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Gonadotropin-releasing hormone (GnRH) is a reproductive neuropeptide, which
controls vertebrate reproduction. In most vertebrates, there are more than two
GnRH orthologs in the brain. In cichlid fish, the Nile tilapia (Oreochromis niloticus),
GnRH1 is the primary hypophysiotropic hormone, while GnRH2 and GnRH3 are non-
hypophysiotropic but neuromodulatory in function. Hypophysiotropic GnRH neurons are
thought to inter-communicate, while it remains unknown if hypophysiotropic and non-
hypophysiotropic GNnRH systems communicate with each other. In the present study,
we examined interrelationship between three GnRH types using specific antibodies
raised against their respective GnRH associated peptide (GAP) sequence. Double-
immunofluorescence labeling coupled with confocal microscopy revealed that in sexually
mature males, GnRH-GAP1-immunoreactive (-ir) processes are in proximities of GnRH-
GAP3-ir cell somata in the terminal nerve, while GnRH-GAP1-ir cell somata were
also accompanied by GnRH-GAPS3-ir processes in the preoptic area. However, such
interaction was not seen in immature males. Further, there was no interaction between
GnRH-GAP2 and GnRH-GAP1 or GnRH-GAP3 neurons. Single cell gene expression
analysis revealed co-expression of multiple GnRH receptor genes (gnrhr1 and gnrhr2)
in three GNRH-GAP cell types. In mature males, high levels of gnrhr2 mRNA were
expressed in GNRH-GAP1-ir cells. In immature males, gnrhr1 and gnrhr2 mRNAs are
highly expressed in GnRH-GAPS-ir cells. These results suggest heterologous interactions
between the three GNRH-GAP cell types and their potential functional interaction during
different reproductive stages.

Keywords: GnRH, GAP, GnRHR, cichlid, reproduction

INTRODUCTION

Gonadotropin-releasing hormone (GnRH) is a neuropeptide that primarily plays an essential role
in the control of reproduction in vertebrates (1-5). GnRH stimulates the release of gonadotropins:
follicle-stimulating hormone (FSH for gamete growth) and luteinizing hormone (LH for gamete
maturation and release) from the adenohypophysis or anterior pituitary (6). Most vertebrate
species possess more than two different GnRH types and their receptor (GnRH receptor, GnRHR)
orthologs (7, 8). In mammals, there are two GnRH types, GnRH1 (mammalian GnRH) and
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observed in immature males (C,D). Scale bars = 20 um.

FIGURE 3 | Photomicrographs of double immunofluorescence of GnRH-GAP2 and GnRH-GAPS in the brain of sexually mature and immature male tilapia. In mature
males, GnRH-GAP2-immunoreactive (ir) neuronal processes (green) are closely located to GnRH-GAPS-ir cell somata (magenta) in the terminal nerve ganglion (gTN,
A), while such interaction between GnRH-GAPS3-ir neuronal processes (magenta) and GnRH-GAP2-ir cell soma (green) was not seen in the nucleus of the medial
longitudinal fascicle (nNMLF) of the midbrain (MB, B). No proximities of GhRH-GAP2 (magenta) and GnRH-GAPS (green) neuronal processes/cell somata were

of GnRH-GAP3-ir cell somata in the terminal nerve ganglion
(Figure 2B). Confocal imaging further confirmed the proximities
of GnRH-GAP1-ir and GnRH-GAP3-ir neuronal processes with
cell somata (Figure 2a,b). However, such proximities of GnRH-
GAP1 and GnRH-GAP3 neuronal processes with cell somata
was not seen in immature fish (Figures 2C,D). There were no
proximities of GnRH-GAP1 and GnRH-GAP2 processes/cell
somata in mature and immature fish. On the other hand,
GnRH-GAP2-ir neuronal processes are in proximities of GnRH-
GAP3-ir cell somata in the terminal nerve in mature and
immature males (Figures3A,C), while no GnRH-GAP3-ir
neuronal processes were seen in proximities of GnRH-GAP2-ir
cell somata in the midbrain (Figures 3B,D).

Expression of GhRH and GnRHR Types in
Single GnRH-GAP Cells

To investigate functional interaction between different
GnRH-GAP cell types, expression of GnRHR genes were
examined in harvested single-cell GnRH-GAP neurons

(Figure 4). All harvested GnRH cell types expressed respective
gnrh types, gnrhrl and gnrhr2 mRNA transcripts in mature and
immature males, while gnrhr3 mRNA were only detected in few
cells. Thus, we only proceeded for quantification of gnrhrl and
gnrhr2 mRNAs.

