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ARTICLE INFO ABSTRACT

Neuropeptide Y (NPY) is involved in sex-specific behavioural processes in vertebrates. NPY integrates energy
balance and reproduction in mammals. However, the relevance of NPY in reproduction of lower vertebrates is
understudied. In the present study, we have investigated neuroanatomical distribution and sex-specific differ-
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Amphibiz'ns e ences of NPY in the brain of Microhyla ornata using immunohistochemistry and quantitative real time PCR. NPY
i;n&fo istochemistry is widely distributed throughout the brain of M. ornata. We observed NPY immunoreactivity in the cells of the

nucleus accumbens, striatum pars dorsalis, dorsal pallium, medial pallium, ventral pallium, bed nucleus of stria
Hypothalamus

terminalis, preoptic nucleus, infundibular region, median eminence and pituitary gland of adult M. ornata. A
higher number of NPY- immunoreactive cells were observed in the preoptic nucleus (p < .01), nucleus in-
fundibularis ventralis (p < .001) and anteroventral tegmental nucleus (p < .001) of the female as compared to
that of the male frog. Real-Time PCR revealed higher mRNA levels of NPY in the female as compared to male
frogs in the mid-brain region that largely contains the hypothalamus. Sexual dimorphism of NPY expression in
M. ornata suggests that NPY may be involved in the reproductive physiology of anurans.

1. Introduction

Neuropeptide Y (NPY) is one of the most abundant neuropeptides
within the brain of mammals (Tatemoto et al., 1982, Reichmann and
Holzer, 2016) and is involved in different physiological processes such
as reproduction, feeding, circadian rhythm, processing of pain, neuro-
genesis and memory (Berglund et al., 2003; Magni, 2003; Sperk et al.,
2007; Hokfelt et al., 2008; Beck and Pourié, 2013; Loh et al., 2015;
Gotzsche et al., 2012; Ggtzsche and Woldbye, 2016; Tasan et al., 2016).
Various studies have shown that NPY is the most potent orexigenic
peptide identified to date (Tatemoto et al, 1982). Central

administration of NPY resulted into the robust increase in food intake
and body weight, and with chronic administration, could eventually
produce obesity (Zarjevski et al., 1993; Corp et al., 2001; Yang et al.,
2009).

NPY is known to regulate reproductive behaviour in mammals
(Pierroz et al., 1995, 1996; Aubert et al., 1998). NPY stimulates lutei-
nizing hormone (LH) secretion in the pituitary of sex steroid primed
rats, whereas it could inhibit LH release in castrated rats (Kalra and
Kalra, 1996). Also, elevated levels of NPY in the hypothalamus are
reported to cause tonic inhibition of pulsatile gonadotropin releasing
hormone (GnRH) secretion in nutritional deficiency paradigm (Catzeflis
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et al., 1993; Pierroz et al., 1995, 1996; Aubert et al., 1998). NPY sup-
pressed sexual behaviour in rats (Clark et al., 1997). NPY agonists de-
creased lordosis duration in ovariectomized (OVX) Syrian hamsters
brought into oestrus with ovarian steroid treatment (Corp et al., 2001).
Similar to mammals, NPY has been linked to the reproductive beha-
viour in reptiles. Intracerebroventricular (ICV) administration of NPY
significantly reduced courtship behaviour, indicating inhibitory role of
NPY in reproductive behaviour in red sided garter snake (Morris and
Crews, 1990).

Several studies indicated that NPY regulates feeding and re-
production in teleost fishes (Campos et al.,, 2010, 2011). In vitro
treatment of pituitary with NPY stimulated LH release in the goldfish
(Peng et al., 1993). Anatomical observations also supported the role of
NPY in LH secretion; NPY fibers made close appositions on LH cells in
the pituitary of catfish (Gaikwad et al., 2003). It could increase LH beta
subunit (LHb) mRNA levels, but not follicle stimulating hormone beta
subunit (FSHb) mRNA levels in the pituitary of tilapia (Yaron et al.,
2001). Castration of cichlid fish resulted in significant reduction of
NPY-immunoreactive cells in the nucleus entopeduncularis (Sakharkar
et al., 2005). The administration of testosterone to juvenile male catfish
precipitated into a significant increase in NPY immunoreactivity in the
nucleus entopeduncularis (Mazumdar et al., 2007).

