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Abstract

Project Code : RSA5780011

Project Title : Characterization and localization of neuropeptide F, and its applications in growth,
ovarian maturation and spawning of the female freshwater prawn, Macrobrachium
rosenbergii
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Department of Anatomy, Faculty of Science, Mahidol University

E-mail Address : yotsawan.tin@mahidol.ac.th, anatch2002@gmail.com

Project Period : 15 June 2014 to 16 June 2017

The giant freshwater prawn, Macrobrachium rosenbergii, is one of the most commercially important freshwater
crustacean species cultured in Thailand. The prawn aquaculture has lower productivity due to disease problems and the
fecundity of female broodstocks which leads to the production of gametes, embryos larvae declines due to culture in
captivity with a high population density, which may cause the release of stress hormones. At present, the best food that
has been used for feeding prawns and shrimps in farms, but they are expensive and inconvenient in storage and
feeding. Alternatively, the use of hormones could be one way to stimulate ovarian maturation and spawning.
Neuropeptide F (NPF) is a neuropeptide with an RxRFamide carboxy terminus, and has been proposed to play an
important role in feeding, energy homeostasis, and reproduction in invertebrates. In this proposal, we investigated the
characterization, expression, distribution of NPF in the central nervous system and ovary, and its role in controlling
ovarian maturation and spawning in the female freshwater prawn, M. rosenbergii. There were four putative NPFs
identified using transcriptomic analysis of cDNA from our research group, and we further validated the data in this study
using molecular cloning and RT-PCR techniques. They were designated as MrNPF-I, MrNPF-II, MrNPF-IIl and a short
NPF (sNPF). The sequencing results showed that the deduced amino acid sequences of all MrNPF isoforms were similar
to the sequence data obtained from transcriptomic analysis. Thus, this can ascertain the NPF sequences in female M.
rosenbergii. We further produced, tested the specificity of MrNPF antibody and used it for further immunohistochemical
studies. MrNPF-ir was distributed extensively in neurons, fibers, and neuropils in the brain, SEG, thoracic ganglia and
abdominal ganglia. MrNPF-immunoreactivity (-ir) was detected in the ovaries and was more intense in the early- and
mid-stages of ovarian development, and suddenly decreased in the mature stages. By RT-PCR, MrNPF transcript levels
also increased during the early- and middle stages of ovarian development, and suddenly fell at late stage. MrNPF-
treated prawns showed significantly decreased ovarian maturation periods, and increased GSI, OD, Vg levels compared
with those of control groups. MrNPF also caused significantly earlier spawning compared with the control groups, and the
numbers of eggs per spawn among experimental groups were higher compared with those of the controls. However, the
mean fecundity between MrNPF-treated prawns and controls did not differ significantly. In addition to the investigation of
the effects of MrNPF on female ovarian maturation and spawning, we further investigated whether NPF is involved in
controlling embryonic development and/or in relation to major neurotransmitters. First, we examined the expression and
changes in the levels, and possible actions of major neurotransmitters (5-HT and DA) in this grant, since we believed
that 5-HT and DA could be the first hierarchical molecules in regulation of NPF in reproduction and probably embryonic
development. The 5-HT concentrations gradually increased from the pale yellow egg to orange egg stages, and reaching
a maximum at the black egg stage, while DA concentrations were much lower in the early embryos than those of 5-HT
(P < 0.05). 5-HT was firstly detected in the early embryonic stages, whereas DA developed later than 5-HT. Functionally,
5-HT-treated prawns produced embryos with significantly shortened lengths of early embryonic stages, whereas DA-
treated prawns lengthened the period of mid-embryonic stage onwards. However, the expression and precise action of
NPF and mechanisms between 5-HT/DA and NPF in the regulation of ovarian maturation and embryonic development of
this female prawn needed to be clarified by further studies. Finally, the results of this project should improve the basic
knowledge of NPF and neuroendocrine-hormonal regulation in the prawn reproduction, and in finding the way to enhance
the prawn reproduction for aquaculture.

Keywords: Neuropeptide F; Neurotransmitter; Ovarian maturation; Spawning; Central nervous system, Embryonic

development; Freshwater prawn; Macrobrachium rosenbergii



1. Objectives

Overall objectives: To characterize and localize neuropeptide F, and investigate its functions on

ovarian maturation, spawning, and growth in the female freshwater prawn, M. rosenberqgii.

Specific Objectives: In order to reach the above goals, the following specific objectives are
formulated as the bases for the experimental designs:
1. To identify and characterize the female M. rosenbergii neuropeptide F by a molecular cloning,
high performance liquid chromatography (HPLC), mass spectrometry (MS) and/or other related
techniques;
2. To localize and map NPF in the nervous system and gonadal tissues by immunohistochemistry;
3. To investigate the effects of NPF on ovarian maturation, spawning, and growth by bioassays; and
4. To study the existence, distribution and possible relationship of major neurotransmitters and NPF

during reproduction and embryonic development.

PART I. Identification and characterization of neuropeptide F in the female M.

rosenbergii

1.1 Identification and characterization of NPF encoding gene.
1.1.1 Specimen collection and preparation

Mature females M. rosenbergii were obtained from the culture ponds in Ayuthaya province and
from Burapha University, Bang saen, Chonburi province. The size of the selected prawns was 15-20
cm in length, and 50-60 g in body weight. The animals were kept in tanks with continuous aeration,
and water was changed every 2 days. The animals were acclimated under a photoperiod 12:12 h
light-dark at room temperature for a week. The animals were fed twice a day with commercial pelleted
feed. First, the prawns were anesthetized on ice and cut into three parts at an imaginary line from left
to right mandible and cephalothoraco-abdominal junction. The anterior part was further dissected for
eyestalks and brain, the middle part for subesophageal and thoracic ganglia, and the posterior part for
abdominal ganglia. In addition, gonads (ovary), muscles (walking and swimming legs), and
gastrointestinal tract, were dissected during the processes. All dissected tissues were immediately

frozen and stored in liquid nitrogen until used.



1.1.2 RNA extraction and transcriptomic analysis

Female M. rosenbergii issues, including eyestalks, CNS (pooled brain, thoracic ganglia, and
abdominal ganglia), and ovaries were collected. Total RNA was isolated using TriPure isolation
reagent (Roche, IN, USA) following the manufacturer's protocol. The quality and concentration of total
RNA was determined by gel electrophoresis and spectrophotometry (NanoDrop 1000; Thermo Fisher
Scientific, DE, USA). The dried form of total RNA was sent to BGI (Hong Kong), for de novo RNA-seq
transcriptomes (http://bgiamericas.com/). Briefed method, the complementary DNA (cDNA) was first
synthesized, and then mRNA was purified by subjecting to oligo-dT selection before performing the
fragmentation into a small fragment. The fragmented cDNA samples were subsequently repaired and
ligated with adapter. Double-stranded cDNAs were constructed by reversed-transcription of selected
fragments. A duplex-specific nuclease and PCR amplification were then used for normalizing and
constructing the cDNA libraries, respectively. Ultimately, samples were subjected to an lllumina HiSeq
2000 instrument (lllumina Inc.) for sequencing. After obtained the read data, de novo assemblies were

then performed.

1.1.3 RNA extraction and RT-PCR

Total RNA were extracted using TRIzol® reagent (Invitrogen, USA). These tissues were
homogenized and processed according to the direction supplied with the kit. The yield of isolated RNA
was determined as described in 1.1.2. RT-PCR technique was used to synthesize first strand cDNA
from the total RNA extraction. A 20-ul reaction volume for the first strand cDNA was carried out
following the manufacturer’'s protocols. Each reaction contains 1-5 pg of total RNA, 1 ul of 0.5 pug/ml
gene specific primer (reverse primer), 4 pl of 5x first strand buffer, 2 ul of 0.1 M DTT, 1 pul of 10 mM
dNTP mix, and 1 ul of 200 units reverse transcriptase (RevertAidTM Reverse Transcriptase,
Fermentus) were used as the reverse transcriptase enzyme. The reaction product was used as

templates for cDNA amplification in PCR experiments.

1.1.4 Primer designs

To validate the MrNPF-I, MrNPF-Il, MrNPF-Ill and a short NPF (sNPF) genes, and gene
specific primers were designed based on the sequence identified from transcriptomic analysis
(Suwansa-Ard et al., 2015). Primers were synthesized by the Bioservice Unit, National Science and

Technology Development Agency (NSTDA), Bangkok, Thailand.



1.1.5 PCR experiments

The amplifications of specific cDNA sequences were performed in an Eppendorf thermal
cycler. Each 25 pl of the PCR reaction mixture contains approximately 1 pl of 50-100 ng DNA
template, 2.5 ul of 10x PCR buffer, 400 uM dNTP mix, 2 mM MgCl,, 400 nM of each primer, 1 pl of 5
unit/ul of Taq DNA polymerase (Fermentus). A precise selection of optimal times, temperatures and

numbers of cycles were performed depending on the DNA being amplified and the primers chosen.

1.1.6 cDNA Cloning and sequencing

The amplified PCR fragments were cloned into TA cloning kit pGEMT easy® (Promega, USA).
Transformation process were performed in competent E. coli cells, strain XL1(Blue), by CaCl,/heat
shock method. Microbiological techniques were used for growing the bacterial cells in amplicillin
selected media. Finally, the plasmid DNA containing the genes of interest was isolated from E. coli
using a miniprep procedure. The nucleotide sequences of cDNA obtained above were also determined

(Macrogen Inc., Korea).

Results:

Identification and characterization of NPF encoding genes.

In this study, the aim of the first part was to identify and characterize neuropeptide F
(MrNPF) in female M. rosenbergii, in order to obtain the real NPF sequences for further using for the
antibody characterization and production, as well as for investigating their biological functions in
female M. rosenbergii.

According to our research group, four putative NPFs were identified using transcriptomic
analysis of cDNA from female M. rosenbergii tissues (including eyestalks, CNS and ovaries) with
precursor encoding genes (Suwansa-Ard et al., 2015). These were included three isoforms of MrNPFs
which were classified as long NPFs and a short NPF. They were designated as MrNPF-I, MrNPF-II,
MrNPF-IlIl and a short NPF (sNPF). We further validated the data in this study and results of NPF
precursor genes by using molecular cloning and RT-PCR techniques. The gene specific primers
designed for each NPF gene and MrNPF-I, MrNPF-II, MrNPF-IIl and a MrsNPF encoding gene were
amplified from cDNA extracted from the CNS and ovaries. The sequencing results showed that the
deduced amino acid sequences of all MrNPF isoforms were similar to the sequence data obtained

from transcriptomic analysis. Therefore, this can ascertain the NPF sequences in female M.



rosenbergii. The nucleotide and deduced amino acid sequences of all NPF isoforms were
demonstrated in Figs 1-4. The mature sequence of active MrNPFs were predicted by analyzing the
deduced amino acid sequences with signal IP 4.1 program and Neuropred program (http://neuropro
teomics.scs.illinois.edu /neuropred.html), and this was summarized in Table 1. All of mature MrNPFs
sequences had a consensus C-terminal RXRF sequence, as presented in invertebrate NPFs (Nassel
and Wegener 2011).

