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Abstract In this investigation, we examined the
influence of alpha-melanocyte stimulating hormone
(a-MSH), a proopiomelanocortin-derived peptide,
along the hypothalamic-pituitary-gonad axis in a
cichlid fish Oreochromis mossambicus. Administra-
tion of «-MSH (40 pg/0.1 ml saline) for 22 days did
not affect the number of stage I (previtellogenic) fol-
licles but caused significant reduction in the mean
numbers of previtellogenic (stages II and III), vitel-
logenic (stage IV) and preovulatory (stage V) folli-
cles compared to those of controls. While the gona-
dosomatic index was significantly lower, the rate of
follicular atresia in stages II, III and IV remained
significantly higher in a-MSH-treated fish compared
to the controls. Furthermore, the mean percent area
of gonadotropin-releasing hormone-immunoreactive
(GnRH-ir) fibres and luteinizing hormone-immu-
noreactive (LH-ir) cells were significantly reduced
in the proximal pars distalis of the pituitary gland
in a-MSH-treated fish compared with the controls.
Together, our findings suggest for the first time that
the treatment of «a-MSH blocks the follicular devel-
opmental process during the ovarian cycle, possi-
bly through the inhibition of GnRH-LH pathway in
teleosts.

J. Kumbar - C. B. Ganesh ()

Neuroendocrinology Research Laboratory, Department
of Studies in Zoology, Karnatak University,

Dharwad 580 003, India

e-mail: ganeshkcd @gmail.com

Keywords Alpha-MSH - Gonadotropin-releasing
hormone - Luteinizing hormone - Fish ovary -
Follicular development - Oreochromis mossambicus

Introduction

Alpha-melanocyte-stimulating hormone («-MSH) is
a 13 amino acid long neuropeptide, which is derived
from the posttranslational modifications of the protein
precursor pro-opiomelanocortin (POMC). Originally,
o-MSH is shown to play a role in melanin-inducing
activity in frogs, but now, this peptide is implicated
in regulation of several physiological functions
including reproduction in vertebrates (Newman et al.
1985; Filadelfi and Castrucci 1994; Vaudry et al.
1999). a-MSH downregulates the cytokines result-
ing in immunosuppression (Luger et al. 2003) and
plays a role in the regulation of energy homeostasis
(Cone 2005), sexual behaviour (Thody and Wilson
1983; Cragnolini et al. 2000; Caquineau et al. 2006)
and luteinizing hormone (LH) secretion (Newman
et al. 1985) in mammals. In addition, products of
the POMC (a-MSH and p-endorphin) have either
direct or indirect effects on feeding and metabolism,
as well as on the secretion of gonadotropin-releasing
hormone (GnRH) and LH (Roa and Herbison 2012).
However, in female rats, the influence of a-MSH
appears to be dependent on estrous state. For exam-
ple, in females with a low level of receptivity, «-MSH
stimulates lordosis behaviour; however, this effect
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is inhibited in receptive females (Thody and Wilson
1983). In addition to the brain and pituitary gland,
a-MSH is also expressed in the skin and gut in ver-
tebrates (Thody et al. 1983; Catania et al. 2000).
Despite these studies, our understanding on the rela-
tionship between a-MSH and reproduction is still
opaque.

Among fish, as a main factor in the hypothalamic-
pituitary-gonad (HPG) axis, GnRH from the hypo-
thalamus acts on the pituitary gland to control the
release of the gonadotropins, follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH), which in
turn regulate the gonadal activities (Swanson et al.
2003). The ovarian cycle includes the oogonial pro-
liferation, primary oocyte growth followed by vitel-
logenesis and then final maturation and ovulation of
oocytes in fish (Guraya 1986). The vitellogenic fol-
licular growth involves the synthesis of vitellogenin
in the liver under the influence of estradiol, and trans-
portation and accumulation of vitellogenin in the
oocytes resulting in the appearance of large yolky
granules (Kwon et al. 1993). The final oocyte matura-
tion and ovulation are controlled by LH, which stimu-
lates the production of maturation inducing steroid in
fish (Lubzens et al. 2010). However, the functioning
of the HPG axis is complex and the knowledge on the
interplay between this axis and other neurohormones
is still fragmentary. For example, modulation of the
endocrine stress axis is known to potentially interfere
with the HPG axis (Chabbi and Ganesh 2014) and an
interaction among corticotrophin releasing hormone
(CRH), thyrotrophin releasing hormone (TRH) and
o-MSH during stress is implicated in fish (Rotllant
et al. 2000; Flik et al. 2006). Furthermore, the brain
distribution of a-MSH-immunoreactive cells/fibres
is demonstrated in different groups of fish (Vallarino
et al. 1988, 1992; Pandolfi et al. 2003; Kasper et al.
2006; Amiya et al. 2008; Kumbar and Ganesh 2021).
In addition, mRNA of a-MSH-receptors are also
detected in the brain of goldfish (Ikari et al. 2018).
However, the involvement of «-MSH in reproduction
is understudied in fish.

