.

T. BAILHACHE ET AL.

Fig. 1. Northern blot analysis of salmon gonadotropin-releasing
hormone (sGnRH) mRNA in rainbow trout. Five milligrams of poly-A*
mRNA purified from the telencephalon and transferred to a nylon
membrane (Biodyne, Pall) was hybridized with o’?P-labeled sGnRH
¢DNA probe and washed under high-stringency conditions. The mem-
brane was autoradiographed for 48 hours at —80°C.

The most rostral labeled perikarya were located in the
olfactory bulbs (Fig. 3A) and appeared to project into the
olfactory nerves. Numerous sGnRH cells were located at
the junction between the telencephalon and the olfactory
bulbs (Fig. 3C). The highest density of sGnRH neurons was
observed in this structure. Labeled cells in the ventral
telencephalon were scattered close to the meninges. In the
preoptic area, the labeled cells were found in the ventral
part of the nucleus preopticus periventricularis (NPP; Fig.
3B) or in the ventrolateral part of the preoptic nucleus
(NPO) and nucleus anterioris periventricularis (NAPv).

We did not observe any labeled cell in the NPOm. Neither
did we observe any labeled cell caudally to the preoptic area
in the other structures studied, including the tegmentum of
the midbrain (MT) and the hypothalamus.

In situ hybridization in rainbow trout

The labeling of sGnRH perikarya was less intense in the
rainbow trout (Fig. 5) than in Atlantic salmon (Fig. 3),
although the overall distribution of sGnRH-expressing
neurons in the rainbow trout was similar (Fig. 4). Labeled
neurons were scattered in the ventral part of olfactory
bulbs, ventral telencephalon, and ventral preoptic area (Fig.
5). We did not observe any silver grain accumulation in
NPOm and MT neurons.

Immunocytochemistry in rainbow trout

sGnRH-ir cells were widely distributed in all brain re-
gions studied (Fig. 6). Most of the ir cell bodies were found
scattered along a nearly continuous line extending ventrally
from the olfactory nerves to the preoptic area, but ir
perikarya were also observed in MT.

Immunoreactive neurons were observed in the ventral
part of the olfactory bulbs (Fig. 7A). Some of the ir
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Fig. 2. Distribution of sGnRH mRNA-containing perikarya as revealed by in situ hybridization in the
brain of Atlantic salmon. Frontal sections at the level of the olfactory bulbs (A), telencephalon (B), and
preoptic area (C) and overall representation in the sagittal plane (D). Scale bar = 1 mm.

perikarya found in the rostral part of the olfactory bulbs the telencephalon, where we found the greatest density of
close to the olfactory nerves have their processes running GnRH perikarya (Fig. 7B).

rostrally into these nerves. Most of them were bipolar and In the telencephalon, ir perikarya were found scattered in
oriented rostrocaudally. This group of neurons extended the ventral part of the brain, close to the meninges. They
caudally up to the junction between the olfactory bulbs and  were bipolar and elongated in shape (Fig. 7C). Numerous ir
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Fig. 3. Brightfield (top) and darkfield (bottom) photomicrographs of sGnRH mRNA-containing cells in
Atlantic salmon. Labeled cell bodies (arrows) were observed in the olfactory bulbs (A), telencephalon (C),
and ventral preoptic area (B). The control sense probe gave the background signal (D: section adjacent to
C). Scale bar = 50 pm.
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Fig. 4. Distribution of sGnRH mRNA-containing perikarya revealed by in situ hybridization in the
brain of rainbow trout. Frontal sections at the level of the olfactory bulbs (A), telencephalon (B), and
preoptic area (C) and overall representation in the sagittal plane (D). Scale bar = 1 mm.

fibers and some ir cell bodies were also observed into the
medial forebrain bundle.

Most of the ir cells observed in the preoptic area were
located in the ventral parts of NPP and NPOp (Fig. 7D), but
some ir cells were also observed in the lateral part of NAPv.
These preoptic ir neurons were located near the ventral

surface of the superior wall of the preoptic recess. Most of
them were bipolar, fusiform, and oriented rostrocaudally.
A light brown labeling was also observed in preoptic
magnocellular cells (Fig. 7G). The coloring was less intense
and appeared to be blurred; it was different from that seen
in the other structures, but, because it disappeared after
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Fig.5. Brightfield (top) and darkfield (bottom) photomicrographs of sGnRH mRNA-containing cells in
rainbow trout. Labeled cell bodies (arrows) were observed in the olfactory bulbs (A), telencephalon (B,C),
and ventral preoptic area (D). Scale bar = 50 pm.
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Fig. 6. Distribution in the frontal (A—C) and sagittal (D) plane of sGnRH-ir cell bodies (solid circles) and
fibers (short lines) in the brain of rainbow trout. Scale bar = 1 mm.

preadsorption of the antiserum with synthetic sGnRH, it
was considered to be a specific staining.

A cluster of ir neurons was also identified in MT. They
were also elongated in shape but were oriented dorsoven-
trally, perpendicular to the ventricular wall (Fig. 7H,I).
Staining in these cells was less intense than in the telence-
phalic neurons, but it disappeared after preabsorption of
the antiserum with synthetic sGnRH.