Sex specific differences in NPY expression in the central nervous
system have been reported in mammals and reptiles (Rugarn et al.,
1998; Urban et al., 1993; Salom et al., 1994). Comparison of NPY gene
expression throughout the rostrocaudal extent of the arcuate nucleus of
rats displayed significantly higher expression levels in males than fe-
males (Urban et al., 1993). In the lizard, Podaris hispanica, NPY-im-
munoreactive cells in the lateral septum showed a clear sexual di-
morphism, wherein the numbers of reactive cells were significantly
higher in the periventricular preoptic nucleus of males, as compared to
females (Salom et al., 1994). Although the sexual dimorphism of NPY in
mammals and reptiles is reported, related information in lower verte-
brates, including amphibians, is largely missing.

NPY integrates energy balance and reproduction at the cellular and
molecular levels in the hypothalamus of mammals (Kalra and Kalra,
1996; Shahjahan et al., 2014). In rats, it has been suggested that NPY
neurons are activated by signals of reduced fuel availability, which
increased NPY expression in the paraventricular nucleus (PVN) and
preoptic area (Poa) to stimulate feeding behavior and suppress GnRH
release, respectively. The neuroendocrine ‘crosstalk’ between re-
productive and bioenergetic systems controls GnRH release, and hence
reproductive activity, until nutritional and environmental conditions
becomes synchronous and more favourable (Acosta-Martinez et al.,
2007).

Although widespread distribution of NPY in the amphibian brain
(Danger et al., 1985, 1986; McKay et al., 1992) is known to serve
various functions, including modulation of the central responses to
stress (Heigrujam et al., 2017; Ali and Bhargava, 2016), background
adaptation (Galas et al., 2002), visual neurotransmission (Schwippert,
1998), antimicrobial activity (Karim, 2008) and feeding behaviour
(Crespi et al., 2004; Shewale et al., 2018), its relevance to reproduction
in amphibians is not yet reported. Amphibians serve as an ideal model
system for studying molecular, developmental and evolutionary biology
(Brown and Cai, 2007). The frog, M. ornata, used in the present study, is
an annual breeder and its reproductive phase corresponds to the
monsoon of the Indian subcontinent. The sex-specific differences of
NPY peptide and its mRNA levels in the brain of M. ornata, were in-
vestigated using immunohistochemistry and quantitative real time-PCR
respectively.

2. Materials and methods
2.1. Animal collection and tissue processing

Male (n = 10) and female (n = 10) adult frogs, M. ornata (body
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weight: 0.60-1.65 g; snout-vent-length, SVL: 2-2.8 cm) were collected
in the reproductively active season (July-September) from an ephem-
eral water body situated in the campus of Savitribai Phule Pune
University (18° 550 N and 73° 820E). Five male and female frogs were
anesthetized using chloroform and the brains were dissected out in
rostral, middle and caudal, using dissecting microscope. These dissected
brain tissues were further stored at —80 °C for molecular studies. All
animal experiments were performed following the institutional animal
ethics guidelines established by the Savitribai Phule Pune University.
For immunohistochemistry, five complete brains of each male and fe-
male frogs were fixed in Bouin's fixative for 24 h and then cryoprotected
in 10% (2 h), 20% (2 h) and 30% (overnight at 4 °C) sucrose solution in
phosphate buffered saline (PBS; 0.01 M, pH 7.4). The tissues were em-
bedded in Shandon Cryomatrix (Thermo Scientific, UK) and serially cut
on a cryostat at 20 pm thickness in transverse planes. Sections were
mounted on Poly-L-lysine coated slides, and stored at — 20 °C till further
analysis.