The tilapia Oreochromis mossambicus exhibits
short-ovarian cycles throughout the year. In non-
mouthbrooding condition (manually stripped), this
fish shows previtellogenic (1-12 days), vitellogenic
(13-18 days) and prespawning (19-24 days) phases
during the ovarian cycle (Ganesh 2014). The ovary
shows the presence of preovulatory follicles with
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large yolky granules only during the prespawning
phase. This fish also exhibits mouthbrooding and
intermittent parental care for the offspring, which
lasts for 40-42 days (Smith and Haley 1988). Pre-
vious study on this fish revealed the presence of
o-MSH-immunoreactive cells in the brain and pitui-
tary gland (Kumbar and Ganesh 2021). However,
the functional significance of this peptide along the
HPG axis is largely unknown. Therefore, the aim
of the present study is to elucidate the influence of
o-MSH on the HPG axis in the tilapia. In this study,
we have used immunofluorescence technique to
detect the GnRH-immunoreactive (GnRH-ir) fibres
and LH-immunoreactive (LH-ir) cells in the pituitary
gland and follicular kinetics of the ovary to assess the
functional status of the HPG axis.

Materials and methods
Animals

Sexually mature O. mossambicus were collected
from ponds in and around Dharwad District, Karna-
taka (75°01'E, 15°27'N), transported to the labora-
tory and were reared in freshwater tanks measur-
ing 92x92%92 cm under the natural conditions
(photoperiod, 11.57+0.5 h; dissolved oxygen
8.90+0.24 mg/L; pH, 9.10 +0.16; water temperature,
28.60+0.34 °C). Fish weighing between 35 and 42 g
were acclimatized to 75-1 freshwater aquaria (size,
92 x30x46 cm; length X width X height) for a month.
Fish were stocked at the sex ratio of five females plus
two males in each aquarium. The aquaria were aer-
ated and the fish were fed ad libitum with commercial
food pellets (Taiyo pet feed, Chennai, India), twice a
day.

Experimental procedure

Prior to the commencement of the experiment, the
mouthbrooding fish were identified based on the
appearance of the gular bulge. The eggs from the
mouth of twenty fish were removed carefully and
used for experimentation. The stripped fish (n=20)
were divided into two groups, each with two repli-
cates (n=>5 in each replicate; n=10 per group). The
fish in first group received 100 pL saline/fish/day,
whereas those in second group were administered
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with 40 pg o-MSH (M4135, Sigma-Aldrich,
USA)/100 pL saline/fish/day. The dose for a-MSH
was determined based on the pilot studies. All injec-
tions were given through intraperitoneal (i.p.) route
for 22 days. The fish were euthanized 24 h after the
last injection, following anaesthetization with 2-phe-
noxy ethanol (1:1500). The experimental procedures
were approved by an IAEC (No. 639/GO/Re/S/02/
CPCSEA).

Histology and morphometry of the ovary

The gonado-somatic index (GSI) was calculated using
the formula: Gonadal weight/body weightx 100. The
ovaries were immersed for 24 h in Bouin’s fixative
and processed for the histology. Paraffin embed-
ded serial sections (5 um thick) were cut using a
microtome (RM2125 RTS, Leica Microsystems, Wet-
zlar, Germany) and stained with haematoxylin and
eosin. The follicles at different stages of development
(I-V) were quantified as described earlier for this spe-
cies (Ganesh 2014). Briefly, the previtellogenic fol-
licles at stages I (0.01-0.04 mm), II (0.05-0.14 mm)
and III (0.15-0.34 mm) were identified based on the
chromatin nucleoli, perinucleoli and cortical alveoli,
respectively, whereas the stages IV (vitellogenic;
0.35-0.80 mm) and V (early maturation;>0.80 mm)
follicles were recognized by the presence of large
yolk granules. The follicles in stages I, II, III, IV and
V were identified based on their size and counted in
oth 25% 60t 120" and 300" sections of the ovary,
respectively. The stage I follicles were counted under
10X objective, whereas other follicles were counted
under 4 X objective. The atretic follicles in different
stages were identified based on their degenerative
profile and their number was expressed as percent
occurrence + SE.