GnRH-GAP1

At the single cell levels, gnrhI mRNA levels were significantly
(P < 0.01) higher in mature (30.4 & 4.7 copies/cell) than those in
immature males (15.5 & 1.6 copies/cell) (Figure 5C). In mature
and immature males, 90-100% of GnRH-GAPI cells expressing
single or multiple GnRHR types (mature, 33/33 cells; immature,
44/49 cells) (Table1). There was no significant correlation
between mRNA levels of gnrhl and either gnrhrl or gnrhr2
in immature and mature males (Figures 5A,B). There was no
significant difference in gnrhrl mRNA levels in GnRH-GAP1
cells between mature and immature males, while gnrhr2 mRNA
levels were significantly (P < 0.001) higher in mature males
(Figure 5C).
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FIGURE 4 | Photomicrographs of GnRH-GAP immunoreactive cell somata before (A-C) and after (A’~C’) microdissection. Arrows indicate harvested cell somata of
GnRH-GAP1 (A,A’) in the anterior part of the parvocellular preoptic nucleus (PPa), GnRH-GAP2 (B,B’) in the nucleus of the medial longitudinal fascicle (hnMLF) and
GnRH-GAPS (C,C’) in the terminal nerve ganglion (gTN). Scale bars, (A,B), 20 wm; (C) 50 wm.

GnRH-GAP2

There was no difference in gnrh2 mRNA levels between the
two reproductive statuses (immature, 30.7 £ 4.1; mature, 22.3
£ 2.5 fg/cell) (Figure5F). In GnRH-GAP2 cells, 73-95% of
cells express single or multiple GnRHR types (mature, 32/46
cells; immature, 36/38 cells) (Table 1). There was no correlation
between mRNA levels of gnrh2 and gnrhr types in immature and
mature males (Figures 5D,E). There was no difference in gnrhrl
mRNA levels in GnRH-GAP2 cells between the two reproductive
states, while gnrhr2 mRNA levels were significantly (P < 0.05)
higher in mature male (3190.0 & 760.2 fg/ cell) as compared with
immature males (961.9 + 242.2 fg/cell) (Figure 5F).

GnRH-GAP3

gnrh3 mRNA levels were significantly (P < 0.0001) higher
in mature (221.9 £ 24.1 fg/cell) compared with immature
males (66.9 & 7.7 fg/cell) (Figure 5I). In immature males, high
percentage of GnRH-GAP3 cells express gnrhr types (55/57 cells),

while in mature males, gnrhr types expression was only detected
in half of cells (24/46 cells) (Table 1). There was no correlation
between mRNA levels of gnrh3 and either gnrhrl or gnrhr2
in immature and mature males (Figures 5G,H). GnRH-GAP3
neurons express significantly (P < 0.05) higher mRNA levels
of gnrhrl and gnrhr2 in immature (gnrhrl, 57.9 £+ 10.6 fg/cell;
gnrhr2,1525.6 £ 198.5 fg/cell) as compared with mature (gnrhrl,
26.7 £ 9.4 copies/cell; gnrhr2, 841.3 £ 222.9 copies/cell) males
(Figure 5I).

DISCUSSION

To examine potential functional interaction among GnRH types,
we generated three tilapia GAP-specific antisera. Specificity of the
three tilapia GAP antisera were characterized by Western blot
analysis, which showed a single distinct band of different size
for each GAP type, however, the molecular weight for each GAP
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FIGURE 5 | Graphs showing the distribution of GnRH receptor types mRNA transcripts in microdissected single GnRH-GAP neurons in mature and immature males.
In the scatter blot diagrams (A,B,D,E,G,H), the x-axis represents the levels of each GhnRH mRNAs in GnRH-GAP cell soma, while the 1st (left side) y-axis represents
gnrhr? mRNA levels and 2nd (right side) y-axis represents gnrhr2 mRNA levels in each GnRH-GAP cell soma. Red dots represent gnrhr1 and blue dots represent
gnrhr2 mRNA levels. Column scatter blot diagrams in below (C,Fl) show the mRNA levels of GnRH (gnrh1, gnrh2, and gnrh3) and GnRH receptor types per
GnRH-GAP cell soma in mature (M, green) and immature (IM, orange) males. *P < 0.05; **P < 0.001; ns, non-significant.