2.2. Quantitative real-time PCR for mRNA measurements

Quantitative real-time PCR (qRT-PCR) was performed for NPY and
hypoxanthine phosphoribosyl transferase (HPRT) mRNA quantification
of rostral, middle and caudal regions of brain, as described previously
with specific modifications (Sagarkar et al., 2017). HPRT was chosen as
the reference gene as an internal control. The total RNA was isolated
from all the brain tissues using RNA isolation kit (Qiagen, USA). The
DNA contaminants were removed using a DNA-free™ DNA Removal Kit
(Life Technologies, USA), and the RNA was quantified using Biospec
Nano spectrophotometer (Shimdzu, Kyoto, Japan). The total RNA
(100 ng) was reverse transcribed in duplicate using random hexamers
and MultiScribe™ MuLV (Applied Biosystems, USA) in a final volume of
20 pl. The reverse transcriptase reaction was 25 °C for 10 min, 37 °C for
120 min, and 85 °C for 5min. The duplicates of the cDNA were sub-
jected to qRT-PCR on a StepOne™ RT-PCR System (Applied Biosystems,
USA) using 25 pmol of each primer and SYBR green qPCR master mix
(ThermoFisher Scientific, USA), which includes purified AmpliTaq
Gold® DNA Polymerase, a blend of dTTP/dUTP and a proprietary ver-
sion of ROX™ dye, an internal passive reference. The mRNA sequences
of NPY and HPRT was derived from transcriptome sequence of M. or-
nata and submitted to DNA Databank of Japan (DDBJ). The accession
numbers for NPY and HPRT are as follows: LC219936 and LC314150.
Primers were designed using Primer Blast tool of National Center for
Biotechnology Information (NCBI) and the sequences are as follows;
NPY: F-5-GAGACCCAGTCGCTGACAAA-3’, and R-5-ATATCTGGTGTT
TCCGGGGC-3’, HPRT: F-5-TGGTGACCTCCCATGTCTCT-3’ and R-
5’-TGTATCCCGAAGCACTACGC-3’. The reference gene HPRT was
measured in parallel as an internal control. The thermal profile used for
the qRT-PCR had three stages: 95 °C for 3 min (1 cycle); 95°C, 57 °C,
and 72°C for 30s each (40 cycles); 95°C for 15s. After the PCR am-
plification, melt curve analysis was performed in the temperature range
of 60 to 95°C with 0.5°C increment at a rate of 5s/step. The fold
change for NPY mRNA was determined after normalization to HPRT
using the 27 24¢T method (Livak and Schmittgen, 2001).

2.3. Characterization of antibody

The in silico translation of the mRNA sequence of M. ornata
(LC219936) as derived from our transcriptomic analysis was carried out
using Expasy translate tool to obtain the putative amino acid sequence
of the NPY peptide. Protein sequence alignment was carried out using
blastp (Fig. 1A). NPY antibody (N9528; Sigma) used in this study is
raised against the porcine (Sus scrofa) NPY peptide, which showed 94%
identity with the putative amino acid sequence of NPY in M. ornata
(Fig. 1A). Same antibody (N9528; Sigma) was also employed to detect
the NPY in the brain of another amphibian, Ambystoma mexicanum (A.
mexicanum, Mousley et al., 2006). Interestingly, the NPY peptide in A.
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Fig. 1. Amino acid alignment of putative NPY peptide of the frog, Microhyla ornata with the amphibian, Ambystoma mexicanum and porcine, Sus scrofa. Highlighted
sequences indicate the conserved amino acids in NPY peptides (A). Transverse sections through the preoptic nucleus (Poa) of the M. ornata showing NPY-ir cells after
the application of NPY antibodies (B) after the primary antibody was omitted from the reaction mixture (C) loss of immunoreactions when the antisera were pre-
adsorbed with NPY protein (D). Magnification: 40 X, Arrows indicate cells, scale bar: 100 pum.
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Fig. 2. A) Ponceau stained 20 pug and 40 pg protein samples from bacterial ly-
sate (negative control), M. ornata brain and Rattus norvegicus hypothalamus
(positive control) B) Dot blot stained with NPY antibody (N9528; Sigma) C)
Western blot analysis of M. ornata total brain lysate (200pug and 180 pug)
showing specific immunolabeling of pro-NPY peptide ~10kd.

mexicanum exhibited 97% identity with that of the M. ornata (Fig. 1A).
These observations support the strong specificity of the NPY antibody
employed in this study to detect NPY peptide in M. ornata.