GnRH and LH immunofluorescence labelling

The fish were subjected to transcardial perfusion
with 20 ml of chilled phosphate buffered saline
(PBS, pH 7.4) followed by 20 ml of chilled 4% para-
formaldehyde. After dissection, the brains with intact
pituitary glands were again kept in the same fixative
for 24 h. Following a rinse in PBS, the tissues were

cryoprotected in chilled 30% sucrose solution over-
night. Frozen sections of the brain through the pitu-
itary gland were cut (14 um thick) using a cryostat
(CM1510S; Leica Microsystems, Wetzlar, Germany).
The sections on poly-L-lysine-coated slides were pro-
cessed in a moist chamber at room temperature using
immunofluorescence procedure as described earlier
(Vijayalaxmi et al. 2020). For the immunolabelling
of GnRH, polyclonal rabbit anti-GnRH antibody (1:
2000; kind gift of Dr. Ishwar Parhar, Monash Uni-
versity, Malaysia) was employed, whereas rabbit
polyclonal human LHp antiserum (1:8000; NHPP,
Harbor-UCLA Medical Centre, CA, USA) was used
to label LH secreting cells in the proximal pars dis-
talis (PPD) of the pituitary gland. The sections were
incubated overnight at 4 °C. The sections were rinsed
three times (10 min each) in PBS and incubated for
2 h with Alexa Fluor 488 or Texas Red—conjugated
anti-rabbit, goat IgG (1: 200; Sigma-Aldrich, USA;
Vector laboratories Inc, USA) at room temperature in
the dark. Entire incubation protocol was carried out
in a humidified chamber. The sections were washed
again three times in PBS (10 min each) and mounted
using an anti-fade mountant, vectashield (Vector lab-
oratories Inc, USA).

The following control procedures were employed
to check the specificity of the antibodies: (1) omis-
sion of the primary antibody (GnRH or LH) and its
replacement with 2% BSA or goat serum; (2) pre-
absorption of diluted GnRH or LH antibody with
GnRH or LH peptide (Sigma-Aldrich, USA) 24 h
prior to the incubation, respectively; and (3) omis-
sion of the secondary antibody. These procedures
resulted in lack of immunostaining, affirming the
specificity of the primary antibodies. The photomi-
crography was done using a fluorescent microscope
(BX53, Olympus, Japan). The intensity and the per-
cent area of GnRH or LH immunoreactivities were
evaluated in Alexa flour 488/Texas Red-labelled
sections using ImagelJ, version 1.46 (NIH, Bethesda,
MD, USA). The detailed procedure for the same is
described previously (Bhat and Ganesh 2020). The
pixel intensities and area of immunoreaction were
measured for immunoreactive cells or fibres/sec-
tion in the pituitary gland. These values from each
experimental group (n=10) were expressed as the
mean intensity (Arbitrary units) or percent immuno-
reactive area/section + SE.
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Fig. 1 Effect of a-MSH treatment (i.p.) on the gonado-
somatic index (GSI) in Oreochromis mossambicus. Student
t-test: *Significant difference (P <0.05). Values are means +SE

Fig. 2 Photomicrographs
of transverse sections of the
ovary (A and B) and pitui-
tary gland (P) through the
proximal pars distalis (PPD)
region showing GnRH-ir
fibres (arrows, C and E) and
LH-ir cells (arrow heads) in
Oreochromis mossambicus.
Note the increased follicular
atresia in fish treated with
o-MSH (B) compared to

the controls (A), whereas
GnRH-ir fibre density and
LH-ir content is decreased
in the pituitary gland of
o-MSH-treated fish (E and
F) compared to the controls
(C and D) respectively. I,

IL III, IV and V, stages of
follicular development; AF,
atretic follicle; HHT, hypo-
thalamo-hypophyseal tract.
Scale bar, 100 um. C and E,
Alexa Fluor 488 labelled; D
and F, Texas Red labelled.
A and B, Haematoxylin and
Eosin
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Statistical analysis

The data were tested for normality and equal vari-
ance. Once these tests were passed, the mean values
of different parameters were subjected to Student
t-test using SigmaStat 3.5 software. The significant
differences were evaluated statistically at the level of
P <0.05.

