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Abstract

RFamide peptides are expressed in the early stages of development in most vertebrates.
Gonadotropin-inhibitory hormone (GnlH) belongs to the RFamide family, and its role in reproduction
has been widely studied in adult vertebrates, ranging from fish to mammals. As only three reports
evaluated GnlH during development, the aim of this study was to characterise the ontogeny of GnlH
in a fish model, Cichlasoma dimerus. We detected the presence of two GnlH-immunoreactive (GnlH-
ir) cell clusters with spatial and temporal differences. One cluster was observed by 3 days post-
hatching (dph) in the nucleus olfacto-retinalis (NOR) and the other in the nucleus posterioris
periventricularis by 14 dph. The number of GnlH-ir neurons increased in both nuclei, whereas their

size increased only in the NOR from hatchling to juvenile stages. These changes occurred from the
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moment larvae started feeding exogenously and during development and differentiation of gonadal
primordia. We showed by double-label immunofluorescence that only GnlIH-ir neurons in the NOR
co-expressed GnRH3 associated peptide. In addition, GnlH-ir fibre density increased in all brain
regions from 5 dph. GnlH-ir fibres were also detected in the retina, optic tract and optic tectum,
suggesting that GnlH acts as a neuromodulator of photoreception and the integration of different
sensory modalities. Also, there were GnlH-ir fibres in the pituitary from 14 dph, which were in close
association with somatotropes. Moreover, GnlH-ir fibres were observed in the saccus vasculosus
from 30 dph, suggesting a potential role of GnIH in the modulation of its function. Finally, we found
that gnih was expressed from 1 dph, and that the pattern of variation of its transcript levels was in

accordance with that of cell number. Present results are the starting point for the study of new GnIH

roles during development.

Introduction

The role of neuropeptides in adult life has been studied in depth but their function in ontogeny is
not well established (1). Among peptides involved in reproduction, the importance of GnlH is
increasingly recognised. This neuropeptide is a member of the RFamide peptide family, which
includes kisspeptin and neuropeptide FF (NPFF), among others. Contrary to GnRH, GnIH has an
inhibitory effect on gonadotropin synthesis and release in birds and mammals (for reviews, see 2-4),
while its role in fish remains unclear (for reviews, see 5,6). Although GnlH was first characterised in
this group in 2002 (7), knowledge of its role increased only recently. Most studies focused on the
reproductive function of GnlH and reported both stimulatory and inhibitory effects of the hormone
(7-12, for reviews, see 6). This dual effect has been proposed to depend on the action of sex-steroids
and neuroestrogens and on the abundance of GnlH, GnRH and oestrogen receptors in the plasmatic

membrane (13).
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Little is known about spatial-temporal expression patterns and roles of GnlH during development
(for reviews, see 1,14), since most published work focused on GnlH anatomical distribution and
function in adult vertebrates (for reviews, see 2-6). Even though some studies have evaluated GnIH
(gene: gnih) expression during embryonic stages in birds and mammals (15-17), the GnIH system has
been examined to a greater extent throughout sexual development and the pre-pubertal period (18-
25). To our knowledge, only three reports have examined GnlH during fish development. They
demonstrated that GnlH was expressed from early developmental stages in the preoptic area and in
different brain regions. Two of these studies reported the expression of GnlH mRNA during the first
months of development in Danio rerio (12) and Dicentrarchus labrax (26), while the other analysed

GnlH spatial-temporal expression pattern in Labeo rohita by immunohistochemistry (27).

The social cichlid fish Cichlasoma dimerus is an excellent model for studies in neuroendocrinology,
the endocrinology of somatic growth, and behaviour (28-30). We have recently sequenced in our
laboratory the GnlIH precursor polypeptide, allowing us to identify three putative GnlH peptides.
Also, we analysed the distribution of GnlH-immunoreactive somata and fibres in brain and pituitary
gland of adult C. dimerus. Moreover, one of the putative GnlH peptides (cdLPQRFa-1) was shown to
stimulate growth hormone (GH) and inhibite B-luteinizing hormone (B-LH) release in vitro, while the
another (cdLPQRFa-2) was shown to stimulate only the release of B-follicle-stimulating hormone (B-

FSH) into the culture medium (31).

The early development of Cichlasoma dimerus has been well characterised from embryonic to
juvenile stages (32-33). Larvae hatch at 54-56 hours post-fertilization, but yolk-sac larvae initially
remain attached to the substrate by adhesive glands. At 5 days post-hatching (dph), their mouth
opens and larvae begin to swim freely and feed exogenously. The yolk-sac is completely reabsorbed
around 11 dph. Paired gonadal primordia develop at 12 dph but remain undifferentiated until 38
dph (32). Ovarian histological differentiation occurs by 42 dph in females, as evidenced by the

presence of primary oocytes, but spermatogonial proliferation is not observed in males until 72 dph
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(33). Juvenile stage is reached by 45 dph, when body shape and pigmentation patterns become
similar to those of the adult (32). The ontogeny of different neuropeptides and pituitary hormones

has been also analised in C. dimerus (34-37).