Precursor proteins of long MrNPF-I, MrNPF-II, MrNPF-Ill gave rise a single active peptide
sequence. The putative MrNPF-I precursor protein consisted of 90 amino acids, containing a 29
residue N-terminal signal peptide followed by the active peptide sequences. A single dibasic cleavage
site was found at Lys63Arg. Therefore, predicted active peptide sequences for MrNPF-I was 32 amino
acids length (Fig. 1). The putative MrNPF-Il precursor had 127-amino acid length with a prediction of
29 residue N-terminal signal peptide and Lys86Arg dibasic cleavage site. This resulted in an active
peptide consisting of 61 amino acids residues Fig. 2). Whereas the MrNPF-IIl precursor was predicted
to have a short 23 residue N-terminal signal peptide and dibasic cleavage site at Lys86Arg with a 61-
amino acid length of mature NPF sequence (Fig. 3).

The MrsNPF precursor was predicted to have multiple cleavage sites. It contained 25 residue
N-terminal signal peptide and 7 positions of mono- and dibasic cleavage sites to give rise four active
peptides (Fig. 4 and Table 1). These were included with three sNPFs containing a conserved sNPF
motif (1: GGGGGPPSMRLRF-NH, 2: TPALRLRF-NH, 3: APALRLRF-NH,) and one longest peptide of

sNPF (GGGSIRSWQQVSQRSEPSLRLRY- NH,)
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taaaacccgaagaagccagccatgtaccaacgtgtaggccaagtgtgggecggectattttyg
M Y Q R V G Q V W A A I L
gtgggcgtggtcgtcgtcagecgtcatgcagatgggcggagttgagggcaaacccgaccca
v 6 vv VV S VM QMG GV E G K P D P
acgcagctggcggccatggctgatgccctcaagtacctgcaggagctcgacaaatattac
T o L. A A M A D A L K Y L 0 E L D K Y Y
tcccaggtgtcacgacccagattcggaaaacgcagcgagtatgececgttectectggtgat
S 0 VvV S R P R Fge« 58/ s E Y A V P P G D
gttctgatggaagccagcgagagactcatggagactttggcacgcaggaggtgaattcce
v L M E A S E R L M E T L A R R R -

Fig. 1 Nucleotide and amino acid sequences of putative MrNPF-I precursor. Predicted signal
sequence is indicated as bold letters. Dibasic cleavage site and amidation site are given by
dark gray and black highlights. The mature sequence of MrNPF-I consisting of 32 amino acids

is in light gray highlight.
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taaaacccgaagaagccagccatgtaccaacgtgtaggccaagtgtgggecggectattttyg
M Y Q R V G Q V W A A I L
gtgggcgtggtcgtcgtcagcgtcatgcagatgggcggagttgagggcaaacccgaccca
v 6 vv VVSsS VM QMG GV E G K P D P
acgcagctggcggccatggctgatgccctcaagtacctgcaggagctcgacaaatattac
T ¢ L. A A M A D A L K Y L QO E L D K Y Y
tcccaggtgtcacgacccagcecccecceccecgttecggegeccaggeccggectecgecagattcagget
s ¢ v S R P S P R S A P G P A S QO I 0O A
ttggaaaagactttaaagttcctacaactacaagagctcggcaaattgtactcacttagg
L £ K T L K F L 0 L o E L G K L Y S L R
gctcggccgcgattcggaaaacgcagcgagtatgececgttectectggtgatgttectgatyg
A R P R Fgeg© 584 s E Y A V P P G D V L M
gaagccagcgagagactcatggagactttggcacgcaggaggtgaattcccatacatcac
E A S E R L M E T L A R R R -

Fig. 2 Nucleotide and amino acid sequences of putative MrNPF-II precursor. Predicted signal
sequence is indicated as bold letters. Dibasic cleavage site and amidation site are given by
dark gray and black highlights. The mature sequence of MrNPF-Il consisting of 69 amino acids

is in light gray highlight.
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cgcgatacaaggcgcaacaacaccacatcaaggcaaatgcggaattacgccctgacgtca

M R N Y A L T S
gcagcagtggtggtggccgtcecctecctggtctcgacggegtecctcggecgagaacgggcaac
A AV VYV AV L LV ST A S S AR T G N
gccgccgagaccctgcaggccatgecgcgaggeccgacctecgcaggaatecctgggetecgece
A A ETL Q A MR EADUILAGTI L G S A
gaggtaccctacccgtctcggectaatatcttcaagtcaccecgttgagectcaggcagtac
E v P Y P S R P N I F K S P V E L R Q Y
ttggatgcgcttaacgcttattatgccatcgctggacggecccaggttecggtaagegegge
L Db AL N A Y Y A I A G R P R F g ' 5 G
ggcgccatgccccagcggtcatcectcacacgacgacctectecgactactgacgaaggaat

G A M P QR S S S H D D L L D Y -

Fig. 3 Nucleotide and amino acid sequences of putative MrNPF-IIl precursor. Predicted signal
sequence is indicated as bold letters. Dibasic cleavage site and amidation site are given by
dark gray and black highlights. The mature sequence of MrNPF-Ill consisting of 61 amino acids

is in light gray highlight.



13

aagtttccacgacaagaagagtccgaggctatgggcgtgggecgttctcaaatggtgcacg
M G V. G VL K W C T
gcgggggtattctgctgcctcatcttagecccaggtggcatccacggtgeccaactceccacct
A GV F C CUL I L A Q V A S T V P T P P
gactacgatgctgccctcagcgacatgtacgacctgctgtcccacggecgtggagaggcgce
D YDA AL s DMMYUDTZLTZL s H 6 v E[E
gggggcggaggtggaccgccgtccatgcgactgagattcggcaagagaggcggaggaagc
G G G G G P P S M R L R FpHgB® 58 G G G S
attaggtcctggcagcaggtgtcccagaggtctgaaccttcgctcagactececgetacgge
I R s W 0 0 v s Q R S E P S L R L R Y IE
aagagaaccgtcgacgaggctgaacccctcecctcecgatcacgacttggtccgaaaagaccgce
¥ r v D EAEP L LDUHDTLV R K DJE
accccggceccctcagactgcgatttgggaagagaacctecttctgattacttacaggacgac
T P A L R L R Fpgey« =& T S S D Y L Q D D
gcctacgacgcagcagatttcatccgccaagaccgggctceccecgecctcagactecgettt
Ay paaop¢ F 1R o DA P AL R L R F
ggcaaaagagacgtctcatacggacaggacgaagaagcatcaaccggcagccacgagcag
G@F¥y o v s Y G 0 DEEAS TG S HE Q

tagagataggcctagcaaaaaaaaaaaaaataaaataaaaaaaaaaaaaaaaaacaaaac

Fig. 4 Nucleotide and amino acid sequences of putative sMrNPF precursor. Predicted signal
sequence is indicated as bold letters. Dibasic cleavage site and amidation site are given by

dark gray and black highlights. Four isoforms of mature sequences are in light gray highlight.
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Table 1 Mature sequences of MrNPF and MrsNPF

NPF Mature sequences
MrNPF-I KPDPTQLAAMADALKYLQELDKYYSQVSRPRF-NH,
MrNPFE-II KPDPTQLAAMADALKYLQELDKYYSQVSRPSPRSAPGPASQIQALEKTLKFLQL

QELGKLYSLRARPRF-NH,

MrNPF-lll ARTGNAAETLQAMREADLAGILGSAEVPYPSRPNIFKSPVELRQYLDALNAYYA
IAGRPRF-NH,
sNPF GGGGGPPSMRLRF-NH,

TPALRLRF-NH,

APALRLRF-NH,

GGGSIRSWQQVSQRSEPSLRLRY-NH,

Furthermore, the MrNPF-I (KPDPTQLAAMADALKYLQELDK YYSQVSRPRF-NH,) and sNPF
isoform (TPALRLRF-NH,, APALRLRF-NH,) were then selected to custom synthesize by GenScript

company (USA). The synthesized MrNPF-I1 was used for polyclonal antibody production. While the

biological functional assays were investigated with MrNPF-I.
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PART Il. To localize and map NPF in the nervous system and gonadal tissues

by immunohistochemistry

2.1 Antibody and peptide

The polyclonal antibody against MrNPF peptide was produced following the protocol described
previously by Tinikul et al (2011) and Thongrod et al (2017). Briefly, two male New Zealand white
rabbits were approved and obtained by the Animal Care Unit, Faculty of Science, Mahidol University.
The antiserum was produced by immunizing rabbits with synthetic MrNPF (GenScript, Piscataway, NJ,
USA) that was conjugated to bovine serum albumin (BSA) using N-(3-dimethylaminopropyl)-N’-
ethylcabodiimide hydrochloride (Sigma-Aldrich, St. Louis, MO, USA). For immunization, animals were
injected subcutaneously with initial 500 ug conjugated proteins, mixed with Freund’s complete
adjuvant. A further three boosting injections were given with 250 ug of conjugated proteins mixed with
Freund’s incomplete adjuvant. Immunizations were performed at two week intervals. Blood was
collected two weeks after the final injections, and following centrifugations. The antiserum was

collected and stored at -20°C until used.

2.2 Testing of antibody specificity by dot blot analysis

Dot blots were performed to test specificity of the antibody against MrNPF (Thongrod et al.
2017). Briefly, the synthetic peptide, MrNPF peptide (2 [lg/ml) were spotted onto nitrocellulose
membranes and dried at room temperature for 45 min. Non-specific bindings were blocked by the
blocking solution containing 4% skimmed milk in TPBS (0.1% Tween 20 in 0.1 M phosphate-buffered
saline), at room temperature for 2 h. After washing, the membranes were incubated in the primary
antibody, anti-MrNPF, which was pre-absorbed with BSA at a concentration of 200 mg/ml, then
incubated overnight at 4°C. Subsequently, the membranes were washed three times with TPBS, at
room temperature, for 10 min each. Then HRP-conjugated goat anti-rabbit IgG (Southern Biotech,
Birmingham, AL, USA), diluted at 1:4000 in blocking solution, was added to the membranes, and
incubated at room temperature for 2 h. The membranes were gently washed three times in PBST.
The signals were then developed using an ECL kit (Amersham Pharmacia Biotech, Buckinghamshire,
UK), and the membranes exposed to film, before developing. Controls were performed by substituting
primary antibodies with pre-immune rabbit serum, or by pre-absorption of the primary antibody with

excesses of synthetic MrNPF'’s.
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2.3 Testing of antibody specificity by Western blotting

The Western blotting was used to ascertain antibody specificity. Briefly, 5 ug of BSA and BSA-
conjugated MrNPF’s, were separated by 12.5% SDS-PAGE. After electrophoresis, the resolved
proteins were transferred onto nitrocellulose membranes. The membrane was then washed with TPBS
(0.1% Tween 20 in 0.1 M phosphate-buffered saline). Non-specific binding was blocked with 4%
skimmed milk in TPBS, for 2 h at room temperature, with gentle shaking. The membranes were
subsequently incubated with primary antibody anti-MrNPF, preabsorbed with BSA (diluted 1:500) at a
concentration of 150 mg/ml, overnight at 4°C, with gentle shaking. After washing three times with
TPBS, the membranes were incubated with secondary antibody (HRP-conjugated goat anti-rabbit 1gG,
Southern Biotech, Birmingham, AL, USA), diluted 1:2000, at room temperature for 2 h. The
membranes were gently washed three times in TPBS. The signal was developed using an ECL kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK), and exposed to film, before developing.
Negative controls were performed by substituting primary antibody with pre-immune rabbit serum, or

by absorption of the pre-absorbed primary antibody with excess of synthetic MrNPF’s.