Results

The GSI showed a significant (P<0.05) decrease
in a-MSH-treated fish compared to the controls
group (Fig. 1). The ovary showed follicles in differ-
ent stages of development from stages [-V in both
experimental groups (Fig. 2A and B). No significant
difference was observed in the mean number of stage
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I follicles, whereas the numbers of follicles belong-
ing to stages II-V were significantly (P <0.05) lower
in a-MSH-treated fish compared with the controls
group (Fig. 3A-E). No incidence of follicular atresia
was noticed in stages I and V. However, a significant
(P <0.05) increase in the stage II-1V follicular atresia
was found in a-MSH-treated fish compared to those
of controls (Fig. 4).

In the pituitary gland, GnRH-ir fibres were
detected in the hypothalamo-hypophyseal tract
(HHT) as well as throughout the PPD in controls and
o-MSH-treated fish (Fig. 2C and E). While the inten-
sity of GnRH immunoreaction did not significantly
differ between the two groups, the percent area occu-
pied by GnRH-ir fibres was significantly decreased
in a-MSH-treated fish compared with the controls
(Fig. 5A). In the PPD region, LH-ir content was also
detected (Fig. 2D and F). Although the intensity of
immunoreactivity was not significantly different,
there was a significant decrease in the percent area

of LH-immunoreactivity in a-MSH-treated fish com-
pared with the controls group (Fig. 5B).

Discussion

To date, studies on the influence of POMC peptides
on reproductive functions in fish were confined
only to adrenocorticotrophic hormone (ACTH) and
B-endorphin (Alsop et al. 2009; Chabbi and Ganesh
2013; Ganesh and Chabbi 2013; Ganesh 2021).
This is the first study reporting the inhibitory effect
of another POMC peptide a-MSH along the HPG
axis in fish. In the present study, treatment of 40 ug
o-MSH for 22 days resulted in a significant reduc-
tion in the GSI concomitant with the suppression
of follicular development compared to that of con-
trols. In the tilapia, an increase in the GSI coincides
with the increased number of fully ripened folli-
cles (stage V) during the prespawning phase (day
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23) compared to other phases of the ovarian cycle
(Chabbi and Ganesh 2012). Therefore, a significant
decrease in the GSI following o-MSH treatment
may be mainly due to the decreased number of stage
V follicles.

OControls ®a-MSH
10
A
120 ,9%
c

— - I
£ 2 100 8 £
[oa=1 7 ©
2z 8
ze % (6§
22 L5 &
S 60 . 3

[= L
£F 48
IE 40 L3 @
&< Lo 2
o 20 ; =1
0 0

B

100 A 20
-
sz ™ 15£
S o
83 3
E-E 60 g
28 10
2 E 3
g2 40 2
£g® 4
=3 r5 2
3L 209 . ]
0 0

Experimental groups

Fig. 5 Bar diagrams showing the intensity and percent area
of immunoreactions of GnRH (A) and LH (B) in Oreochromis
mossambicus treated with a-MSH (i.p.). Student #-test: *Sig-
nificant difference (P <0.05). Values are means + SE
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Follicular developmental stages

We may recall that treatment of 4 pg B-endorphin
(Chabbi and Ganesh 2013) resulted in the complete
blockade of the stage V follicles in the Mozambique
tilapia, whereas administration of 40 pg a-MSH (ten-
fold high dose compared to that of p-endorphin) in
the present study did not fully block the stage V folli-
cular development as shown by the presence of a few
stage V follicles in the ovary. In the previous study,
4 pg p-endorphin exerted either stimulatory effect or
no significant inhibitory effect on follicular stages
I-1V, whereas in the present study, except the stage I,
the mean numbers of follicles in other stages (II-V)
were significantly lower following a-MSH treatment.
These results indicate that treatment of a-MSH does
not block early follicular recruitment but inhibits the
follicular development at later stages.

In the present study, significant decrease in the
numbers of stage II-IV follicles in a-MSH-treated
fish coincide with significantly high rate of atresia in
these follicles. These results suggest that, regardless
of the follicular recruitment at stage I, the significant
loss of healthy follicles at stages II-IV seem to be due
to the demise of these follicles in a-MSH-treated fish.
Therefore, it is unlikely that the progression of stage
V follicular development was blocked, but rather the
healthy follicles available for the recruitment from
the stage IV to V were decreased due to a-MSH
treatment.