Taking into account the importance of GnlH in endocrinology and the limited knowledge of its
function during development, the aim of the current study was to evaluate the ontogeny of GnlH in

C. dimerus.

Materials and methods

1. Animals

Reproductive adult C. dimerus of both sexes were captured in Esteros del Riachuelo, Corrientes,
Argentina, and transferred to the laboratory, where they were acclimated to a constant temperature
(25 £ 2°C) and photoperiod (14 L: 10 D) in 400 | freshwater aquaria prior to study. Fish were fed daily
with commercial pellets (Kilomax Iniciador, #310; Mixes del Sur, Provincia de Buenos Aires,
Argentina). Four females and 2 males were placed in 130 | community aquaria, and eggs were
obtained from 8 spawnings of different fish pairs. Two days after fertilization, each offspring was
isolated in an individual 15 | aquarium and maintained at the same temperature and photoperiod
conditions as described above. Larvae of C. dimerus hatch at 54-56 h after fertilization (32). From
that moment, larvae were sampled at different days post-hatching: day 0 (newly hatched), and 1, 2,
3,4,5,6,8,10,12, 14, 15, 17, 20, 23, 27, 30, 33, 37,42, 52, 62, 75 and 85 dph. Five specimens were
randomly sampled for each stage. Larvae were fed with newly hatched nauplii of Artemia sp when
reaching the free-swimming stage (5-6 dph). After 12 dph, they were fed with ground commercial
pellets Kilomax Iniciador (#703) (Mixes del sur) of increasing size and proportion until 18 dph, when

commercial food completely replaced Artemia sp. Commercial pellets were processed with a mortar
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and 3 different sieves in order to obtain 3 grain sizes. Larvae were fed with grains matching the size
of their mouths (Fig. 1); hence, the size of grain fed was progressively increased as the animals grew.

In all cases, larvae were fed 4 times a day throughout the study.

Animals were handled according to the Principles of Laboratory Animal Care (guidelines on the care
and the use of fish in research, teaching and testing, Canadian Council on Animal Care, 2005), which
were approved by the Comision Institucional para el Cuidado y Uso de Animales de Laboratorio,

Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina (Protocol #95).

2. Immunohistochemical localisation of GnlH during ontogeny of C. dimerus

Larvae of C. dimerus were euthanised by hypothermic anaesthesia in ice-cold water and decapitation
from 42 dph. All larvae were fixed in Bouin’s solution for 18 h, as previously described by Pandolfi et
al. (34-35). They were then embedded in paraplast (Fisherbrand, Fisher, Wash, USA) and cut in
coronal or parasagittal sections at 7 or 10 um intervals. Sections were mounted on gelatin-coated
slides, deparaffinised in xylene and rehydrated through a graded ethanol gradient to phosphate-
buffered saline (PBS, pH 7.4). Inmunohistochemical procedures were similar to those previously
described by Di Yorio et al. (31). Briefly, sections were incubated for 5 min in 0.3 % (v/v) hydrogen
peroxidase to block endogenous peroxidase activity, then washed in PBS and incubated for 1 h with
PBS containing 5 % (w/v) non-fat dry milk (blocking solution) at room temperature (RT). After
washing with PBS, slides were incubated overnight with rabbit anti-GnIH antiserum (1:3000 in PBS,
raised against bullfrog fGRP, in Prof. Tsutsui’s laboratory) at 4 °C. Later, sections were washed in PBS
and incubated for 1 h with biotinylated anti-rabbit IgG (1:500 in PBS, Sigma-Aldrich) at RT.
Subsequently, they were incubated for 1 h with peroxidase-conjugated streptavidin (1:500 in PBS,
Invitrogen, Carlsbad, CA, USA) at RT. The final reactive products were visualised with DAB Substrate

Kit (Cell Marque™, CA, USA). Sections were gently counterstained with haematoxylin, mounted with
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DPX, examined under a Zeiss Primo Star microscope coupled to a digital camera (Canon PowerShot
A640) and photographed. The number of GnlIH cells was counted and their diameter measured in
coronal sections with an objective micrometre to evaluate changes in GnlH cell populations through
development. As brains were sectioned at 7 um intervals, only cells with a clearly visible nucleus

were counted (39).

Specificity controls were performed by preadsorption of primary antiserum with an excess of either
synthetic cd-LPQRFa-1 or cd-LPQRFa-2 (5 pg/500 pl) (Supplementary Figure S1), as previously
described by Di Yorio et al. (31). An additional control was performed by omitting the primary

antiserum (data not shown).