2.4. Dot blot analysis

The specificity of the NPY antibody was checked by performing a
Dot blot with protein sample from brain of M. ornata, the hypothalamus
of rat (positive control) and Bacterial cell lysate (negative control).
Protein sample was spotted on nitrocellulose membrane and it was al-
lowed to dry. After drying the membrane was blocked with 3%BSA in
tris buffered saline tween 20 (1 X TBST; 0.05% tween 20) for 2 h. Blot
was incubated with rabbit monoclonal antibody against NPY (N9528;
Sigma) at 1:500 dilution containing 3% BSA in TBST overnight at 4 °C.
After incubation, three washes of TBST for 10 min each was given.

Followed by incubation with secondary antibody conjugated with
Horseradish Peroxidase (HRP; 1:5000) for 1 h at room temperature. The
membrane was washed with TBST thrice, 10 min each. The blot was
developed with ECL solution using Chemidoc (Thermofisher Scientific).
The membrane was also stained with Ponceau to ensure equal loading
protein.

2.5. Western blot

Western blot analysis of Neuropeptide Y from crude extracts of adult
M. ornata brain was performed. The tissue was homogenized in
homogenizing buffer containing 50 mM Tris—HCI (pH 8.0), 5 mM EDTA,
Triton X100 (0.1% v/v), 1 mM PMSF and PI (protease inhibitor) cock-
tail. The homogenate was centrifuged at 10,000 rpm for 15min to
eliminate cell debris. Protein was estimated following Bradford method
and resolved on 16% SDS-polyacrylamide gel by electrophoresis.
Proteins were transferred to PVDF membrane by electro-blotting in
transfer buffer (192 mM glycine, 25 mM Tris, 0.1% SDS, 20% methanol)
for 2h at 20 mV. Further, the membrane was incubated with blocking
solution (5% BSA) in TBST (Tween 20-0.05%) pH7.5 at room tem-
perature and incubated overnight at 4 °C with NPY antibody (N9528;
Sigma) at 1:200 dilution. Membrane was washed in TBST and incubated
with HRP conjugated secondary antibody; goat anti-rabbit IgG (PK-
6101) at 1:500 dilutions for 2h. Blots were developed using enhanced
chemiluminescence kit (Advansta) according to manufacturer's in-
structions using chemidoc (Thermofisher Scientific).

2.6. Immunohistochemistry

Sections were used for the immunohistochemical localization of
NPY as described previously (Ali et al., 2016; Shewale et al., 2018).
Briefly, the sections were washed with PBS thrice and treated with 0.3%
hydrogen peroxide in methanol for 1h. Sections were then washed in
PBS thrice and incubated with blocking agent containing 0.5% bovine
serum albumin (BSA) and 0.5% gelatine in PBS for 1h. After washing
thrice, sections were incubated for 1 h in normal goat serum (1:40, PK-
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Fig. 3. Schematic drawings of rostrocaudal series of transverse sections (A-K)
of the brain of frog M. ornata showing cytoarchitectonic areas on the right and
distribution of NPY-ir cells (dark circles), granules (dots) and fibers on the left.
At the top right shows a lateral view of the brain indicating levels of the cor-
responding transverse sections. Large dots are neurons. Wavy lines represent
NPY-immunoreactive fibers and dots indicate their terminals. For abbrevia-
tions, see list.

6101, Vectastain ABC Kit, Vector laboratories). After incubation, excess
goat serum was blotted out and sections were incubated with rabbit
monoclonal antibodies against NPY (N9528; Sigma) at 1:3500 dilution
containing 0.5% BSA and gelatin overnight at 4 °C. Sections were then
washed in PBS thrice and incubated with biotinylated goat anti- rabbit
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Table 1
Distribution of NPY-immunoreactive cells in the brain of frogs, Microhyla or-
nata, Xenopus laevis and Rana esculenta.