2.4 Immunohistochemistry

The detection of immunofluorescence by the whole-mounts was based on the protocol of
Tinikul et al. (2011, 2017). After fixation, the whole-mounts of the CNS were washed with 0.1 M PBS
for 6 h, by changing the washing solution every 30 min. Each CNS was desheathed using

microforceps and pre-incubated with 4% Triton X-100-PBS (10% NGS, 4% Triton X-100 in PBS) at 4

°C for 24 h. The tissues were then washed three times with 0.1 M PBS, by changing the washing
solution every 15 min. The CNS whole-mounts were then permeabilized with Dent’'s solution (80%
ethanol, 20% DMSO) at -20 °C for 8 h, and washed five times with 0.1 M PBS by changing the
washing solution every 15 min. The CNS whole-mounts were incubated in the primary antibody (rabbit
anti-MrNPF diluted 1:100), in 2% NGS, 0.4% Triton X-100, in PBS, at 4 °C for 6-7 days with gentle
shaking. The CNS whole-mounts were then washed five times with PBST by changing the washing
solution every 20 min, and followed by two washings with 0.1 M PBS by changing the washing
solution every 15 min. The CNS whole-mounts were then incubated in the second antibody, Alexa
488-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, Oregon, USA), diluted 1:500 in 5%
NGS, 0.4% Triton X-100, in 0.1 M PBS, at 4 °C for 72 h, with gentle shaking. In addition, the nuclei of

cells in the CNS and ovaries were counterstained with ToPro-3 (Molecular Probes, Eugene, Oregon,
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USA), diluted 1:2000 in blocking solution. The whole-mounts were then washed with PBST for 2 h
with six changes, and subsequently with PBS for 1 h with three changes. They were subsequently
dehydrated through increasing concentrations of ethanol (50%, 70%, 80%, 90%, 95%, 3x100%), and
cleared in methyl salicylate for 30-45 min. Controls were performed by replacing the primary
antibodies with pre-immune rabbit serum, or by pre-absorption of the primary antibody with excesses

of synthetic MrNPFs.

2.5 Confocal laser scanning microscopy and image analysis

The whole-mounts and sections of the CNS prepared for immunofluorescence detection, were
viewed and photographed with an Olympus Fluoview 1000 laser-scanning confocal microscope
(Olympus America, Center Valley, PA). The tissues were scanned sequentially for each fluorophore to
obtain separate images for each label and an overlay image of all three channels for each optical
section. These projected images were produced using subsets of the z-stacks. Furthermore, the digital
images were exported and converted from the Olympus confocal system as .tiff images, and then
transferred into Photoshop CS software (Adobe Systems Inc., San Jose, CA, USA) to adjust contrast
and brightness to obtain optimal clarity. In addition, negative controls for each fluorochrome were

scanned using the same parameter settings.

Results
Testing the specificity of MrNPF antibody

In this part, specificity of anti-MrNPF-I antibody was rigorously tested against synthetic NPF-Is,
FMRFamide, KISS1 and KISS2 peptides by Thongrod et al. (2017). The anti-MrNPF-I showed no
cross-reaction with the synthetic FMRFamide, KISS1 and KISS2 peptides, while anti-FMRFamide
showed very low reactivity against MrNPF-I. Preabsorption of anti-MrNPF-I with MrNPF-I reduced the
intensity of the MrNPF-I dot appreciably, while preabsorption with FMRFamide did not. Preabsorption
of anti-FMRFamide with MrNPF-| totally abolished the reactivity of the antibody against MrNPF-I (Fig.
5). Anti-MrNPF-I showed strong reactivity to both LvNPF-I and MrNPF-I peptides, and also to protein
extract from the CNS. For immunohistochemical testing, anti-MrNPF-I showed intense staining in the
olfactory neuropil (ON), but no reactivity was detected when anti-MrNPF-I was preabsorbed with
MrNPF-I peptide (Fig. 5). These results confirmed that anti-MrNPF-| is strictly specific to MrNPF-I and

strongly cross-reacting with LvNPF-I (Thongrod et al., 2017). Thus, this antibody was used for
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subsequent immunoperoxidase and immunofluorescence detections. Since the amino acid sequences
of MrNPF-I and Il are identical, except for the insert in the mid region of the latter as mentioned
earlier, we assume that anti-MrNPF-I can detect both isoforms and henceforth will be referred to as
MrNPFs (Thongrod et al.,, 2017, Fig. 5). The pre-immune serum did not show any positive result.
Therefore, this antibody was used for examining the neuroanatomical distribution of MrNPF peptide in

the CNS and ovary of this prawn.

Expression and distribution of MrNPF immunoreactivity in the brain and ventral nerve cord

In M. rosenbergii, the supraesophageal ganglion (brain) is composed of three major regions:
medial protocerebrum which contains anterior medial protocerebral neuropils (AMPNs), posterior
medial protocerebral neuropils (PMPNSs), protocerebral bridge (PB), central body (CB) and neuronal
clusters 6, 7 and 8; deutocerebrum containing several neuropils including medial antenna | neuropil
(MAN), lateral antenna | neuropil (LAN), olfactory neuropil (ON) and olfactory globular tract neuropil
(OGTN), and neuronal clusters 9, 10, 11, 12 and 13; tritocerebrum which contains tegumentary
neuropil (TN) and antenna Il neuropil (AnN) and neuronal clusters 14, 15, 16 and 17 (Fig. 6).

In medial protocerebrum, there was strong MrNPF-immunoreactivity (-ir) in many medium-
sized neurons within cluster 6 (Fig. 6). Intense immunoreactive fibers were observed in AMPN and
PMPN neuropils and moderately intense immunoreactive fibers were also detected in PT, PB, and CB
neuropils. In the deutocerebrum, and very strong MrNPF immunoreactive fibers were observed in the
neuropils of ON and OGTN, and detected in medium-sized neurons of clusters 9, 11 (Fig. 6). In the
tritocerebrum strong MrNPF-ir neurons were detected in clusters 14, 15, 16 (Fig. 8f) and intense
immunoreactive fibers in the TN and AnN (Fig. 6). In the CEG, SEG, thoracic ganglia and abdominal
ganglia, MrNPF-ir was detected in neurons and fibers (Figs. 7-8). In the thoracic ganglia, MrNPF-ir
was detected in medium-sized neurons in ventromedial cell clusters along the midline of each thoracic
ganglion, as exemplified by MrNPF-ir neurons in T2, T3 and T4 (Fig. 7). MrNPF-ir fibers were
detected in the abdominal ganglia (A1-A6; (Fig. 8).

This study may provide some clues demonstrating the types and characteristics of MrNPF, as
well as their specific localizations in the nervous system and ovary during ovarian maturation cycle,
implicating their important involvements in female prawn growth and reproduction, as shown in the

bioassay results.
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anti-MrNPF-|

anti-FMRFamide
LvNPF-|

anti-MrNPF-I
+ MNPF-

CNS crude
extract

anti-MrNPF-I
+ FMRFamide

anti-FMRFamide
+ MrNPF-|

anti-MrNPF-1 anti-MNPF-l + MINPF-1

Fig. 5 From Thongrod et al. (2017), specificity test of anti-MrNPF-I antibody. (a) Cross-reactivity tests
of anti-MrNPF-I and anti-FMRFamide with synthetic MrNPF-I, FMRFamide, KISSI and KISSII peptides.
The anti-MrNPF-I shows no cross-reaction with synthetic FMRFamide, KISSI and KISSII peptides, and
the preabsorption with MrNPF-I largely abolishes its reactivity to MrNPF-I. (b) Anti-MrNPF-lI show
strong immunoreactivity to NPF-1 of L. vannamei as intense as NPF-I of M. rosenbergii,and also a
presumptive NPF protein in the CNS extract.(c) Intense immunoreactivity of anti-MrNPF-I in the
olfactory neuropil (ON), no reactivity was seen when using anti-MrNPF-I preabsorbed with the
peptide. These results show that anti-MrNPF-I is specific to NPFs. These results were performed and

these figures were made by Thongrod et al. (2017).
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Fig. 6 Immunofluorescence detection of MrNPF-ir (green) in the brain during various ovarian stages,

and cell nuclei are counterstained with ToPro-3 (red). The numbers 6 and 17 represent the neuronal

clusters 6 and 17 in the brain, respectively. A, stage I; AMPN anterior medial protocerebral neuropil;

B, stage Il; C, stage lll; CEC, circumesophageal ganglia; D, stage IV; ON, olfactory neuropils; PMPN,

posterior medial protocerebral neuropil. Scale bar: 400 ym
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Fig. 7 Immunofluorescence detection of MrNPF-ir (green) in the thoracic ganglia during various
ovarian stages, and cell nuclei are counterstained with ToPro-3 (red). A, stage I; B, stage Il; C, stage
lll; CEC, circumesophageal ganglia; D, stage IV; T1-T5, first thoracic ganglion to fifth thoracic

ganglion; SEG, subesophageal ganglia. Scale bar: 400 ym
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Fig. 8 Immunofluorescence detection of MrNPF-ir (green) in the abdominal ganglia during various

ovarian stages, and cell nuclei are counterstained with ToPro-3 (red). A, stage |; A2 and A3, second

and third abdominal ganglia; B, stage IV. Scale bar: 400 ym
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Discussion

In the present project, our recent transcriptomic (Suwansa-ard et al. 2015) and molecular
analyses (Thongrod et al., 2017; Tinikul et al., 2017) showed that MrNPF-I and Il active peptides
show high sequence similarity (>90%) with L. vannamei NPF-I and-ll, whereas the MrNPF-Ill active
peptide shows high similarity (66%) with mollusk neuropeptide Y. Moreover, a precursor of short NPF
(sNPF) transcript was identified from the eyestalk and CNS transcriptomes; and this sSNPF precursor
is predicted to be cleaved at multiple sites to give rise to four active short peptides. In the present
project, we validated the sequences of the two isoforms of NPFs and found that the full sequences
are identical with those predicted from our earlier transcriptomic analysis (Suwansa-ard et al. 2015). It
was found that the MrNPF-I, -Il precursor proteins, encoded by separate genes, showed high similarity
to other prawns NPFs, including L. vannamei and M. marginatus (Christie et al. 2011), while the
mature NPF-I is almost identical except for four amino acids (threonine (T), alanine (A), aspartic acid
(D) and lysine (K) instead of serine (S), asparaging (N), glutamic acid (E) and asparagine (N),
respectively) at the mid region of the peptide (Thongrod et al., 2017). The MrNPF-Il is almost identical
to the NPF-Il of M. marginatus and L. vannamei except for 3 amino acids in the mid region and 1
amino acid in the insert part of the mature peptide. Hence this would confirm that the active peptides
of all arthropods and crustaceans are highly conserved.