Our current knowledge on the relationship between
o-MSH and GnRH is mainly confined to mammals.
The POMC neurons were shown to synapse with
GnRH neurons (Naftolin et al. 1996) and a-MSH
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(Mezey et al. 1985) neurons were labelled in the
medial preoptic nucleus (MPO), wherein GnRH neu-
rons are also located. Furthermore, MC4R receptors
are implicated in the regulation of HPG axis as shown
by the fact that GnRH neurons express MC4R recep-
tors (Israel et al. 2012). Studies on electrophysi-
ological recordings of GnRH neurons have shown
that «a-MSH increases the cell firing in a majority
of GnRH neurons (approximately 70%) through the
postsynaptic activation of both MC3R and MC4R
receptors, whereas small population of GnRH neu-
rons were excited or inhibited by cocaine and amphet-
amine-regulated transcript, POMC-related peptide
B-endorphin and neuropeptide Y (NPY) in mice (Roa
and Herbison 2012). Indeed, administration of mel-
anocortin receptor agonist, Melanotan Il augmented
the GnRH pulse generator activity in goats and this
effect was attenuated by estradiol (Matsuyama et al.
2005). These studies suggest a stimulatory role for
o-MSH on GnRH neurons in mammals. In teleosts,
the median eminence is absent and the secretory
products from the hypothalamus are directly released
into the pituitary gland through the HHT (Holmes and
Ball 1974). In the present study, although the inten-
sity of GnRH-immunolabelling remained unchanged,
the percent area occupied by GnRH-ir fibres in the
pituitary gland was significantly reduced in a-MSH-
treated fish compared to the controls. Since the hypo-
physiotrophic neurons of GnRH are located in the
POA in teleosts similar to that of mammals (Mezey
et al. 1985; Shahjahan et al. 2014; Ganesh 2021), a
significant decrease in the percent area of GnRH-ir
fibres labelled in the pituitary gland in the present
study suggests that «-MSH treatment may inhibit the
release of GnRH in the hypothalamus.

In addition to the above mechanism, a-MSH can
also act the level of the pituitary gland; however,
its effect on LH secretion appears to be equivocal.
For example, a-MSH treatment (2.5 mg) resulted
in the release of LH from the pituitary in men and
normal women during the luteal phase or in women
with the amenorrhea (Reid et al. 1984; Limone
et al. 1997). Similar stimulatory effect on LH was
also observed following treatment of a-MSH ago-
nist Melanotan II in ewes (Backholer et al. 2009).
Moreover, a-MSH treatment stimulated the sexual
receptivity as well as lordosis behaviour in female
rats (Cragnolini et al. 2000). On the other hand,
LH secretion was either decreased or unaffected

following a-MSH treatment in rats (Khorram et al.
1984; Scimonelli and Celis 1990). In the present
study, although the intensity of immunolabelling of
LH was not significantly different, the area of LH-ir
content was significantly decreased in the pituitar-
ies of a-MSH-treated fish compared to the controls.
These results are suggestive of decreased synthesis/
secretion of LH in the pituitary gland due to a-MSH
treatment. Since the inhibition of GnRH following
o-MSH treatment is evident in the present study, it
is more likely that the suppression of LH is due to
the blockade of release of the hypothalamic GnRH
into the pituitary gland. However, the possibility of
direct effect of a-MSH treatment on the pituitary
gland cannot be ruled out. A separate experimen-
tal protocol is required to confirm this possibility.
Additionally, whether the effect of a-MSH on LH
depends on the steroid hormone feedback deserves
further studies in fish. For example, in non-estrous
female rat, «a-MSH was shown to stimulate LH-
dependent behaviour — lordosis, whereas this
behaviour was inhibited in estrous females (Thody
and Wilson 1983) and the response of LH might
depend on steroid hormone levels (Celis 1985).

The release of a-MSH is also influenced by many
neurohormones, particularly biogenic amines in
fish. For example, exposure to acid stress resulted in
D1-like dopamine receptor expression in the pitui-
tary a-MSH cells in the Mozambique tilapia (Lam-
ers et al. 1997), whereas a stimulatory influence of
serotonin on a-MSH synthesis and release from the
pituitary gland was demonstrated in the eel Anguilla
anguilla (Olivereau 1978). Similar role for these
amines in a-MSH-induced HPG axis function can-
not be ruled out in the tilapia, but this possibility
merits further investigation.

In conclusion, the results of the present study
reveals for the first time that a-MSH can potentially
block the follicular development process. The inhi-
bition of the ovarian activity appears to be mediated
through the suppression of GnRH release into the
pituitary gland, and concomitant reduction in LH
secretion in teleosts.
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