Areas M. ornate X. laevis R. esculenta
(Current (Tuinhof et al., (D'Aniello et al.,
study) 1994) 1996)
Olfactory Bulb
Internal granular layer - + —
Glomerular layer - + —
Accessory olfactory bulb  + - +
Pallium
Medial Pallium + + +
Lateral Pallium + + +
Dorsal Pallium + + +
Subpallium
Nucleus accumbens + + —
Lateral amygdala - + —
Medial amygdala + + —
Striatum + - _
Lateral Septum - + —
Medial Septum - + —
Thalamus
Central Thalamic - — —
Nucleus
Ventromedial Thalamic - + +
Nucleus
Posterior Thalamic + + +
Nucleus
Preoptic area
Preoptic Nucleus + + +
Hypothalamus
Suprachiasmatic + + +
Nucleus
Infundibulum + + +
Median Eminence + + +
Pituitary Gland
Neural lobe - + _
Intermediate lobe + + +
Distal lobe + - —
Tegmentum mesencephali
Tegmental Nucleus + + —
Anteroventral Nucleus + — +
Torus semicircularis - + —
Interpeduncular - + +
Nucleus
Isthmic Nucleus + + _
Raphe Nucleus + + —
Nucleus of solitary tract — — + —
Superior olivary - + —
Nucleus
Central grey + — +
Cerebellar Nucleus - — +

1gG antibody at room temperature for 1 h (1:200, PK-6101, Vectastain
ABC Kit, Vector laboratories). Sections were washed twice and in-
cubated with ABC reagent for 1 h at room temperature (1:100, PK-6101,
Vectastain ABC Kit, Vector Laboratories). After washing twice, sections
were incubated with 3,3 diaminobenzidine tetra hydrochloride (DAB)
in tris buffer (0.05M, pH7.2) containing 0.02% H,0, for 8-10 min.
Slides were washed in distilled water for 5min, dehydrated, cleared in
xylene for 30 min, mounted in distyrene plasticizer xylene (Merck,
India) and photographed. The following control procedures were also
adopted for verifying the specificity of the immunoreaction: (i) in-
cubation of sections in NPY antibody as a positive control, (Fig. 1B) (ii)
omission of primary or secondary antibodies from the im-
munohistochemistry protocol, (Fig. 1C), and (iii) preabsorption of 1 ml
diluted primary antibody with the porcine NPY peptide (Sigma, N3266)
at 10~ °M concentration for 24 h at 4 °C prior to incubation (Fig. 1D).

2.7. Morphometry

Digital images of NPY immunoreactivity were taken on a Carl Zeiss
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Fig. 4. (1) Sagittal section through the telencephalon showing NPY-ir cells (arrows) and granules in nucleus accumbens (NAC; A), NPY-ir neurons were seen in the
dorsal pallium (DP, B) and the medial pallium (MP, C), Intense NPY-ir cells were observed in the preoptic nucleus (Poa, D). NPY-ir neurons were observed in the
ventral pallium (VP, E). The nucleus infundibularis ventralis (NIV) region of the hypothalamus showed expression of strong NPY-ir neurons and granules (F). (2) Few
NPY-ir cells were observed in the anteroventral tegmental nucleus (AV, G). The median eminence (ME) was densely stained with NPY-ir granules (H). In the pituitary
gland, pars nervosa (PN) showed presence of some granules and fibers (I). Dense fibers and granules were observed in the nucleus reticularis isthmi (NRIS, J). In the
rhombencephalon, central gray (GC) showed few granules (K) and the raphe nucleus (RS) showed dense granules (L). Arrows represents cells and arrowhead
represents fibers. Scale bars: 200 um, Image magnification: 20 X.
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Fig. 5. Sex-specific distribution of NPY was observed in some regions of brain of M. ornata. The preoptic nucleus (Poa) showed differential expression of NPY, female
brain showed more expression as compared to male brain A) female B) male. Arrows represents cells and arrowhead represents fibers, Scale bars: 200 pm, Image
magnification:20 X . C) Schematic representation of the region D) Graph showing number of NPY immunoreactive cells in the Poa. Error bar represents standard
deviation. (*Indicated significant differences between male and female; **P < .01, one-way ANOVA followed by post hoc Tukey's test).