Several studies have reported regarding expression and distribution of NPF for Drosophila and
insect NPFs by several techniques, including immunohistochemical and RT-PCR. The NPFs and their
receptors were detected in the brain, SEG, ventral nerve cord and midgut of larval Drosophila
(Carlsson et al. 2013). In L. vannamei and M. marginatus, the NPF was only determined and it was
reported that both NPF-I and -Il are broadly distributed in the CNS and the optic ganglia of the
eyestalk, brain, thoracic and abdominal ganglia (Christie et al. 2011). In comparison, the intensity of

MrNPF -1 and -l transcripts in various parts of the freshwater prawn CNS are similar to that of the two
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penaeus shrimps with the highest intensity in the brain and thoracic ganglia with the NPF-I showing 5

to 7-fold higher expression than NPF-II. Interestingly, we detected that NPF-I was strongly expressed

in the ovary in the present project (Suwansa-ard et al. 2015; Thongrod et al., 2017; Tinikul et al.,

2017). Therefore, the wide spread expression of NPFs in ovaries implicate distinct role of NPF in

reproduction and may be in controlling feeding, however, this needs to be performed by further

studies.

In the supraesophageal ganglion (brain), the strong expression in neurons of cluster 6 and

fibers within neuropils of AMPN, PMPN, PT, PB, CB of the medial protocerebrum implicates further

that these peptides may help integrating the photoreception by the forebrain (protocerebrum) and the

olfactory reception by the midbrain (deutocerebrum). Indeed, the strong intensity of NPFs detected in

the neurons of clusters 9, 11 and fibers of the ON and OGTN neuropils, which are the key structures

of the midbrain that receive olfactory stimuli (Kruangkum et al. 2013), further supports the notion that

MrNPFs may play a central role in mediating the reception of food odor as widely known in Drosophila

(Nassel and Wegener 2011), as well as integrating between visual and olfactory perceptions.

To our current knowledge, we believe that because of their highly conserved sequences the

NPFs must play roles in several physiological processes of this female prawn. However whether NPF

should play important role, such as integration in controlling the motor function of the feeding and

digestive organs remains unclear which should be further investigated.
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PART Ill. Investigation of effects of MrNPF on female ovarian maturation and
spawning by Bioassays

3.1. Experimental animals and acclimatization

Mature female freshwater prawns (weighing 30-45 g) were obtained from a local market
(Phran Nok market, Bangkok, Thailand). The prawns were kept in indoor circular plastic tanks, each
1.50 m in diameter with water depth at 0.80 m, and about 30% of water changed every 2 days. The
prawns were fed commercial food pellets (Charoen Pokphand Group, Thailand) twice per day.
Aeration was given all day. Small plastic cages were added in every tank for molting animals to hide
and to avoid being killed due to the cannibalistic behavior of this species. Male and female prawns
were stocked at a ratio of 1:5, respectively, in the same tank. The prawns were acclimatized under a

photoperiod of 12:12 h light-dark for a week before starting the experiments.

3.2. Histological examination and determination of ovarian stages

The maturation stages of ovaries during the ovarian cycle were examined directly, and
classified based on the criteria described previously (Meeratana and Sobhon 2007; Tinikul et al.,
2008). Ovaries were fixed in Bouin’s fixative and processed for paraffin embedding, as described
previously (Tinikul et al., 2015), in order to evaluate the histology. The sections were cut at 5-6 micron
thicknesses from each ovary, after which they were deparaffinized and stained with hematoxylin and
eosin (H&E). The sections were mounted with Permount (Bio-Optica, Milan, Italy), and viewed under a
Nikon ECLIPSE EG600 light microscope. Then images were photographed using a Nikon digital

DXM1200 camera.

3.3. Peptides and antibodies

The MrNPF used in this study was MrNPF
(KPDPTQLAAMADALKYLQELDKYYSQVSRPRFamide) peptide identified and characterized from the
eyestalks and CNS transcriptomes by our research group (Suwansa-ard et al.,, 2015). This peptide
was custom synthesized (GenScript, Piscataway, NJ, USA). In addition, a polyclonal antibody against
MrNPF was produced and its specificity was also tested rigorously (Thongrod et al., 2017). Briefly,

female New Zealand white rabbits (8 week-old) were obtained from the Animal Care Unit, Faculty of
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Science, Mahidol University, and used for production of anti-MrNPF with the approval of Animal Ethics

Committee, Faculty of Science, Mahidol University.

3.4. In vivo effects of MrNPF on ovarian maturation and spawning

The doses of MrNPF used in this work were based on the stimulatory effects of L. vannamei
NPF (Christie et al.,, 2011; Tinikul et al., 2015), with some modifications. In this study, in order to
investigate the effects of MrNPF on ovarian maturation and early spawning, we employed two doses,
10 and 10 mol/prawn of MrNPF. All injections were given at 4-day intervals. The injections were
performed via an intramuscular site at the second abdominal segment using 1 ml syringes fitted with a
26 G x 1/2 (0.45 x 12 mm) thin-wall needle. The measurement of total length and weight of the
prawns were performed on every treatment day prior to injections. MrNPF synthetic peptide was
dissolved in 0.9% normal saline. For ovarian maturation assay, the prawns were divided into 4 groups
of about 45 animals each, and treated as follows: (1) the non-injected control group (C); (2) the sham
control; (3 and 4) the groups injected with MrNPF at doses of 10° and 10 mol/prawn, respectively.
For spawning assay, we divided prawns into four groups: (1) the non-injected control group (C); (2)
the sham control; (3 and 4) the groups injected with MrNPF at doses of 10° and 10 mol/prawn.
Prawns in each group were identified by tying plastic loops of different colors around one eyestalk. At
least, five prawns in each group were randomly selected and sacrificed at 4-day intervals to examine
a gonado-somatic index (GSI = [ovarian weight (g)/body weight (g)] * 100), and oocyte diameters
(OD) were carefully measured as described previously (Tinikul et al., 2015). One hundred oocytes
were randomly selected at each ovarian stage in each prawn in at least three separate ovarian
regions, were examined under the light microscope. Diameters of the one hundred oocytes with full
nuclear profiles were measured, and the data expressed as a mean + SD for each treatment group.
The experiment was performed in duplicate. GSI and OD values of the MrNPF-injected groups and
the control groups were then analyzed and compared by statistical analyses. The rest of the prawns
were allowed to proceed until they spawned in order to determine the spawning duration. Pieces of
ovary were subsequently fixed in Bouin’s solution, paraffin-embedded, sectioned, stained with H&E,
and examined under the light microscope, in order to determine the stages of ovarian maturation and

oocyte diameters.
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3.5. Hemolymph vitellogenin (Vg) levels after treatment with MrNPF

An anti-vitellin antibody was produced from female M. rosenbergii, and the tests of its
specificity and cross reactivity were rigorously performed by Western blot analysis as reported earlier
(Soonklang et al., 2012), and the protocol for quantification of hemolymph Vg levels in M. rosenbergii
was based on the report of Tinikul et al. (2015) with some modifications. The hemolymph of MrNPF-
injected groups and the control groups was collected from the hemolymph sinus at 4-day intervals.
The hemolymph vitellogenin (Vg) levels was evaluated by an indirect ELISA technique. Briefly, a 100
pl of hemolymph was centrifuged, and the supernatants collected and stored at -20 'C until used.

Microtiter plates were coated with 100 ul of hemolymph supernatant diluted in coating buffer for 2 h at
37 oC. Non-specific bindings were blocked with a blocking buffer containing 0.25% bovine serum

albumin (BSA) in 0.01 M PBS, at 37 c)C for 2 h. After washing three times, the plates were incubated

in anti-vitellin diluted 1:2000 in a diluent containing 0.25% BSA in 0.01 M PBS. Aliquots of 100 ul of

primary antibody were added to the wells and the plates incubated at 37 OC for 2 h, and then
incubated with goat-anti rabbit-HRP (Southern Biotech, Birmingham, USA), diluted 1:4000, at 37 °C,
for 1 h. Further, the plates were washed and the color was developed by adding TMB substrate for 15
min, and the reaction was stopped by adding 1 M HCI. The Vg concentrations were calculated from a
standard curve established from measurements using purified vitellin. Determinations of hemolymph
Vg levels were performed in duplicate. The OD’s were read at 450 nm using an automatic
spectrophotometer. A negative control sample was prepared in parallel using rabbit pre-immune

serum in place of primary antibody.

3.6. Imnmunohistochemistry in various ovarian stages

The female prawns (n = 5 each) of the four stages of the ovarian maturation cycle were
anesthetized on ice for 15-20 min and the ovaries were dissected out and immediately fixed with 4%
paraformaldehyde in 0.1 M PBS for MrNPFs for 12-16 h at 4 "C. The ovaries were cut at a 6 [Am
thickness and mounted on coated slides. The sections were deparaffinized and rehydrated through a
graded series of ethyl alcohol, and then processed for immunohistochemistry. The method for
immunohistochemical detections was based on that described previously (Tinikul et al., 2015; 2016)
with some modifications. For the immunolocalization of MrNPF, rehydrated ovarian sections were
incubated with 1% glycine in PBS, and non-specific binding was blocked by the blocking solution

containing 10% NGS in PBST. The sections were then incubated with rabbit anti-MrNPF diluted 1:100
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in the blocking solution, and then incubated in secondary antibody, Alexa488-conjugated goat anti-
rabbit 1IgG (Molecular Probes, Eugene, OR, USA), diluted 1:200. In addition, the nuclei in ovarian
sections were counterstained with ToPro-3 (Molecular Probes) diluted 1:4000 in blocking solution. The
sections were mounted in Vectashield (Vector Laboratory, Burlingame, CA, USA). They were then
viewed and images captured using an Olympus FV1000 confocal laser scanning microscope.
Negative controls were performed by replacing the primary antibody with the pre-immune rabbit

serum, or pre-absorption of the primary antibody with excess of synthetic MrNPF.