3. mRNA expression of gnih precursor polypeptide during ontogeny

Larval samples were taken from O dph to 27 dph in order to analyse gnih expression levels. Five
larvae of C. dimerus were euthanised by hypothermic anaesthesia in ice-cold water (from 0 to 5 dph)
or anesthetised in cold water and euthanised by decapitation (from 8 dph). Total larvae (up to 5 dph)
or heads (in larvae from 8 to 27 dph) were homogenised in 400 ul of TRI-Reagent (MRC, Inc.,
Cincinnati, USA), and total RNA was obtained following the manufacturer’s instructions. RNA
guantification and purity were determined by NanoDrop ND-2000 (Thermo Scientific,
Massachusetts, USA). Subsequently, 1 ug of total RNA was treated with DNAse | (Promega, Madison,
Wi, USA) to avoid possible genomic DNA contamination. First-strand cDNA was synthesised using
random hexamers (Invitrogen) and MMLV enzyme (Promega), as previously described by Delgadin et
al. (30). GnlH and B-actin RNA transcript levels were quantified by fluorescent-based RT-gPCR using
cDNA products diluted 1:10 in autoclaved distilled water. RT-qPCR was performed using FastStart
Universal SyBR green Master (5 ul, ROCHE) with a mixture of forward and reverse specific primers
designed from sequences previously obtained (1.5 pl; primers concentrations: 1 uM for GnlH and 0.5
UM for B-actin; Table 1), 2.5 pl of cDNA template and 1 ul of autoclaved distilled water per tube (29).

The RT-gPCR protocol was as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of
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95 °Cfor 15 s, and 60 °C for 1 min. Each sample was run in duplicate and template omission served
as negative controls. For each gene amplification, a single melting peak was obtained and
efficiencies were close to 100%. 8-actin gene was used as the reference gene, since its expression
was stable among replication measures and showed minimum variation between days (data not
shown). The starting concentration (NO) per sample was calculated by LinRegPCR as initial
fluorescence in arbitrary units, which takes into account PCR efficiencies per sample and amplicon.

NO was used as the response variable (40-41).

4. Double-label immunofluorescence

Larvae at 27-30 dph were anesthetised and euthanised in ice cold water, and fixed in Bouin’s
solution as described above. Samples were then embedded in paraplast (Fisherbrand) and cut at the
level of the pituitary, in parasagittal or coronal sections at 10 um intervals. Sections were mounted
on charged slides, deparaffinised in xylene, and rehydrated through a graded ethanol gradient to

PBS.

4.1. GnlH-GnRH in the nucleus olfacto retinalis (NOR) and hypothalamus

After rehydration, sections were incubated for 1 h with PBS containing 5% non-fat dry milk (blocking
solution) at RT. Next, they were incubated overnight with monoclonal LRH13 antiserum (1:1000 in
PBS) or guinea pig anti-sea bass GnRH3 associated peptide (SGAP) antiserum (1:500 in PBS) at 4 °C.
Subsequently, sections were washed in PBS and incubated with biotinylated anti-mouse IgG (1:200
in PBS, Invitrogen) or anti-guinea pig 1gG (1:1000 in PBS; Vector laboratory, Burlingame, California,
USA), respectively, for 1 h at RT. They were then incubated with streptavidin-Alexa 647-conjugated

(1:150 in PBS, Invitrogen) (infrared) for 1 h at RT. Afterwards, sections were incubated overnight
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with rabbit anti-GnlH antiserum (1:300 in PBS) at 4 °C. After washing slides in PBS, they were

incubated for 1 h with an anti-rabbit IgG- Alexa 594-conjugated (1:150 in PBS, Invitrogen) (red) at RT.

4.2. GnlH-immunoreactive fibers and FSH- and GH-immunoreactive cells in the pituitary

For B-FSH immunodetection, sections were pretreated for epitope unmasking with citrate buffer 10
mM, pH 6, for 10 min at 90 °C, cooled at RT and washed in PBS (37). All sections were incubated with
blocking solution for 1 h at RT. Next, they were incubated overnight with rabbit anti-GnlH antiserum
(1:3000 in PBS) at 4 °C. Sections were then washed in PBS and incubated with biotinylated anti-
rabbit IgG (1:500 in PBS, Sigma-Aldrich) for 1 h at RT. Later, they were incubated with streptavidin-
Alexa 647-conjugated (1:150 in PBS, Invitrogen) (infrared) for 1 h at RT. Subsequently, sections were
incubated overnight with rabbit anti-chum salmon GH antiserum (1:1000 in PBS, lot 8502) or anti-
Fundulus heteroclitus B-FSH antiserum (1:500 in PBS) at RT. After washing slides in PBS, they were

incubated with an anti-rabbit IgG- Alexa 594-conjugated (1:300 in PBS, Invitrogen) (red) for 1 h at RT.