Imager M2 microscope, with an Axiocam 506 Colour camera provided
with the Zen 2.3 Pro software. The five sections each, through anato-
mically matched region of the brain, were identified using anatomic
landmarks (Morona and Gonzélez, 2008, 2009; Hall et al., 2013; Pinelli
et al,, 2015) and were used for a comparative analysis of NPY-im-
munoreactive (-ir) in respective brain regions. For cell counting, all
visible cell bodies stained within the defined brain regions was counted
using Image J software, keeping the same counting area for control.
Data from each brain region in an animal was calculated by taking the
average counts from five brain slices.

2.8. Statistical analysis

The differences between the two groups were tested for significance
using one-way analysis of variance (ANOVA) followed by post hoc
Tukey's test, and the p-values < .05 (P < .05) were considered to be
significant.
3. Results

3.1. Antibody specificity

Since a high degree of conservation was observed in NPY peptide
sequences from pig and frog after alignment of their amino acid

sequences (Fig. 1A), antiserum directed against the porcine NPY an-
tigen was used in the present study. This antiserum was checked for its
specificity prior to immunohistochemical localization of NPY in the frog
brain. Preoptic nucleus of the frog brain showed positive im-
munoreaction (Fig. 1B). However, omission of primary or secondary
antibodies and pre-adsorption of primary antibodies with synthetic
porcine NPY peptide in the immunohistochemistry protocol did not
produce any immunoreactions (Fig. 1C, D). Dot blot performed with M.
ornata brain and the hypothalamus of rat (positive control) showed that
the neuropeptide Y antibody binds to the protein in the mammalian and
frog brain. However, the dot blot analysis produced no signal when
antibody was tested with bacterial cell lysate (negative control) (Figure
2AB). Western blot analysis indicated specific immunolabeling of pro-
NPY peptide (~10Kda) from the total brain lysate of M. ornata
(Fig. 2C).

3.2. Neuropeptide Y distribution in the brain

NPY immunoreactivity was observed in various regions of the adult
brain including the telencephalon, the diencephalon, the mesence-
phalon and the rhombencephalon. The neuroanatomical distribution of
NPY immunoreactivity was studied in serial transverse sections, drawn
in representative diagrams (Fig. 3A-K) and summarized in Table 1. In
the telencephalon, few NPY-ir perikarya interspersed in dense network
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Fig. 6. Sex-specific distribution of NPY was observed in some regions of brain of M. ornata. In the hypothalamus, NIV showed significant differences in NPY-
expression where it was more in female than male A) female B) male. Arrows represents cells and arrowhead represents fibers, Scale bars: 200 pm, Image magni-
fication:20 X . C) Schematic representation of the region D) Graph showing number of NPY immunoreactive cells in NIV. Error bar represents standard deviation.

(*Indicated significant differences between male and female; ***P < .001, one-way ANOVA followed by post hoc Tukey's test).