3.7 Expression of MrNPF gene in various ovarian stages by RT-PCR
Mature female prawns were anesthetized in ice for 10-15 min. The different stages of
ovaries were carefully collected. The protocol for examination of expression of MrNPF gene was

based on previous reports (Tinikul et al., 2017). All tissues were immediately immersed in liquid
nitrogen and store at -80 °C until used. Each sample was homogenized and the total RNA was

isolated using TrizoI® reagent (Invitrogen, CA, USA), following the manufacturer’s protocol. The purity
and quantity of total RNA were determined by spectrophotometer at 260 and 280 nm. The total RNA
was treated by DNase | enzyme (Invitrogen, Carlsbad, CA, USA) to remove genomic DNA following
the manufacturer's protocol. First stranded cDNA was synthesized by reverse transcription using
SuperScriptTM Il Reverse Transcriptase (Invitrogen, CA, USA) with random hexamer primers. The
cDNA was then amplified using Platinum® Taq Polymerase (Invitrogen, CA, USA) with MrNPF specific
primers. RT-PCR products were then separated by 1.5% agarose gel electrophoresis. Beta-actin gene

was used as the normalization control and the expression levels of MrNPF were normalized against

beta-actin.

3.8. Statistical analyses
Data were presented as means + SEM. The data were then analyzed for statistical differences
with a SPSS program, using one-way analysis of variance (ANOVA) and Duncan’s multiple range test.

A probability value less than 0.05 (P<0.05) indicated a significant difference.



29

Results

The expression of MrNPF in various stages of ovaries

In the ovaries, the oogonia and early previtellogenic oocytes (Oc1) were not immunoreactive
when detected with anti-MrNPF as a probe (Fig. 9A). Intense MrNPF-ir was observed in the cytoplasm
of late previtellogenic and early vitellogenic oocytes (Oc2 and Oc3) (Fig. 9B), the epithelium and
smooth muscle cells of the oviduct (Fig. 9C-D) and the capsule of ovaries (Fig. 9D-E). In contrast,
MrNPF-ir appeared much weaker in late vitellogenic oocytes (Oc4 and mOc) (Fig. 9E). The control
sections of oocytes and follicular cells showed no positive staining (Fig. 9F). Using RT-PCR, MrNPF
transcript was detected in the total extract of various stages of ovaries (Fig. 9G-H). The detection of
beta-actin gene expression (used as a positive control and as for normalization of the MrNPF
expression), was identified in all tissues with equal intensity in all samples. The expression of the
mRNA of MrNPF was most intense in the ovarian stage lll (Fig. 9G, lane 3), and less intense in the

early stages of ovaries (stages | and Il), while almost absent in mature ovaries (stage IV) (Fig. 9H).

Effects of MrNPF on ovarian development

In this study, the ovarian maturation period of the prawns treated with MrNPF at both doses of
10 or 10®° mol/prawn were 28.6 + 4.28 and 29.76 + 5.7 days, respectively, which were significantly
shorter (P<0.05) than that of the controls (i.e., 39.2 £+ 4.66 days) (Fig. 10A). Moreover, the percentage
of prawns that attained various ovarian stages at 16 days after the first MrNPF injections showed that
in non-injected and sham control groups, most female prawns developed to ovarian stage Il (30% and
35%, respectively) and stage Ill (15% and 20%, respectively), whereas the rest remained at stage |
(Fig. 10B). By contrast, 30% of prawns injected with a dose of 10” mol/prawn, and 25 % of prawns
injected with a dose of 10 mol/prawn, showed the ovaries at stage Ill. In addition, the prawns
injected with doses of 10 and 10 mol/prawn exhibited 50% and 60% ovarian stage IV (Fig. 10B).
These data indicated that MrNPF at doses of 10° or 10®° mol/prawn shortened ovarian maturation
period by nearly 10-12 days or about 30%, particularly at the lower dose of 10°® mol/prawn.

At days 1 and 4 after treatment, the GSI values of the controls and MrNPF-injected groups at
both doses were all low and not significantly different (P < 0.05) (Fig. 11A). At day 8 post-injection,
the GSI values of both groups of MrNPF-injected prawns trended to have slightly higher GSI values,
but still with no significant difference from the control groups (P>0.05). On days 12 and 16, both

groups of injected prawns exhibited significantly higher GSI values compared with the control group
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(P<0.05) (Fig. 11A). During the experiments, female prawns also exhibited the increase of weight
(30.14 + 4.62 g), but were not statistically significant compared with the control (30.53 + 3.39 g). In
addition, mean oocyte diameters (OD) of vitellogenic oocytes (Oc3) and mature oocytes (Oc4) in both
groups of treated prawns increased significantly when compared with the control groups (P<0.05) (Fig.
11B). MrNPF-injected prawns, whose ovaries were determined to be at stage IV by external
observations, underwent spawning on the following night. All prawns tolerated the injected doses of

MrNPF without showing any abnormal behavior.

Assessment of ovarian histology

Examination of ovarian histology of the MrNPF-injected and control groups was conducted to
ascertain the degree of the ovarian maturation. On days 1 and 4, there were no difference in the
ovarian histology in the control groups (Fig. 12A), and the MrNPF-treated groups as the ovaries
contained mostly early previtellogenic oocytes (Oc1) and few late previtellogenic oocytes (Oc2) (Fig.
12B). Distinct differences were observed at day 12 and 16 when the ovaries of the control group
contained mostly previtellogenic oocytes (Oc2) (Fig. 12C), while the ovaries of the MrNPF-treated
groups with doses of 10 or 10 mol/prawn contained mostly early vitellogenic oocytes (Oc3) and late
vitellogenic oocytes (Oc4) with numerous lipid droplets. In addition, the diameters of oocytes in the

MrNPF-injected groups were larger than those of the control groups (Fig. 12D).

Hemolymph Vg concentrations after treatment with MrNPF

Vg concentrations in the non-injected control group, gradually increased from day 0 to about
days 36-40 which were from 26.33 * 4.77 to 266.7 + 14.38 ug/ml, respectively (Fig. 12E). The Vg
concentrations in the MrNPF-treated prawns with 10° and 10° mol/prawn showed significant
increases from ovarian stage | (19.8 £ 4.1 and 23.75 £+ 4.83 pg/ml) to peak at stage IV (348.5 + 13.1
and 327.2 £ 14.9 pg/ml), respectively, compared with the control group (266.7 + 14.38 pg/ml)
(P<0.05). The Vg concentrations after injection with 10° or 10° mol/prawn of MrNPF were
approximately 1.3 and 1.2 times higher than that of the control group at ovarian stage IV (P<0.05)

(Fig. 12E).
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Effects of MrNPF on spawning
The durations of spawning, the quality of spawned eggs and the percentage of fertilized eggs from
MrNPF-treated groups and control groups were also investigated (Fig. 13, 14). Interestingly, the
durations of spawning of MrNPF-injected groups at doses of 10 or 10° mol/prawn were much
shorter (1.01 £ 0.32 and 1.25 + 0.58 days, respectively), than the control group (2.79 = 0.74 days)
(P<0.05) (Fig. 13A). Our data strongly indicated that both doses of MrNPF could shorten the duration
of early spawning by nearly three times.

The number of eggs per spawn from both groups of MrNPF-treated groups were about 12 x
10* and 14 x 10* eggs per prawn, respectively, and these values were not significantly different from
the both control groups (12 x 10* and 16 x 10* eggs per prawn, respectively) (P>0.05) (Fig. 13B).
The percentages of fertilized eggs were about 97.5% and 98.7% for prawns treated with 10° and 10°
mol/prawn of MrNPF (Fig. 14A), which were not statistically different from the controls (98.4% and
99.1%, respectively). The sizes of eggs from female prawns that received both doses of MrNPF were
not statistically different, compared with those of the control groups (P>0.05). In addition, the
percentages of spawners was about 95% in the non-injected group and 100 % for the sham group,

compared with 100 % for prawns receiving both doses of MrNPF (Fig. 14B).
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Fig. 9. Expression of MrNPF-immunoreactivities (-ir) and relative mRNA levels of MrNPF gene expression against
beta-actin gene in the four ovarian stages of female M. rosenbergii. (A) Control section of the early oocytes (Oc1)
showing no immunoreactivity. (B) MrNPF-ir appeared more intense in early to mid-oocyte steps (Oc2 and Oc3) in
ovarian stages Il and Ill. (C-D) Intense MrNPF-ir is also present in the Ep of oviduct, smooth muscle and the capsule
(E). (F) No immunoreactivity was observed in the late oocytes (Oc4) in ovarian stage IV of the control section. (G)
Upper row showed the expression of MrNPF gene, which was strongly detected by RT-PCR in the ovarian stage Il
containing mostly Oc2 and Oc3. Bottom row indicates beta-actin gene expression in corresponding tissues. (H)
Histograms indicate relative expression of MrNPF normalized by beta-actin gene in different ovarian stages, with
ovarian stage lll showing highest levels, while ovarian stage IV having the lowest levels. Each bar is mean +SD of
three replicates. Bars with superscript ' differ significantly from other stages of ovaries at P < 0.05. M = marker.
Cap, capsule; Cc, central core of oocyte pouch; Ep, epithelium; Lum, lumen; mOc, mature oocyte; Ovd, oviduct; Tr,
trabecular; Oc1, early previtellogenic oocyte; Oc2, late previtellogenic oocyte; Oc3, early vitellogenic oocyte; Oc4,
late vitellogenic oocyte; OV-I, ovarian stage I; OV-Il, ovarian stage Il; OV-IIl, ovarian stage lll; OV-IV, ovarian stage

IV. Scale bars=100 pum.
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Fig. 10 Effects of MrNPF on the ovarian maturation period of female M. rosenbergii. (A) Histograms
demonstrating that prawns treated with MrNPF at doses of 10”° and 10® mol/prawn showed significant
shortening ovarian maturation period, compared with the control group. (B) The example of
percentages of ovarian stages that the female prawns attained at 16 days after the first injection. After
injections with MrNPF at doses of 10° and 10°® mol/prawn, the prawns ovaries showed significant
progress of maturation to reach from stage Il to stage IV, faster when compared with the control
groups. Each measurement is expressed as a mean + S.E.M. Asterisks indicate significant differences
(P<0.05) with respect to the control groups. Stage |, ovarian stage |; Stage Il, ovarian stage II; Stage

lll, ovarian stage lll; Stage IV, ovarian stage IV.
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Fig. 11 Effects of MrNPF on gonado-somatic index and oocyte diameter values of female M.
rosenbergii. (A) Mean gonado-somatic index (GSI) values after the MrNPF injections, evaluated at 0,
4,8, 12 and 16 days. The MrNPF-injected groups (with 10° and 10® mol/prawn), showed significant
increases of GSI by days 12 and 16, compared with the control groups. (B) Histograms showing the
oocyte diameters after injections with MrNPF compared with the control groups. Asterisks indicate

significant differences, compared with the control group (P<0.05).
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Fig. 12 Effects of MrNPF on ovarian histology and hemolymph Vg concentrations of female M.
rosenbergii. A, B) The examples of ovaries of the control group at day 4 (A), and of MrNPF-injected
group at a dose of 10 mol/prawn (B), showing there is no histological difference in both groups. C-D)
Ovaries of MrNPF-injected groups at 10°® mol/prawn contained mostly the late stage oocytes (Oc4) at
day 16 (D), while they were only early stage oocytes (Oc1, Oc2) in the control groups (C). (E) A
graph showing hemolymph Vg concentrations during the experimental period following treatments with
both doses of MrNPF and control groups. The concentrations are expressed as ug/ml. Each
measurement is expressed as mean + S.E.M. Asterisks indicate significant differences (P<0.05),
comparing the experimental groups and the control groups. Fc1 and Fc2, follicular cell types 1 and 2;
Og, oogonia; Oc1, early previtellogenic oocyte; Oc2, late previtellogenic oocyte; Oc3, early vitellogenic

oocyte; Oc4, late vitellogenic oocyte; mOc, mature oocyte; n, nucleus; Tr, trabeculae. Scale bars=100
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Fig. 13 Effects of MrNPF on the spawning period and the numbers of eggs per spawn of female M.
rosenbergii. (A) Histograms demonstrating that prawns injected with MrNPF at doses of 10 and 10°®
mol/prawn showed significantly shorter spawning time, compared with the control group. (B) Numbers
of eggs per spawned after injection with doses of MrNPF at doses of 10° and 10° mol/prawn
compared with the controls. The data are presented as mean + S.E.M. Asterisks indicate significant

differences (P<0.05).
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Discussion

In the present study, we are the first to provide evidence for the stimulatory role of NPF in the
female M. rosenbergii reproduction. We found that MrNPF significantly shortened the ovarian
maturation period and exhibited increases of GSI, OD and hemolymph Vg levels at a shorter time
compared with the controls. MrNPF also shortened the spawning duration by about two days
compared with that of the control group. Moreover, strong MrNPF-ir and high level of MrNPF gene
expression were detected in the mid-stage oocytes and ovarian stage Ill. These results strongly
suggest that MrNPF is capable of stimulating ovarian development and early spawning in this
crustacean species.