TABLE 1 | Percentage of GnRH-GAP1-3 subtypes cells expressing GnRH receptor mRNA transcripts in mature and immature males.

GnRH-GAP types Maturation GnRHR types expression patterns
stage
GnRHR1 GnRHR2 GnRHR3 Co-expression of any Co-expression of No
only only only of GnRHR types three GnRHR types expression
GnRH-GAP1 Mature 12.1 18.2 0.0 66.7 3.0 0.0
Immature 0.0 10.2 0.0 81.6 8.2 0.0
GnRH-GAP2 Mature 0.0 34.8 0.0 32.6 2.2 30.4
Immature 5.3 28.9 0.0 60.5 5.3 0.0
GnRH-GAP3 Mature 10.9 34.8 0.0 8.7 0.0 45.6
Immature 0.0 29.8 0.0 64.9 1.8 3.5

types was much higher than predicted sizes for GAP types (6-
7 kDa) or prepro-GnRH (9-11 KDa). The exact reason for the
contradictory results of Western blot assays remains unknown,
however, previous studies have also shown high molecular weight
of GAP or prepro-GnRH-immunoreactive bands in some fish
species. In a cichlid fish, Cichlasoma dimerus, Western blot
assay for chicken II-GAP antiserum showed a band of 34 kDa

in the brain extract (36). Similarly, in clownfish (Amphiprion
melanopus), a band of 52 KDa was detected by LRH13, a
monoclonal antibody to mammalian GnRH1 in Western blot
assay (46). In the studies mentioned above, observation of bands
of higher molecular weight than expected could be due to
factors such as protein aggregation, incomplete denaturation or
residual disulfide bonding. In fact, GAP is suggested to form
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a helix-loop-helix structure (47), which may affect Western
blotting results. Hence, our results of Western blot assay are like
those reported in other fish species. Further, our pre-absorption
study using respective GAP antigens successfully abolished the
GAP immunoreactivities in the brain. Our current and previous
single cell RT-PCR showed expression of gnrhl in GnRH-GAP1
cells, gnrh2 in GnRH-GAP?2 cells and gnrh3 in GnRH-GAP3 cells
(38, 39), confirming genetic characteristics of GAP-ir cells as
GnRH cells. In addition, the localization patterns of GAP-ir cells
completely overlapped with cells expressing respective GnRH
mRNA in the in situ hybridization study and GnRH peptide
synthesizing cells in the immunocytochemical study (34, 41).
Although there remains a low possibility of cross-reaction of
the three GAP antisera to some unknown proteins with high
molecular weight, but our present and past studies strongly
suggest that the immunoreactivity to the three GAP types is
highly specific.

The three GAP antisera used in this study specifically
immunoreacted with their respective GAP types without cross-
reactivity in the brain. Double-immunofluorescence labeling
showed the proximities of GAP1- and GAP3-ir neuronal
processes and cell somata, which suggests possible functional
interaction between GnRH-GAP1 and GnRH-GAP3 neurons. In
fact, the density of GnRH-GAPI1-ir and GnRH-GAP3-ir neuronal
processes, closely located to GnRH-GAPI1-ir and GnRH-GAP3-
ir cell somata was higher in mature males as compared to
immature males.

At the single cell level, all three GnRH-GAP cell types
expressed multiple GnRHR gene types, in particular, gnrhrl
and gnrhr2, which is in good agreement with our previous
immunohistochemical localization of GnRHR types in GnRH3
cells in the tilapia (48) and mRNA expression of two GnRHR
types in GnRH3 cells in the dwarf gourami (49). These results
suggest the roles of GnRHR in autocrine/paracrine regulation
of GnRH cell types as has demonstrated by electrophysiological
studies (50). Although the ligand-receptor interaction of three
GnRH and GnRHR types in the tilapia still remains unclear, in
medaka, which possesses three GnRHR types that are structurally
similar to three tilapia GnRHR types, GnRHR1 and GnRHR2
share similar potencies to GnRH ligands with GnRH2 > GnRH3
> GnRH1 (51). Based on the affinity of medaka GnRHR types
against three GnRH types, it can be speculated that GnRH1
and GnRH3 cells could be sensitive to multiple GnRH types
through GnRHR1 and GnRHR?2 signaling. Although GnRH2
is the most potent ligand for all three GnRHR types in fish
(52), there was no proximities of GnRH-GAP1 or GnRH-GAP3
neuronal processes with GnRH-GAP2 cell soma, except GnRH-
GAP2 neuronal processes were closely located to GnRH-GAP3
cell somata. This suggests that functional interaction between
GnRHI or GnRH3 with GnRH2 could be limited. Alternatively,
GnRH2 could reach its target GnRH cell types via non-synaptic
and disparate delivery mechanism such as through the circulation
as has been demonstrated in the pituitary of tilapia (53, 54).