of NPY-ir beaded fibers were observed in the nucleus accumbens (NAC;
Fig. 4A). Some NPY immunostained cells with moderate number of fi-
bers were observed in the dorsal pallium (DP) and the medial pallium
(MP) regions (Fig. 4B, C). In the diencephalon, strong NPY-ir cells with
prominent nuclei and long axonal processes and fibers with beaded
granules were observed in the preoptic nucleus (Poa; Fig. 4D). It is the
most conspicuous NPY containing cell group in the brain of M. ornata.
NPY positive cells were also observed in the bed nucleus of the stria
terminalis (BST) region. In the secondary prosencephalon, NPY im-
munostained cells were observed in the dorsal, medial and ventral
pallium (DP, MP, LP; Fig. 4E). The intensity of staining varied from
strong to weak and cells were oval to round in shape. In the hypotha-
lamus, dense innervations of NPY containing cells, fibers, as well as
granules were observed in the nucleus infundibularis ventralis (NIV,
Fig. 4F). The number of NPY-ir perikarya decreased from rostral to
caudal end of the NIV. A group of few NPY immunopositive cells were
observed in the anteroventral tegmental nucleus (AV; Fig. 4G). A group
of some NPY immunostained cells were observed in the principle nu-
cleus of the torus semicircularis (PR). A very dense granular reaction of
NPY was observed in the median eminence (ME, Fig. 4H) and continued
to the pituitary gland. Although pituitary was devoid of NPY-containing
cells, moderate fibers and granules were seen in the pars nervosa (PN,
Fig. 4I). NPY-ir neurons were also located in the nucleus reticularis
isthmi (NRIS). The NRIS located at the ventral side of the NAV

contained some NPY-ir cells and strong NPY immunoreactive fibers as
well as granules (Fig. 4J). In the rhombencephalon, some NPY-ir
granules and fibers were seen in the central gray (GC; Fig. 4K). More-
over, the nucleus reticularis superior (RS) showed moderately stained
granules and fibers (Fig. 4L).

3.3. Sex-specific differences of neuropeptide Y

Although a wide distribution of NPY was observed throughout the
brain of both male and female M. ornata, comparative analysis showed
dimorphic changes in NPY immunoreactivity in some brain regions
(Figs. 5, 6, 7). A higher number of NPY cell bodies were observed in the
Poa (p < .01), the NIV (p < .001) and the AV (p < .001) of female
brain, as compared to that in the brain of the male frog (Figs. 5, 6, 7).
The NPY mRNA levels were quantified in three brain regions: Rostral,
middle and caudal by using qRT-PCR (Fig. 8). The middle part of the
brain predominantly contains the hypothalamus. The mRNA expression
pattern was similar to that observed by immunohistochemistry; the
NPY mRNA levels were higher in the middle part of the brain of the
female as compared to that in the male (p < .05, Fig. 8). No significant
difference was observed in NPY mRNA levels in the rostral and caudal
brain regions of the male and the female (Fig. 8).
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Fig. 7. Sex-specific distribution of NPY was observed in some regions of brain of M. ornata. The anteroventral tegmental nucleus (AV) region showed differences in
NPY-expression where it was more in female than male A) Female B) Male. Arrows represents cells and arrowhead represents fibers, Scale bars: 200 um, Image
magnification: 20 x. C) Schematic representation of the region D) Graph showing number of NPY immunoreactive cells in the AV. Error bar represents standard
deviation. (*Indicated significant differences between male and female; ***P < .001, one-way ANOVA followed by post hoc Tukey's test).

4. Discussion

The distribution pattern of NPY-ir cells in the brain of M. ornata is
similar to earlier reports with few variations (D'Aniello et al., 1996;
Tuinhof et al., 1994) as shown in Table 1. In addition to the known
areas, NPY-ir cells were also observed in striatum pars dorsalis.

These variations in the distribution of NPY immunoreactivity in the
brain of M. ornata and other species could be attributed to the species-
specific differences. Further, the current study, for the first time, reports
the sex-specific distribution of NPY in the brain of M. ornata, whose
breeding phase coincides with the onset of the monsoon. These sex-
specific differences were observed in the Poa, NIV and AV regions of the
brain, which play a major role in the regulation of reproduction. NPY
expression was higher in these regions of the female brain as compared
to that in the male brain.