The roles of NPF in controlling feeding and growth in insects and other invertebrates are well
known (Schoofs et al., 2001; Nassel and Wegener, 2011; Van Wielendaele et al., 2013). There have
been a few reports regarding the role of NPF in regulating the reproduction in several invertebrate
species, including insects, mollusks and crustaceans. In the female desert locust, Schistocerca
gregaria, injection of NPF increased ovarian-somatic index and stimulated the increase of oocyte
diameters (Schoofs et al., 2001; Van Wielendaele et al., 2013). It was shown that the ovaries of NPF-
treated females reached vitellogenic stages, while only previtellogenic ovaries were observed in the
control groups. NPF also induced higher ovarian and hymolymph ecdysteroid levels, suggesting that
NPF may exert its effect through the ovary maturing parsin (OMP) which regulates vitellogenesis
indirectly through its ecdysiotropic effect on the ovary (Girardie et al., 1998; Schoofs et al., 2001; Van
Wielendaele et al., 2013). It is important to note that the follicle cell of ovary is the major production
site for ecdysteroid, which is further incorporated in the growing oocytes (Tawfik et al., 1999;
Buszczak et al., 1999; Brown et al., 2009; Parthasarathy et al., 2010). Injecting NPF peptide into L.
migratoria, stimulated ovarian maturation, implying that NPF may also be involved in controlling oocyte
proliferation during ovarian development (Cerstiaens et al., 1999). In addition, injecting NPF into 6-
day-old females Leptinotarsa decemlineata, could stimulate oocyte maturation, suggesting a role of
NPF in promoting ovarian development (Cerstiaens et al., 1999). NPF also regulates food intake and
feeding behaviors in a few crustacean species (Wu et al., 2003; Christie et al., 2011). In L. vannamei,
NPF is mixed into packaged food, it stimulated feeding and weight gain of larvae, indicating that NPF
can pass through the gastrointestinal tract without being degraded (Christie et al., 2011). In addition, it
was suggested that NPF may increase the acquisition of nutrients and energy in order to promote

metabolic processes that enabling the gaining of weight, and this may eventually stimulate and
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increase oocyte size by promoting ovarian maturation (Schoofs et al., 2001; Van Wielendaele et al.,
2013). Our present study demonstrates for the first time that injecting MrNPF into female M.
rosenbergii induced ovarian maturation and significantly increased GSI and OD. It is also possible that
MrNPF could be an important signaling neuropeptide that regulates ovarian development of this
crustacean species, as reported earlier in the female S. gregaria. NPF may serve indirect role in
regulating ovarian maturation and oocyte growth in M. rosenbergii by acting through ecdysteroid
pathways to control ovarian development, as proposed earlier (Schoofs et al., 2001; Van Wielendaele
et al., 2013). However, further experiments are necessary to ascertain whether NPF mediates its
actions through the ecdysteroid cascade.

Our work showed that MrNPF stimulated early spawning compared with the control groups,
thereby suggesting NPF may be required for final egg maturation as well as assisting in the release of
eggs from the oviduct in this crustacean species. There have been studies reporting possible role for
NPF or NPF-related factors in ovulation and spawning in mollusks. In Aplysia spp, NPF and egg-
laying hormone (ELH) were co-localized in bag cells, suggesting that NPF may be co-released with an
ELH to initiate the egg-laying, and both peptides may also control egg laying-associated behaviors
(Rajpara et al., 1992; de Jong-Brink et al., 2001). In Lymnaea stagnalis, NPF-ir was detected and co-
localized with APGWamide in the cerebral ganglia neurons which contact the caudo-dorsal cells, and
as such the NPF may control an ovulation (De Lang et al., 1997). In the present study, MrNPF
induced early spawning and shorten spawning duration by three times, compared with the control
groups. Immunohistochemical data showed that the MrNPF-ir was intense in the epithelium and
smooth muscle cells in the oviduct, suggesting that MrNPF stimulates ovulation by controlling the
contractile ovarian capsule to squeeze oocytes into the oviduct and broodchamber during spawning
(Rajpara et al., 1992; De Lang et al., 1997).

Several studies have reported the presence and distribution of NPF or NPF-related peptides in
the ovaries and other reproductive organs of many invertebrates. In the flatworms, NPF-ir was present
in gonadal tissues, suggesting this neuropeptide may serve as a reproductive function (Walker et al.,
2009). In the red fire ant, Solenopsis invicta, the NPF receptor transcript was detected in the ovaries
and fat body of the mated queens using RT-PCR, and NPF receptor-ir was also present at periphery
of early-, mid-oocyte steps and oocyte membrane, whereas this receptor was not detected in late
oocytes. This suggests that NPF may regulate oocyte development processes by promoting early- to

mid-oocyte growth during ovarian maturation (Chen and Pietrantonio, 2006; Ling Lu and Pietrantonio,
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2011). In female Drosophila, sNPF receptor transcripts were detected in the ovaries, indicating that
this neuropeptide may be involved in oocyte growth and ovarian development (Mertens et al., 2002).
In the present work, we demonstrated that in female M. rosenbergii, the levels of MrNPF in the
ovaries fluctuate during ovarian cycle: MrNPF-ir was most intense in the mid-oocytes (Oc2 and Oc3),
while very low intensity was detected in the late oocytes (Oc4). This suggests that NPF may be
synthesized and produced locally in Oc2 and Oc3, and thereby stimulating the early to mid-steps of
oocyte maturation via an autocrine and/or paracrine pathway, and eventually initiate early spawning.
We further confirmed the mRNA transcriptional levels by using RT-PCR which showed that MrNPF
levels rose with early to mid stages of ovarian cycle, and suddenly fell in the late ovarian stage. In
addition, we found that the levels of MrNPF are about 9, 6 and 15 times higher in the ovaries at stage
lll than in the ovaries at stages [, Il and IV, respectively. Our findings indicate that the changing
patterns of NPF levels in the ovaries of M. rosenbergii are similar to those reported in Drosophila
(Mertens et al., 2002), and the fire ant (Chen and Pietrantonio, 2006).

Hemolymph Vg level is an important indicator for ovarian maturation in several decapod
crustaceans and in other invertebrates (Okumura, 2004). In adult female desert locusts, NPF
stimulates vitellogenesis and oocyte growth, as well as increases ecdysteroid levels in the hemolymph
and ovaries (Schoofs et al., 2001; Van Wielendaele et al., 2013). In L. migratoria, Lom-OMP induces
oocyte differentiation and stimulates the increased level of circulating vitellogenin (Girardie et al.,
1998). In S. gregaria, Scg-NPF increases vitellogenin concentration in the hemolymph (Schoofs et al.,
2001). In the present study, we found that injection of MrNPF increased hemolymph Vg levels in
female M. rosenbergii as the Vg concentrations of the groups treated with MrNPF were higher at
various ovarian stages, especially stages Il and lll, compared with those of the control groups. These
results indicated causal relationships between NPF and ovarian maturation as reflected by the
increase of Vg synthesis. However, whether the stimulating effect of the NPFs on vitellogenesis is
mediated through ecdysteroids remains to be examined.

Taken together, we provided for the first time and reported a novel, clear and important basic
knowledge that NPF is involved in ovarian maturation and spawning in female M. rosenbergii. Further
research will be needed to study the possible mechanisms of NPF action and to find way to apply this

important knowledge for practical application in aquaculture of this female crustacean species.
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PART IV. Examination of the existence, alterations in the levels, and possible
relationship of major neurotransmitters and NPF during embryonic

development in the female freshwater prawn

In decapod crustaceans, major neurotransmitters that control ovarian maturation are serotonin
(5-HT) and dopamine (DA): 5-HT has a stimulating effect on gonadal maturation, perhaps by inhibiting
the release of gonad-inhibiting hormone (GIH), and/or by stimulating the release of gonad-stimulating
hormone (GSH)/gonadotropins (GnRH), whereas DA plays the opposite role (Sarojini et al., 1995b;
Fingerman, 1997). As our previous report (Thongrod et al., 2017; Tinikul et al. 2017), we found that
MrNPF immunoreactivity (ir) were detected in neurons of various clusters and in neuropils and fibers
in the brain, SEG and thoracic ganglia. In the ovary, NPF immunoreactivity-ir was also detected at
high intensity in the cytoplasm of early step oocytes (Oc2) and at high intensity of middle step of
oocytes (0Oc3). MrNPF stimulates early spawning duration and also has effect on fecundity. In addition
to the investigation of the effects of MrNPF on female ovarian maturation and spawning. We are also
interested to understand whether this neuropeptide is involved in controlling embryonic development
and/or in relation to major neurotransmitters. Therefore, we first examined and provided a novel data
in this research grant, the expression and changes in the levels, and possible actions of major
neurotransmitters (5-HT and DA), since we believed that 5-HT and DA could be the first hierarchy
molecules in regulation of NPF in reproduction and probably embryonic development. Therefore, we
have additionally investigated alterations in the levels of 5-HT and DA in several stages of embryos
during embryonic development of the female M.rosenbergii by High Performance Liquid
Chromatography (HPLC). We also have reported the expression patterns of 5-HT- and DA-ir
structures in the various embryonic stages using immunohistochemistry. The implications of data on
the opposing roles of the two neurotransmitters are demonstrated. This part of the present study
provides us the first, and important basic knowledge regarding the presence and possible relationship
of these two neurotransmitters, possible localizations and may interplay with NPF during embryonic
development in the female freshwater prawn. Further researches are needed to examine exactly the
expression, possible mechanisms and investigation of NPF actions on feeding, growth, ovarian and
embryonic development as well as to find way to apply this important knowledge for practical

application in larval aquaculture of this female crustacean species.
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Materials and methods
4.1. Experimental animals

Mature female freshwater prawns (weighing on average about 32.46 + 4.17 g) were obtained
from commercial farms, in Ayuthaya Province, Thailand. The prawns were kept in outdoor circular
concrete tanks, each with 1.50 m diameter with the water depth at 0.80 m, and about 30% water was
changed every 2 days. The prawns were fed with commercial pellets (Charoen Pokphand group,
Thailand) twice a day. Aeration was given continuously. The plastic cages were added into every
tanks (30 pieces per tank) for prawns to hide and to avoid any losses during molting from the
cannibalistic behavior of this prawn species. The prawns were acclimatized under a photoperiod of
12:12 h light-dark for two weeks before beginning the experiments. Female prawns were selected and
used in all experiments, as soon as they exhibited stage IV of the ovarian cycle. All prawns were
cultured until they spawned, and the embryos were allowed to grow following the normal embryonic

developmental cycle until reaching the final embryonic stage.