Double-label immunofluorescence system with two primary antibodies raised in rabbit was
performed because GnlH-ir fibres and pituitary immunoreactive-cells are clearly identifiable from
each other. Specificity controls were previously carried out in our laboratory with two different
approaches: preadsorption of primary antibody with an excess of its antigen (31,37,38,39) and
western blot (38,39). It is important to mention that sGAP antiserum recognise C. dimerus sGAP and
co-localise with GnRH3 expressing neurons in larvae and adults of this species (39). Finally, samples
were mounted in PBS-glycerin (1:1) and examined under a confocal laser microscopy (Olympus FV-

30 attached to an Olympus Bx61 microscope).
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5. Statistical analysis

Variation in average cell number during ontogeny was evaluated using the non-parametric Friedman
test, followed by Dunn’s multiple comparison tests against 3 dph for the NOR or 14 dph for the
nucleus posterioris periventricularis (NPP). Variation in cell diameter was analysed with repeated
measures ANOVA, followed by Dunnett’s multiple comparison tests against 3 dph for the NOR or 14
dph for the NPP. Normality, homoscedasticity and sphericity assumptions were tested prior to
analysis. Statistical significance was established at p<0.05. Data are presented as mean * standard

error of the mean (SEM).

Results

GnlH distribution during ontogeny of C. dimerus

Immunohistochemistry showed the presence of GnlH-ir nuclei rostrally in the nucleus olfacto-
retinalis (NOR) (Fig. 2.1) and in the nucleus posterioris periventricularis (NPP) of the hypothalamus at
either side of the third ventricle (Fig. 2.2). No GnlIH-ir fibres or GnlH-ir cells were detected when the
primary antiserum was incubated with synthetic cd-LPQRFa-1 (Fig. S1). However, some cells and
fibres stained weakly when the antibody was preadsorbed with synthetic cd-LPQRFa-2 (data not

shown).

Nucleus olfacto-retinalis

GnlH-ir somata were detectable in this nucleus by 3 dph (Fig. 3 B). Their number progressively
increased during ontogeny (x2(10,= 29.60; p=0.001) and was significantly different in larvae at 33 dph

(p=0.02) and 85 dph (p=0.006), as compared to larvae at 3 dph (Fig. 3 B-E and F). There was a
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significant increase in the average diameter of these cells from 14 dph, as compared to larvae at 3

dph (Fu020= 13.51; p<0.0001) (Fig. 3 F).

Nucleus posterioris periventricularis

Weakly stained GnlH-ir somata were detected in this nucleus by 14 dph (Fig. 4 B). A gradual increase
in the number of these neurons was observed as larvae developed (x2(7)= 19.11; p=0.008), with
larvae at 42 dph (p=0.014) and 85 dph (p=0.006) showing significant differences compared to larvae
at 14 dph (Fig. 4 B-E and F). The average diameter of GnlH-ir somata was unaltered through

development (6.7 £ 0.1um) (F7,14=1.79; p=0.168; Fig. 4 F).

Fibres in the brain

Few GnlIH-ir fibres were detected in the brain of larvae up to5 dph. Their density progressively
increased along the anterior-posterior axis as larvae developed from that day (Fig. 3,4,5,6). A high
density of fibres was observed at both sides of the third ventricle and in the nucleus lateralis tuberis
(NLT) by 14 dph (Fig. 5). Subsequently, these regions contained the highest density of fibres in the
brain. It is important to point out that mid- and posterior- brain regions of larvae at 85 dph

contained higher number of fibres than the same regions in adult brains (data not shown).

Pituitary

Even though GnlH-ir fibres were detected from 14 dph to 85 dph (Fig. 5 B-D), they appeared to
diminish in number from 37 dph. It is important to mention that fibre immunostaining in the
pituitary was not as intense as that observed in the hypothalamus and other brain regions. No GnlIH-

ir cells were observed at the pituitary level.
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Saccus vasculosus

This structure became morphologically distinguishable by 8 dph. GnlH-ir fibres were detected in the

tractus of sacci vasculosi from 23 dph and in the saccus vasculosus itself from 30 dph (Fig. 5 E-G).

Retina-Optic Tract-Optic Tectum

Emerging GnlH-ir fibres were observed in the inner plexiform layer of the retina by 5 dph (Fig. 6 B),
whereas an increase in fibre density was detected from 8 dph (Fig. 6 C-D). GnlH-ir fibres were also
observed in the optic chiasm, optic nerve and optic tract from 8 dph (Fig. 6 E-G). Few GnlIH-ir fibres
were detected in the optic tectum at that day, but their density increased subsequently (Fig. 6 H-J).
Taking into account a previous description of the optic tectum of C. dimerus (40), GnlH-ir fibres were
located in the intermediate layers, between the stratum marginale and the stratum periventriculare

(SPV), closer to the latter.

GnlH expression levels in ontogeny

GnlH mRNA was first detected at 1 dph, its expression increasing from 12 dph and reaching a peak at

20 dph (Fig. 7).