In the telencephalon, no significant sex-specific differences of NPY
were observed, except the Poa. The levels of the NPY peptide and
mRNA expression in the Poa of females were higher than that in males;
the observations support the previous findings showing this area as
sexually dimorphic in different aspects in many vertebrates. For ex-
ample, the morphological differences in organization of the Poa were
observed in many mammals (De Vries and Boyle, 1998) and reptiles
(Morris and Crews, 1990; Salom et al., 1994). More specifically, in
amphibians, the overall volume of the preoptic nucleus in male Bufo

japonicus is larger than its conspecific (Takami and Urano, 1984). Al-
though such differences have not been reported in M. ornata, the NPY in
M. ornata might be involved in the regulation of reproductive phy-
siology of sexes in the light of the observations that (1) the Poa plays an
important role in reproduction of anurans (Pinelli et al., 2014; Yoo and
Jang, 2012) and (2) NPY exhibits dimorphic expression in M. ornata.
These notions could be further supported by the strong role of the Poa
in the central regulation of reproduction. The Poa responds to auditory
stimulation in male and female frogs (Hoke et al., 2005), which results
in the production of steroid hormones (Burmeister and Wilczynski,
2005; Lynch and Wilczynski, 2005). It is also known to process feeding
information through NPY secretion in mammals (Kalra et al., 1999).
The higher expression of NPY in the Poa of the female brain than that of
the male may be the result of the accelerated appetite of female in the
breeding season. In addition to this, sexual divergence in the diet of
anurans has been observed in the tusked frog, Adelotus brevis
(Katsikaros and Shine, 1997). Although the present study does not
provide any clue to this notion, it paves the way for future studies in M.
ornata to determine the relevance of sex-specific differences of NPY in
energy demands, feeding behaviour and reproductive status during
breeding season. In goldfish, it is also reported that ovarian steroids,
testosterone (T) and estradiol (E2) stimulate the expression of NPY
mRNA in the Poa (Peng et al., 1993). Similar type of steroidal regula-
tion of NPY may be responsible for the sexual dimorphism of NPY in M.
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Fig. 8. A) Schematic representation of longitudinal section of M. ornate brain,
the vertical lines represent demarcation of the rostral, middle and caudal tissue
regions that were used for mRNA quantification. B) Graphs showing mRNA
levels of neuropeptide Y (NPY) in rostral, middle and caudal regions of male
and female M. ornata brain. Values (n = 5) are represented as means ( = SEM)
and are indicated as significantly different as compared to sham control group
(*p < .05, one-way ANOVA followed by post hoc Tukey's test).

ornata.

Sexual dimorphism in NPY expression was observed in the NIV of
the brain of M. ornata. The infundibulum has been identified as a target
of steroids in anurans (DiMeglio et al., 1987; Kelley et al., 1975; Morrell
et al., 1975). Additionally, the cells in this region also express GnRH
(Rastogi et al., 1998). The arcuate nucleus in mammals, a homolog of
the infundibulum in frog brain (Wada et al., 1980), is reported to ex-
press higher levels of NPY in male rats than in females (Rugarn et al.,
1998). On the contrary, we have observed higher levels of NPY in the
infundibular region of females than in males. This difference may be
attributed to the differential sex steroid profile of the frog (Lynch and
wilezynski, 2005) or the physiological status of the frog. In addition, the
sexual dimorphism in NPY expression was observed to be female-
dominant, suggesting that these NPY-ir cells may play a role in female-
specific reproductive functions.

Sex-specific differences in the expression of NPY were also sig-
nificant in the AV, where intense expression of NPY was seen in the
female compared to the male. The tagmental area is known to act as a
junction to receive neuronal information from various regions of the
brain and process it through the hypothalamo-pituitary axis for further
coordination (Eldred et al., 1980; Neary and Northcutt, 1983). Al-
though we cannot offer explanation for the higher expression of NPY in
the AV in female frog, we speculate its involvement in neuromodulation
of sex-specific activities of amphibians during the breeding season.

The sex-specific differences in the NPY system, either due to gonadal
sex, hormonal state and/or their interactions, could be significant for
shaping sexual and other context-dependent differences in the re-
productive physiology of anurans. Similar to mammals and reptiles, the
findings suggest that NPY in amphibians is likely to be an important
regulator of reproductive physiology of genders. Further studies are
needed to understand the circuitries of NPY involved directly or in-
directly in the regulation of energy balance and reproduction in the
anuran brain.
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