4.2. Samples collection and preparation

After they spawned, the mature berried females at various embryonic stages (at least n = 15
prawns) were sampled. The different embryonic stages from abdomen were carefully scraped from the
female brood chambers. All spawned eggs were mixed with 3% sodium hypochlorite (NaClO) in
distilled water to thoroughly disperse the eggs. At least 300 eggs were observed under a stereo-
microscope to determine the morphology and percentage of developing embryos. The embryonic
stages were visually evaluated based on the color and morphological characteristics, which are seen
through the abdomen in live females, as described by Miller et al. (2003), Manush et al. (2006),
Tinikul et al. (2009a), and Habashy et al. (2012). After the dissection, the wet mass of all eggs was

weighed, and later used for HPLC analyses and immunohistochemistry.

4.3. Chemicals and reagents
All chemicals, including 5-HT and DA, were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Standard solutions were made up in freshly prepared ice-cold 0.1 M perchloric acid. Each of

the standard solutions were prepared on the day of analysis and stored on ice between injections.
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4.4. Quantification of 5-HT and DA in the embryos

In the present study, the HPLC methods for quantification of 5-HT and DA concentrations in
embryos were based on the method described by Tinikul et al (2011b, 2015), with some modifications.
After being dissected out and weighed, a lump of embryos was placed in 100 pl of 0.1 M perchloric
acid and homogenized at 4 °C. The 5-HT and DA concentrations were detected electrochemically
using a completely isocratic mode. Samples were injected onto a Brownlee C;s-Aquapore OD-300
HPLC column (250 x 4.6 mm i.d.). A glassy carbon electrode, serving as the working electrode was
set with an Ag/AgCI reference electrode. The sensitivity of the detector was maintained at 100 nA with
full scale deflection. The potential of the detector was set at a range between +0.7 to +0.8 V. The
mobile phase consisted of 75 mM NaH,PO,, 50 uM EDTA, 0.3 mM sodium octylsulphate, 2.5%
acetonitrile, and 4% methanol. The pH was adjusted to 2.75 with orthophosphoric acid. The flow rate
was kept constant at 0.7 ml/min. The mixture was sonicated and centrifuged at 14,000 x g at 4 °C.
The supernatants were collected, and then filtered through a 0.22 pm spin-x centrifugal filter tube
before injection. Samples were injected into a 20 pl injection loop. Each sample was performed in
triplicate. The signals from the electrochemical detector were recorded and integrated by using data
analysis software (Millennium, Waters). The average concentrations of 5-HT and DA were estimated
from three replicates. 5-HT and DA were quantified using the external standard method in which
peaks corresponding to 5-HT and DA were detected in the extracts at the same elution times to their
corresponding standards. In addition, standard solutions of 5-HT and DA were prepared and dissolved
in ice-cold 0.1 M perchloric acid, and then filtered through a 0.45 um filter and stored on ice during
injections into the HPLC system. Furthermore, the identities of the peaks in each sample was verified
by spiking known amount of 5-HT and DA standards into the tissue extracts in repeated separations.
The Bio-Rad Protein Assay System (Mississauga, Canada) was employed for protein determination

according to Bradford (1976). All samples were freshly prepared and analyzed within the same day.

4.5. Imnmunohistochemistry and specificities of antibodies

The dissected embryonic stages were fixed with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) with 1% sodium meta-bisulfite (SMB) in PBS at 4 °C for 12 h. After fixation and
paraffin embedding, the tissue sections were cut at 7 to 10 um thicknesses for the investigation of

early embryonic stages, whereas the sections were cut at 10 to 20 um thicknesses for late embryonic
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stages. The sections were further mounted on slides coated with 3-aminopropyl triethoxy-silane
solution (Sigma-Aldrich Co., St. Louis, MO, USA), and then processed for immunohistochemistry.

The immunohistochemical localization of 5-HT immunoreactivity (5-HT-ir) and DA
immunoreactivity (DA-ir) during various embryonic stages, was performed based on that described
previously (Tinikul et al. 2011a,b). Briefly, the sections were deparaffinized and rehydrated through a
graded ethanol series for 10 min each. The sections were incubated with 1% glycine in PBS for 15
min. Subsequently, non-specific binding was blocked by immersing the sections in a blocking solution
containing 10% normal goat serum (NGS) and 1% SMB in PBS with 0.4% triton-X (PBST), at room
temperature for 2 h, in a moist chamber. The sections were then incubated with the primary
antibodies, rabbit anti-5-HT (Chemicon International, USA), diluted 1:50 in the blocking solution, or
rabbit anti-DA (Gemacbio, St. Jean d’lllac, France), diluted 1:100 in the blocking solution, at room
temperature. The sections were washed three times with PBST, and then incubated in the secondary
antibody, Alexa488-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA), diluted
1:200 in the blocking solution, at room temperature for 2 h. In addition, the nuclei of cells in sections
of embryos were stained with ToPro-3 (Molecular Probes), diluted at 1:2000 in the blocking solution.
The sections were mounted in Vectashield (Vector Laboratory, Burlingame, CA, USA), viewed and
images captured by an Olympus FV1000 confocal laser scanning microscope.

The specificities of the polyclonal antibodies against 5-HT and DA were tested by the
manufacturer using standard immunohistochemical methods. The manufacturer has demonstrated that
anti-5-HT and anti-DA antibodies did not cross-react with other biogenic amines. In the control
sections, the specificities of anti-5-HT and anti-DA were ascertained by omitting the primary antibodies

from the immunolocalization, or by pre-adsorption of the primary antibodies with 100 pg/ml of

synthetic 5-HT or DA (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for about 20 h, before staining

(Tinikul et al., 2011b). In these controls, no immunostaining was observed.

4.6. Image analysis

The embryonic sections prepared for immunohistochemistry, were photographed with an
Olympus Fluoview 1000 laser-scanning confocal microscope (Olympus America, Center Valley, PA).
Subsequently, the tissues were scanned sequentially for each fluorophore to obtain separate images
for each label, and an overlayed image of all three channels for each optical section. These projected

images were produced using subsets of the z-stacks. Furthermore, the digital images were exported
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and converted from the Olympus confocal system, and further transferred into Photoshop CS5
software (Adobe Systems Inc., San Jose, CA, USA), to adjust contrast and brightness to obtain
optimal clarity. Images were not modified other than to balance brightness and contrast, as well as to
remove irrelevant structures that interfered with visualization of our tissues using Adobe Photoshop
CS5 (Adobe Systems, San Jose, USA). In addition, negative controls for each fluorochrome were

scanned using the same parameter settings.

4.7. Investigation of the specific actions of 5-HT and DA on the development of embryonic stages

The methods and doses of 5-HT and DA used in this study were based on that described
previously (Tinikul et al., 2009a; 2014), with some modifications. The experimental groups were
divided into three groups and compared with the control group (with all groups having about 40-45
animals each). The first group was untreated control group (C), groups 2, 3 and 4 were injected with
5-HT and DA at doses of 2.5 x10'5, 2.5 x 10 and 2.5 x 107 mol/prawn, respectively, which were
equivalent to the circulating concentrations of about 5, 0.5, and 0.05 mM, respectively, after dilution by
the prawn hemolymph. 5-HT and DA were dissolved in crustacean physiological saline. The injected
volumes of 5-HT and DA were 0.1 ml. All injections were performed at 4-day intervals. All prawns
tolerated the injected doses of these two neurotransmitters without exhibiting any abnormal behavior.
Measurements of total length and weight of the prawns were performed on every treatment day before
injection. Prawns were identified in each group by tagging with plastic loops of different colors around
the eyestalks. The injections were performed via an intramuscular route at the second abdominal
segment using a 1 ml syringe fitted with 26 G x 1/2 (0.45 x 12 mm) thin-wall needles (NIPRO). The
experiment was performed in ftriplicate. The rest of the prawns were allowed to proceed until they
spawned. After injections with 5-HT and DA, the quantity and quality of the spawned eggs were
evaluated from the number of eggs per spawn and the percentage of fertilized eggs in order to
ascertain that the embryonic development is normal. The embryonic developmental days after
injections with these two neurotransmitters in comparison with the control group were carefully

observed and recorded.
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4.8. Statistical analyses

Experimental data were analyzed with SPSS program (version 12.0, SPSS Inc., Chicago, IL, USA)
using one-way analysis of variance (ANOVA) and Tukey’s post hoc test. The probability value less
than 0.05 (P<0.05) indicated the significant difference. Experimental data were presented as X =

S.E.M.