Double label- immunofluorescence

GnlH-GnRH in the NOR and the NPP

The pattern of expression of GnRH variants was examined during ontogeny in a previous study on C.
dimerus (35). Based on the results reported in that study and GnlIH localisation described in the

present work, we decided to evaluate whether there was co-localisation of any GnRH variants with
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GnlH in the NOR and NPP. We first used an antibody that recognises all GnRH variants (LRH-13), and
found that only neurons in the NOR co-expressed both peptides (data not shown). Considering that
GnRH3 is expressed in the NOR of C. dimerus (35,39), we next investigated potential co-localisation
of GNRH3 and GnlH using an antibody that recognises the GnRH3 associated peptide (sGAP). We
observed that sGAP and GnlH immunostaining co-localised in neurons of the NOR (Fig. 8 A-C) and in
some fibres. Other fibres in the NOR and hypothalamus were labelled with only one of these

peptides (Fig. 8 D-F).

GnlH-ir fibres and FSH-ir and GH-ir cells at pituitary level

Considering that GnlH-ir fibres were detected at the pituitary level and that GnlIH regulates GH and
gonadotropin release in adult C. dimerus (31), double-label immunofluorescence was performed to
identify potential contacts between GnlH-ir fibres and GH or FSH cells. Double-label
immunofluorescence between GnlH-ir fibres and ir-LH cells was not performed because these cells
develop by 60 dph (37), by which time GnlH-ir fibres had diminished considerably. We detected few
contacts between GnlH-ir fibres and GH-ir cells (Fig. 8 G-1) and no contacts between GnlH-ir fibres

and FSH-ir cells (Fig. 8 J-L).

Discussion

Even though studies of RFamide peptides during vertebrate development are scarce, they show
interesting results that reflect their differential functions in ontogeny and in adults (1). GnIH belongs
to the RFamide family and its role in the regulation of reproduction, feeding and growth in adult
vertebrates has been widely discussed, with similar and opposing results in birds, mammals and fish

(2-6).

This article is protected by copyright. All rights reserved.



The antiserum used in the present study was raised against a bullfrog peptide, closely related to
GnlH, and demonstrated to be specific in affinity purifications (7) and in immunoassay for diverse
fish species, including C. dimerus (7, 9, 27, 31). We have previously observed in our laboratory that
preadsorption of this antibody with an excess of cd-LPQRF-1, the putative C. dimerus GnlH, resulted
in complete loss of GnlH staining, whereas preadsorption with cd-LPQRFa-2 led to the loss of most,
but not all, GnlH immunostaining. These results indicate that the antibody can be used in C. dimerus
to recognise putative GnlH. However, cross-reactions with an unknown peptide from the RF-amide

family cannot be ruled out.

We identified two GnlH-ir cell clusters during early life stages, with different spatial and temporal
expression patterns: GnlH-ir neurons in the anterior region of the brain were detected in the NOR by
3 dph, while those at the hypothalamic level were found in the NPP by 14 dph. The location of GnlIH-
ir neurons in the NOR was similar to that previously described in adults of C. dimerus (31) and other
fish species (7, 8, 43, 44). However, Biswas et al. (27) reported the presence of GnlH-ir cells in the
olfactory epithelium and bulb, which varied in immunostaining intensity during development, and
observed no immunoreaction in adult Labeo rohita. Considering that the present study and that by
Biswas et al. (27) used the same antiserum, it is possible that species-specific differences exist in the
expression of GnlH in the NOR. In line with this, previous studies have shown great intra- and inter-
specific variability in this brain region (45). On the other hand, we observed an increase in the
number of GnlH-ir neurons in the NOR from 5 dph, reaching a maximum by 85 dph. This gradual
increase began when larvae started to feed exogenously and continued during the development and
differentiation of gonadal primordia. The diameter of GnlH-ir neurons underwent a remarkable

change between 5 dph and 14 dph, just before the development of gonadal primordia.
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Based on the localisation of GnlH-ir neurons, their morphology, and on previous studies of GnRH
expressing neurons in our model species, we decided to examine whether GnlH-ir somata co-
localised with any GnRH variant. To explore this possibility, we first used an antibody that recognises
all GnRH variants and found that only the labelled-GnlH neuronal population in the NOR co-localised
with immunoreactive-GnRH. As GnRH3 somata occur in this brain region (35,39), we performed
double-label immunofluorescence with an antibody against sGAP, and found the co-expression of
GnRH3 and GnlH in the NOR and in fibres localised in this nuclei and at the hypothalamic level. These
results are supported by previous studies showing the presence of RFamide peptides in the NOR or
nervus terminalis, where they co-localise with GnRH (45-46), although not completely in some
species (45,47). Recently, Spicer et al. (11) demonstrated the lack of co-localisation of GnlH and
GnRH3, and the absence of a GnlH-ir cell cluster in the nervus teminalis of Danio rerio, after using a
specific antiserum raised against zebrafish-LPXRFa (11). On the contrary, another study on the same
fish species reported the presence of a cluster of GnlH-ir cells in that region, after performing in situ
hybridization (44). The opposing results of both studies may reflect the different methodologies
employed. Taking into account that GnlH and GnRH3 co-localise in neurons of the NOR in C. dimerus,
that GnRH3-ir was first detected at hatching while GnlH-ir was observed by 3 dph, and that GnRH3
migrates to the NOR after originating in the olfactory placode (35), we could speculate that GnlH is

expressed once GnRH3-ir cluster settles in the NOR.