Immunoreactive fibers were observed everywhere in the
brain. However, fiber density was higher in the structures
that contained ir perikarya, namely, the olfactory bulbs,
ventral telencephalon, and preoptic area (Fig. 7A-E). We
also observed a high density of ir fibers in the ventral
hypothalamus (Fig. 7F) and in the digitations of the
neurchypophysis that penetrate the proximal pars distalis
of the pituitary.
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Fig. 7. Brightfield (A-D, G~I) and darkfield (E,F) photomicrographs of sGnRH-ir neurons in the brain
of rainhow trout. Ir cell bodies (arrows) were observed in the olfactory bulbs (A), telencephalon (B,C),
ventral preoptic area (D), NPOm (G), and MT (H,I). Fibers (arrowheads) were widely distributed in all these
structures, including the preoptic area (E) and hypothalamus (F). Scale bar = 50 pm.
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DISCUSSION

Our study was conducted on female Atlantic salmon and
rainbow trout that had reached the last stage of vitellogen-
esis because it has been found in two other salmonid species
(brown trout and masu salmon) that the level of sGnRH in
the brain increases during this period, suggesting a strong
synthesis activity (Breton et al., 1986; Amano et al., 1992).
A similar increase was observed in male Atlantic salmon,
but to a much lesser extent (Amano et al., 1993).

Because of the high degree of conservation of the se-
quence of salmonid GnRH mRNAs (Klungland et al,
1992a), it was possible to use the Atlantic salmon ¢cDNA
probe for hybridization studies in both species. From the
Northern blot hybridization of telencephalic mRNA, it
appears that the rainbow trout sGnRH messenger is about
500 bases long, which is close in length to that found in
Atlantic salmon (Klungland et al., 1992b) or masu salmon
(Suzuki et al., 1992).

In both species, in situ hybridization was performed
under high-stringency conditions. Under these conditions,
the control sense probe generated a low and homogenous
background. The specific signal obtained with the antisense
probe was strong in cell bodies that were thought to be
sGnRH-expressing perikarya. By contrast, the signals were
weak and similar to the control background in the rest of
tissues.

The distribution of sGnRH-expressing neurons as re-
vealed by in situ hybridization was similar in the two
salmonids and agreed with the data of Suzuki et al. (1992)
obtained in the masu salmon. Apart from two structures,
NPOm and MT, results from in situ hybridization were
very close to those obtained from immunocytochemistry.

Several studies published earlier have given apparently
conflicting results. One disagreement is that preoptic mag-
nocellular neurons were reported to be specifically stained
by immunocytochemistry for sGnRH in the masu salmon
(Amano et al., 1991) and the rainbow trout (Shaffer et al.,
1989) but were not always immunoreactive in the present
study. Because in both salmonids these cells were not
labeled by in situ hybridization, we have concluded that
they do not express sGnRH. Positive immunostaining of
these neurons could result from nonspecific reactions but
could also indicate the presence of GnRH peptide in cells
where the gene is not expressed. In a previous study
(Bailhache et al., 1989), we found sGnRH-sensitive neurons
in the preoptic nucleus, suggesting the presence of sGnRH
receptors in this area. Thus it is likely that sGnRH-receptor
complexes were fixed in this structure during the fixation
step and could subsequently be detected by immunocyto-
chemistry. This procedure has already been used in mam-
mals to study mGnRH-receptor complex (Stenberger, 1978).
Therefore, the staining in NPOm could be dependent on the
releasing activity of GnRH neurons projecting to the preop-
tic area.

Some authors have also described a cluster of GnRH cell
bodies in the tegmentum of the midbrain in several teleost
species using anti-mGnRH antibodies (Kah et al., 1989; Coe
et al.,, 1992). Cell bodies in this area were stained with
anti-sGnRH antibody, but none was labeled by in situ
hybridization. This is consistent with the data of Amano et
al. (1991) in the masu salmon, suggesting that these cells
are likely to be ¢GnRH-II neurons. A similar group of
¢GnRH II neurons was first described in the Japanese quail
and the domestic fowl (Mikami et al., 1988).
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By contrast, sGnRH cell bodies that were found in the
basal hypothalamus of several species, including goldfish
(Kah et al., 1984, 1986), European eel (Kah et al., 1989),
and platyfish (Miinz et al., 1981; Schreibman et al., 1983),
were not present in the rainbow trout and Atlantic salmon.

Previous data from immunocytochemistry of the GnRH
in the rainbow trout were inconsistent and contradictory
(Goos and Murathanoglu, 1977; Dubois et al., 1979; Shéffer
et al., 1989). The GnRH systems described by these authors
were all different despite the fact that they used antisera
directed against mGnRH. This, in fact, could explain the
discrepancy, because these antisera probably had different
cross-reactivities with the two GnRHs present in the
rainbow trout brain. Conflicting results were also obtained
in the goldfish: Its GnRH system was first described using
an anti-mGnRH antiserum (Kah et al., 1984) and was later
reinvestigated with an anti-sGnRH antiserum (Kah et al.,
1986). Studying the rainbow trout, Shiffer et al. (1989)
used either the anti-mGnRH or our anti-sGnRH, but their
results still differ from ours. This can be explained by the
different procedures used for fixation and embedding, which
might lead to a loss of sensitivity.

However, our results from in situ hybridization and
immunocytochemistry are in agreement with most of the
studies performed previously in other salmonids, brown
trout (Breton et al., 1986), masu salmon (Amano et al,,
1991; Suzuki et al., 1992) or other teleost species, platyfish
(Miinz et al., 1981; Schreibman et al., 1983), catfish (Goos
et al., 1985), Japanese eel (Nozaki et al., 1985), and sole
(Nunez Rodriguez et al., 1985). As in many vertebrates
(Muske, 1993), GnRH neurons of the olfactory bulbs and
rostral telencephalon appear to belong to the terminal
nerve. They probably represent part of a migratory path-
way from the olfactory placode to the basal forebrain, as
demonstrated for the GnRH cells in amphibians, birds, and
mammals (Schwanzel-Fukuda and Pfaff, 1991).

By the use of two complementary techniques, our study
not only gives a precise distribution of the sGnRH system in
two salmonids but rectifies the ambiguous data previously
published for rainbow trout.
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