In GnRH-GAP3 cells, gnrhrl and gnrhr2 mRNA levels were
higher in immature as compared to mature males. In contrast,
in GnRH-GAP1 and GnRH-GAP2 cells, gnrhr2 mRNA levels
were significantly higher in mature males, while GnRH-GAP1

neuronal processes with GnRH-GAP3 cell somata were more
abundant in mature males as compared to immature males.
These observations suggest that GnRHR1 and GnRHR2 could
regulate different GnRH cell types under different reproductive
conditions. In mature males, GnRHR types could be involved
in para or endocrine control by different GnRH peptides, while
in immature males, GnRHR types may be participating in
autocrine control. In some fish species, GnRH neural activities
and physiology are closely associated with social hierarchy.
In male Astatotilapia burtoni, the size of GnRHI cell soma
changes reversibly depending on male social status (55). In
medaka fish, the expressions of gnrhl is higher in dominant
than in subordinate males, while gnrh3 expression is higher
in subordinate than in dominant males (56). In the tilapia,
immuno-suppression of GnRH3 results in reduction of male
social behaviors (27). However, social hierarchy in male cichlid
fish is more for territory defense (aggressiveness), access to food
resources (body mass) and securing future mating opportunity
(57-60). Therefore, it is likely that GnRH-GAP1 is mainly
responsible for the reproduction (61, 62), GaRH-GAP2 is for
food intake/metabolism (22, 23), and GnRH-GAP3 is for socio-
sexual behaviors (26-28), but they might coordinate with each
other. Nevertheless, in the future, it will be interesting to study
the three GnRH-GAP changes in one species at the same time.

Although the autocrine regulation of GnRH neurons has been
considered a mechanism for the pulsatile secretion of GnRH
(31), the physiological significance of expression of multiple
GnRHR types in GnRH neurons as well as paracrine or autocrine
regulation of GnRH neurons in other functions remains unclear.
Some studies have implied a possible role of autocrine regulation
of GnRH. For example, during developmental stages of zebrafish,
GnRH3 peptides have been shown to regulate development of
GnRH3 neurons in an autocrine fashion (63). In hypothalamic
GT1-1 neuronal cells, GnRH has been shown to exert autocrine
regulation at the level of GnRH gene transcription (64).
Interestingly, in the zebrafish embryo, gene knockdown of gnrh3
affected regionalization of the brain and eye formation (65).
Therefore, these non-reproductive functions of GnRH3 could
also be regulated by multiple GnRH types in an autocrine and/or
paracrine manner during sexual maturation.

The present study shows morphological and molecular
evidences for the possibility of homogenous interaction
within the GnRH-GAP neural group as well as heterogeneous
interaction among different GnRH-GAP cell types. Co-
expression of multiple GnRHR types in GnRH-GAP cell
types may also suggest the possibility of heterodimerization of
GnRHR types. In the protochordate, Ciona intestinalis, GnRHR
heterodimer has been found to regulate various physiology
of GnRH cells such as the elevation of intracellular calcium,
time-extension of ERK phosphorylation, and up-regulation of
cell proliferation (66). GPCR dimerization are also known to
promote receptor folding, maturation and/or transport to the
cell surface (67). Therefore, the presence of multiple GnRHR
types and their functional interaction could also be important
for not only the regulation of GnRH neuronal activity, but
also the regulation of GnRHR cell-surface expression, which
might influence on the probability of ligand-receptor binding
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under different physiological conditions. Autocrine/paracrine
mechanisms have also been suggested to play an important
role as a pulse generator (31). However, there is no direct
evidence of coordinated release of GnRH by the different
GnRH-GAP types in the non-mammalian species. We have
previously demonstrated that inhibition of GnRH3 system
influences the outcome of GnRH1 and GnRH2 in a cichlid
(27). The present study provides a morphological evidence for
the potential interrelationship between the hypophysiotropic
and non-hypophysiotropic GnRH systems, which might
be involved in co-modulation of reproductive and non-
reproductive events.
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