With respect to the NPP neuron cluster, it was first detected by 14 dph and was smaller than the
NOR population. These neurons have been found in all fish species studied so far, including adult C.
dimerus (for review, see 6). However, some species-specific differences may exist in their temporal
detection, since Biswas et al. (27) showed that they occur from hatching in L. rohita. On the other
hand, we observed a gradual increase in the number of cells from 14 dph, reaching a maximum by
85 dph, with no changes in their size. As in the NOR, the increment in cell number took place during

the development and differentiation of gonadal primordia, suggesting a possible role of GnIH in the

This article is protected by copyright. All rights reserved.



modulation of those processes. Future studies of possible sexual differences in the number of cells in

NOR and NPP during gonadal differentiation are planned.

Present results showed that NPP neurons did not co-express any of the GnRH variants, whereas
some of the GnlH-ir fibres in the hypothalamus co-expressed GnRH3. This may indicate that
hypothalamic fibres expressing only GnlH come from the NPP cluster, while those co-expressing
GnlH and GnRH3 peptides belong to neurons in the NOR. Finally, the presence of GnlH-ir neurons in
the periventricular region of the third ventricle of the hypothalamus may reflect a different
developmental origin of this cell cluster as compared to that of the NOR cluster. This is in agreement
with some studies suggesting the existence of two populations of RFamide neurons with different
developmental origins, one population arising from the olfactory placode and the other originating

from the third ventricle (1).

The presence of immunoreactive fibres at the pituitary level in larvae from 14 dph to 85 dph was an
interesting finding, considering that no pituitary GnlH-ir fibres have been detected in adult C.
dimerus (31). This result is in accordance with those obtained during the development of Labeo
rohita (27) and in adults of Carassius auratus (7), Oncorhynchus nerka (9), Oreochromis niloticus
(10,48), Dicentrarchus labrax (43) and Solea senegalensis (8). By contrast, Biswas et al. (27) found
GnlH-ir cells at the pituitary level only during early developmental stages. The presence of GnlH-ir
fibres in larvae of C. dimerus and their absence in adults indicate that the mode of action of GnlH on

pituitary cells may differ between larvae/juveniles and adults of this species.

On the other hand, double-label immunofluorescence results showed for the first time the presence
of GnlH-ir fibres in contact with somatotropes, an association already reported in adult D. labrax
(43). In addition, we have shown here that GnlH fibres decreased in number at the pituitary level

from 37 dph. It is important to mention that fibres immunoreactive for seabream-GnRH (the main
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hypophysiotropic variant of GnRH in C. dimerus) were observed entering the posterior infundibular
stalk and the neurohypophysis from 30 dph (35). These results suggest that a change in pituitary
regulation could occur at the beginning of gonadal differentiation in C. dimerus, although further

studies are required.

Interestingly, GnlH-ir fibres were detected in the tractus of sacci vasculosi from 23 dph and also in
the saccus vasculosus (SV) from 30 dph. The presence of GnlH-ir fibres in the SV has been reported
only in adult D. labrax (43); hence, this study shows for the first time the occurrence of GnlH-ir fibres
during larval stages both in the tractus and the SV. Although the function of the SV remains
unknown, recent findings suggest that it might be involved in the regulation of seasonal
reproduction of Oncorhynchus masou, since it expressed rodopsin and B-thyroid-stimulating
hormone and was also able to respond to changes in photoperiod (49). Taking into account these
findings and those obtained in the present study, we propose a new function for GnlIH in the
regulation of a structure that could be involved in the control of reproduction. However, more

extensive studies are needed to elucidate this point.

An increase in GnlH-ir fibre density was observed in the inner plexiform layer of the retina, optic
tract and optic tectum from 5 dph. A high number of fibres in these brain regions was also detected
during the ontogeny of L. rohita (27) and in adults of other fish species such as D. labrax (43), O.
niloticus (48), S. senegalensis (8) and D. rerio (44). These results provide anatomical evidence
supporting a potential role of GnIH as a neuromodulator of photoreception and integration of
different sensory modalities, not only in adults but also throughout development. In line with this,
GnlH expression levels have been shown to be modulated by photoperiod and melatonin in adults of
D. rerio (50) and Amphiprion melanopus (51). Moreover, Paullada-Salmeron et al. (26) demonstrated
that expression levels of GnlH and its receptor were altered by photoperiod during D. labrax

development. The presence of GnlH-ir fibres in anterior brain regions, such as the olfactory bulb, and
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in the visual system suggests that GnlH might integrate and modulate the olfactory-retinal system,
as previously proposed for neurons in the NOR (52). This is an interesting issue to evaluate in future

studies.

Finally, to complement immunohistochemical studies, we evaluated gnih mRNA expression during
the stages of development prior to gonadal differentiation. gnih mRNA was first detected at 1 dph
and its levels increased by 20 dph. This rise may be related to the increase in number of GnIH

immunoreactive somata during development of gonadal primordia. In a previous study on D. rerio,
Zhang et al. (12) first detected mRNA encoding gnih before hatching (prim-5 stage). Unfortunately,
we were not able to establish whether gnih was expressed before hatching or whether it began to

express at 1 dph, since we evaluated the expression of gnih precursor from hatching.

In conclusion, we report the first description of the GnlH system ontogeny in a cichlid fish, C.
dimerus, showing spatial and temporal differences in the two brain nuclei previously described in
adults. Moreover, both the number and size of neurons in both clusters was shown to change from
hatchling to juvenile stages. These changes began when larvae started feeding exogenously and
continued during development of gonadal primordia. They were in accordance with variations in
MRNA levels, at least in the first stages of development. On the other hand, it was shown for the first
time that GnlH-ir neurons in the NOR co-expressed the GnRH3 variant and that GnlH-ir fibres could
directly modulate somatotrope function. In addition, GnIH-ir fibres were observed along the optic
tract, opic tectum and retina, suggesting a possible role of GnlH as a neuromodulator of
photoreception and the integration of different sensory modalities. Finally, the detection of GnIH
innervation in the saccus vasculosus indicates that GnlH may modulate the function of this organ.
Present results are the starting point for future experiments during sexual differentiation and the

study of new functional roles of GnIH during development.
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Figure legends

Figure 1 Timeline representing the days in which larvae were sampled and important events related
to feeding and sexual differentiation during ontogeny of C. dimerus. Coloured lines indicate periods
of feeding on different diets. Overlapping lines correspond to adaptation periods to a change in

feeding.

Figure 2 Localisation of GnIH-immunoreactive somata detected by immunohistochemistry in brain
parasagittal sections of a 42 days post-hatching larva of C. dimerus. (A) Schematic parasagittal
section of a larva brain. Scale bar: 200 um. Boxed areas indicate the microphotograph parasagittal
sections showing GnlH-immunoreactive somata (arrow) in the nucleus olfacto-retinalis (1) and in the
nucleus posterioris periventricularis (2). GnlH-immunoreactive fibres are indicated by arrowheads.

Scale bar: 20 um.

Figure 3 Localisation of GnIH-immunoreactive somata detected by immunohistochemistry in coronal
sections of the nucleus olfacto-retinalis (NOR) during development of C. dimerus. (A) Schematic
parasagittal section of a larva brain. Line shows the position of the NOR coronal sections. Scale bar:
200 um. Microphotograph section showing the GnlH-immunoreactive somata (arrow) and fibres
(arrowheads) in larvae at 3 days post-hatching (dph) (B), 8 dph (C), 17 dph (D) and 85 dph (E). Scale
bar: 20 um. (F) Analysis of the variation in cell number (solid line) and cell diameter (dashed line) in

the NOR during ontogeny. Results are presented as means + SEM (n=3). * p=0.02; ** p=0.006, for
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the comparison with cell number at 3 dph; ™" p<0.0008; " p<0.0001, for the comparison with cell

diameter at 3 dph.

Figure 4 Localisation of GnlH-immunoreactive somata and fibres detected by immunohistochemistry
in coronal sections of the nucleus posterioris periventricularis (NPP) during development of C.
dimerus. (A) Schematic parasagittal section of a larva brain. Line shows the position of the NPP
coronal sections. Scale bar: 200 um. Microphotograph section showing the GnlH-immunoreactive
somata (arrow) and some representative fibres (arrowheads) in larvae at 14 days post-hatching
(dph) (B), 20 dph (C), 42 dph (D) and 85 dph (E). Third ventricle (3V). Scale bar: 20 um. (F) Analysis of
the variation in cell number (solid line) and cell diameter (striped line) in the NPP during ontogeny.
Results are presented as means + SEM (n=3). * p=0.014; ** p=0.006, for the comparison with cell

number at 14 dph.

Figure 5 GnlH-immunoreactive fibres detected by immunohistochemistry in coronal sections of the
pituitary and saccus vasculosus during development of C. dimerus. (A) Schematic parasagittal section
of a larva brain. Lines show the position of the coronal sections of the pituitary (1) and saccus
vasculosus (2). Scale bar: 200 um. Microphotograph section showing the GnlH-immunoreactive
fibres (asterisks) at the pituitary level in larvae at 14 days post-hatching (dph) (B), 33 dph (C) and 85
dph (D). Scale bar: 20 um. GnlH-immunoreactive fibres at the hypothalamic level are indicated by
arrowheads. Microphotograph section showing the GnlH-immunoreactive fibres (arrowheads) in the
tract and the saccus vasculosus of larvae at 33 dph (E), 75 dph (F) and 85 dph (G). Scale bar: 20 um.

Saccus vasculosus: SV.
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Figure 6 GnlH-immunoreactive (GnlH-ir) fibres detected by immunohistochemistry in coronal
sections of the retina, optic chiasm-optic tract and optic tectum during development of C. dimerus.
(A) Schematic parasagittal section of a larva. Lines show the position of the coronal sections of the
retina (1), optic chiasm-optic tract- (2) and optic tectum (3). Scale bar: 200 um. (1) Camera lucida
drawing of a coronal section of a larva, and a boxed area indicating the microphotograph section
showing GnlH-ir fibres (arrowheads) in the retina of larvae at 5 days post-hatching (dph) (B), 8 dph
(C) and 14 dph (D). Scale bar: 100 um and 20 um, respectively. (2) Camera lucida drawing of a
coronal section of a larva, and a boxed area indicating the microphotograph section showing GnlH-ir
fibres (arrowheads) in the optic chiasm-optic tract of larvae at 8 dph (E), 12 dph (F) and 42 dph (G).
Scale bar: 100 um and 20 um, respectively. (3) Camera lucida drawing of a coronal section of a larva,
and a boxed area indicating the microphotograph section showing GnlH-ir fibres (arrowheads) in the
optic tectum of larvae at 8 dph (H), 17 dph (I) and 37 dph (J). Scale bar: 100 um and 20 um,

respectively.

Figure 7 Pattern of variation in mRNA expression of gnih precursor during the first 23 days post-
hatching of larvae of C. dimerus. B-Actin was used as the reference gene. Values are expressed in

arbitrary units (a.u.) as means + SEM (n=3).

Figure 8 Double-label immunofluorescence in the nucleus olfacto-retinalis (NOR) (A-C), nucleus
posterioris periventricularis (NPP) (D-F), and pituitary (G-L), in brain sections of 27-30 days post-
hatching larvae. (A-C) Parasagittal sections of the NOR showing GnlH-immunoreactive (GnlIH-ir)
somata (green) (A), sGAP-ir somata (red) (B) and overlay of A and B (C). Scale bar: 10.0 um. (D-F).
Parasagittal sections of the NPP showing GnlH-ir somata and some representative fibres (green) (D),

sGAP-ir somata (red) (E), and overlay of D and E (F). Scale bar: 20.0 um. (G-1). (G-L) Coronal sections
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at the pituitary level showing GnlH-ir fibres (green) (G and J), GH-ir cells (red) (H) and B-FSH-ir cells
(red) (K). Overlay of G and H () and of J and K (L). Scale bar: 20.0 pm. Pit: pituitary. Immunoreactive
somata or cells are indicated by arrows and fibres by arrowheads. Co-localisation is indicated by

asterisks and contacts by open circles.

Supplementary Figure S1 Preadsorption test of anti-GnlH antisera with an excess of synthetic cd-
LPQRFa-1 in immediately serial parasagittal sections of the brain of 27 days post-hatching larvae of
C. dimerus. (A) Schematic parasagittal section of a larva brain. Scale bar: 200 um. Boxed areas
indicate the microphotograph parasagittal sections showing GnlH-immunoreactive (GnlH-ir) somata
in the nucleus olfacto-retinalis (NOR) (1) and in the nucleus posterioris periventricularis (NPP) (2). (B)
Microphotograph section showing GnlH-ir somata (arrow) in the NOR and the corresponding
preadsorption test of anti-GnlH antisera with an excess of synthetic cd-LPQRFa-1 (C). (D)
Microphotograph section showing GnlH-ir somata (arrow) and fibres (arrowhead) in the NPP and the
corresponding preadsorption test of anti-GnlH antisera with an excess of synthetic cd-LPQRFa-1 (E).

Scale bar: 20 um.
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Table 1

Primers used for mRNA expression by real time PCR.

Name forward primer (5°—3”) reverse primer (5°—37) GeneBank Accesion N°
GnIH AGCCACCCAACCATTATCAG AGATGAGTTCGGTGTCCTTTC  Di Yorio et al. 2016 (30)
EU158257

B-actin GCTGTCCCTGTACGCCTCTGG GCTCGGCTGTGGTGGTGAAGC

Free-swimming and

exogenous feeding Development of NH Female: start of Male: start of sexual
Hatchin Appearence of gonadal sexual differentiation  differentiation
g . -
primordia
0123456 8 101214 17 20 23 27 30 33 37 42 52 62 75 gs  Dayspost-hatching
Yolk
Artemia sp.

Commercial pellets
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