Results
General morphology of the embryos resulted from fertilized eggs of M. rosenbergii

The general morphology of the embryonic stages of M. rosenbergii is demonstrated in Figs.
15A-K. These were used as the basis for the HPLC detection and mapping the distribution of 5-HT
and DA during embryonic development. We have classified embryos into various stages based on the
criteria described previously (New, 2002; Manush et al., 2006; Tinikul et al., 2009a). Representative
micrographs of the ventral views of berried females showed the mid-embryonic stages (orange egg
stage; OE) (Fig. 15A), and the late-embryonic stage (grey egg stage; GE) (Fig. 15B). The newly
spawned eggs are elliptical in shape, and characterized by a bright yellow, then deep yellow to
orange color, which gradually changes to brown, grey and finally black before hatching. The six main
embryonic stages included the bright yellow egg stage (BYE), containing mostly high density yolk
masses, and a small translucent area (ST) on the egg surface (Fig. 15C-D). A later stage is the deep
yellow egg stage (DYE), whose color is a deep yellow with blastocoel (B), clearly visible area in one
pole of this embryonic stage (Fig. 15E-F). Later, the orange egg stage (OE), exhibits a clear area that
extends to form the body and caudal region of the embryo (Fig. 15F-G). This is followed by the early
brown egg stage (BE), which starts to form a pair of eye spots on the yolk area (Fig. 15H-I). At the
late BE stage, the heart is firstly observed and starts beating (Fig. 151). The dark eye spots are oval in
shape. In the grey egg stage (GE), rudiments of appendages start to develop and the segmented
abdomen is clearly visible (Fig. 15J). Finally, the black egg stage (BLE) is characterized by the
presence of a pair of dark-rounded eyes, the abdomen is enlarged and curves forward. The

appendages are clearly visible before hatching (Fig. 15K).
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Changes in the concentrations of 5-HT and DA in the embryonic stages

The 5-HT concentrations in the embryonic stages showed a gradual increase from the BYE
stage, to reach the highest concentration at BLE stage (Fig. 16A). The concentration of 5-HT at BYE
stage was 0.86 £ 0.18 nmol/mg, and then it gradually increased through the DYE stage and OE stage
(1.52 £ 0.29 and 2.35 + 0.37 nmol/mg, respectively), to a higher level at BE and GE stages (3.49
0.68 and 5.38 + 1.01 nmol/mg, respectively). The highest 5-HT concentration was detected at BLE
stage (6.05 £ 1.29 nmol/mg), which showed approximately a 7-fold increase over BYE stage. The
differences were statistically significant (P<0.05). In addition to the BLE stage, the 5-HT concentration
at the BLE stage appeared to be higher than that of the GE stage, but not significantly different
(P>0.05). The 5-HT concentrations were about 2.7, 4, 6.2 times higher in the OE, BE and GE stages,
respectively, than at BYE stage (P<0.05) (Fig. 16A).

Very low DA concentrations were detected at the BYE stage (0.07 + 0.03 nmol/mg), and DYE
stage (0.09 £ 0.01 nmol/mg) (Fig. 16B), whose the difference was not statistically significant (P>0.05).
The concentration of DA sharply increased at the OE stage, and it was 0.81 + 0.24 nmol/mg, and
then about two times increased at the BE stage (1.54 £ 0.49 nmol/mg). DA levels increased steadily
at successive stages, and became about a 2-fold increased at the GE stage (3.01 £ 0.75 nmol/mg).
The DA concentration reached a maximal level at BLE stage (4.05 £ 1.16 nmol/mg), exhibiting
approximately a 60- and 48-fold increases over BYE and DYE stages, respectively (P<0.05).
Interestingly, when comparing within same embryonic egg stages, the concentrations of DA were
about 18.8, 2.9, 2.27 and 1.78 times lower in the DYE, OE, BE, GE and BLE than those of 5-HT,

respectively (Fig. 16B).

The distribution of 5-HT and DA during embryonic developmental stages

The 5-HT-ir was detected in the yolk at the BYE stage (Fig. 17A), and it appeared to be more
intense in the yolk and the membrane at the DYE stage (Fig. 17B, C). At the OE stage, 5-HT-ir was
present in the yolk and the organ anlage (OA) (Fig. 17D). No positive fluorescence was observed in a
control section taken from the DYE stage (Fig. 17E). At the BE stage, little 5-HT-ir was detected in the
optic lobe area, including eye anlage (E) (Fig. 18A), but intense 5-HT-ir was detected in the elongated
body (EB), and caudal papilla (CP) (Fig. 18B). In addition, 5-HT-ir was first observed in the

stomodaeum (ST) and segmented abdomen (SEG) at the GE stage (Fig. 18B). Furthermore, intense
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5-HT-ir was detected at the position of heart (H), SEG, and appendages (AP) (Fig. 18C). No 5-HT-ir
was detected in a control section of any part of the late embryonic stages (Fig. 18D).

At BYE and DYE stages, DA-ir was detected with a very low intensity and was not clearly
visible in the yolk (Fig. 19A-C). At the OE stage, DA-ir was clearly present in the yolk, and in some
cases the OA showed moderate staining for DA-ir (Fig. 19D-E). The control sections of the OE stage
did not show any positive fluorescence (Fig. 19F). At the BE stage, DA-ir was detected around the E,
H, EB and CP structures, and H (Fig. 20A), and strong DA-ir was detected at the periphery of their
bodies. Each of the BE, GE, and BLE stages contained DA-ir, which were specifically scattered and
intensely stained, compared with those in other early stages of the embryonic eggs (Fig. 20B, C). At
the GE and BLE stage, we detected DA-ir in the SEG, CP and H. These DA-irs were continuous from
the position of H, thorax regions and passing through the SEG (Fig. 20B, C). No DA-ir was detected

in the control section of any part of the GE stage (Fig. 20D).

The specific actions of 5-HT and DA on the development of embryonic stages

The specific actions of 5-HT and DA on the lengths of development of each embryonic stage
are shown in Fig. 21A, B. Generally, there were no differences between the 5-HT- and DA-injected
groups, compared with the control group at the period from BYE to DYE (P>0.05), as this period
tends to be short (Fig. 21A). After treatment with 5-HT at doses of 2.5 x 10°, 2.5 x 10°and 2.5 x 10~
mol/prawn, the period from DYE stage to OE stage was shorter than that of the control group and
was statistically significant (P<0.05). 5-HT significantly reduced the time for the OE stage to reach the
BE stage, they only took (3.85 + 0.35, 3.91 + 0.58, and 4.12 + 0.54 days) for 2.5 x 10, 2.5 x 10® and
2.5 x 107 mol/prawn, respectively. The time from BE to GE stages was about half as long for the 5-
HT at a dose of 2.5 x 10™ mol/prawn (3.54 + 0.35 days), compared with the control group (6.87 + 0.98
days) (P<0.05). A similar effect was observed after injection of 5-HT at a dose of 2.5 x 10™ mol/prawn,
which significantly shortened GE to BLE stages (3.29 + 0.42 days), compared with the control group
(4.65 £ 0.75 days) (P<0.05) (Fig. 21A).

The lengths of BYE to DYE stages from prawns injected with DA at doses of 2.5 x 10°, 2.5 x
10 and 2.5 x 107 mol/prawn, showed no statistical differences from the control group (P>0.05) (Fig.
21B). Subsequently, the period from DYE to OE stages was a little longer (7.86 + 1.61 and 7.15 +
1.39 days, respectively), compared with the control group (6.14 + 0.83 days), but the difference was

not statistically significant (P>0.05) (Fig. 21B). Interestingly, the period from OE to BE stages (i.e.,
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1244 + 143, 11.32 + 1.75, and 9.96 + 1.81 days, respectively) was longer than that of the control
group (5.42 £ 1.25 days) (P < 0.05) (Fig. 21B). Similarly, the period from BE to GE stages was
considerably longer, compared with the control group (P<0.05). Finally, the time from GE to BLE
stages after treatment with DA at doses of 2.5 x 10° and 2.5 x 10® mol/prawn was about two times

longer (9.89 £ 1.59 and 8.88 + 1.05 days), compared with the control group (P<0.05) (Fig. 21B).



Fig. 15 Photographs of the ventral views of the brood chambers (A-B) and various stages of developing embryos (C-
K) of the mature berried female M. rosenbergii. (A-B) The example micrographs of the ventral views of berried
females at the mid-embryonic stages (orange egg stage; OE), and the late stage (grey egg stage; GE). The
orientation of the prawn is given top right. (C-D) the bright yellow egg (BYE). (E) deep yellow egg stage (DYE). (F-G)
orange egg stage (OE). (H-) brown egg stage (BE). (J) grey egg stage (GE). (K) black egg stage (BLE). A, anterior;
B, blastocoel; E, eye; H, heart; MB, egg membrane; P, posterior; ST, small translucent region; T, trunk; Y, yolk.

Scale bars: 100 pm.
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Fig. 16 (A) The changing concentrations of 5-HT in various embryonic stages, and (B) the
concentrations of DA in various embryonic stages, as determined by HPLC. The concentration is
expressed as nmol/mg of protein in the tissue extract. Numbers are means + SEM. Asterisks indicate
significant differences at P<0.05 in an analysis of variance. BE, brown egg; BLE, black egg; BYE,

bright yellow egg; DYE, deep yellow egg; GE, grey egg; OE, orange egg.
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Fig. 17 Immunofluorescence detection of 5-HT-ir (green) in various embryonic stages, with the nuclei

labeled with ToPro-3 (red). (A) 5-HT-ir is detected in the BYE stage (B, C) 5-HT-ir is present in the

yolk of the DYE stage. (D) Intense 5-HT-ir is detected in the yolk of OE stages. (E) In the control

sections, no immunofluorescence is detected. MB, egg membrane; OA, organ anlage; Y, yolk. Scale

bars: 100 um
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Fig. 18 Immunofluorescence detection of 5-HT-ir (green) in various embryonic stages, with nuclei
labeled with ToPro-3 (red). The orientation of the embryos is given top left. (A) 5-HT-ir is present in
the E, H, EB and CP at BE stage. (B-C) 5-HT-ir is detected in the EB, CP, SEG and AP at the GE
and BLE stages. (D) In the control sections, no immunofluorescence is observed. A, anterior; Ab;
abdomen; AP, appendages; E, eye; EB, elongated body; H, heart; 10, internal organs; P, posterior;

SEG, segmented abdomen; ST, stomodaeum; T, trunk; Y, yolk. Scale bars: 100 pum
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Fig. 19 Immunofluorescence detection of DA-ir (green) in various embryonic stages, with nuclei

labeled with ToPro-3 (magenta). (A) DA-ir is present in the yolk of the BYE stage and (B, C) the DYE

stage. (D, E) Intense DA-ir is detected in the yolk of OE stages. (F) In the control sections, no

immunostaining is present. MB, egg membrane; OA, organ anlage; Y, yolk. Scale bars: 100 um
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Fig. 20 Immunofluorescence detection of DA-ir (green) in the BE, GE, and BLE, with nuclei labeled
with ToPro-3 (magenta). The orientation of the embryos is given top left (A-C) and top right (D). (A)
DA-ir is present in the E, H, and EB at BE stage. (B) DA-ir is detected in the EB and CP at the GE
stage, and (C) DA-ir is present in H, SEG, AP and 10 at the BLE stage. (D) No immunofluorescence
is detected in the control sections. A, anterior; Ab; abdomen; AP, appendages; E, eye; EB, elongated
body; H, heart; 10, internal organs; P, posterior; SEG, segmented abdomen; ST, stomodaeum; T,

trunk; Y, yolk. Scale bars: 100 um
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Fig. 21 The effects of 5-HT and DA on the development of each embryonic stage in M. rosenbergii.
(A) Histograms showing that female prawns injected with 5-HT at doses of 2.5 x10°, 2.5 x 10 and
2.5 x 107 mol/prawn, exhibited significant shortening embryonic developmental period started from
DYE to OE stages and onwards, compared with the control group. (B) After injections with DA at
doses of 2.5 x10®°, 2.5 x 10® and 2.5 x 107 mol/prawn, showed significant lengthening embryonic
developmental period started from mid-embryonic stage onwards, compared with the control group.
Each measurement is expressed as a mean * S.E.M. Asterisks indicate significant differences

(P<0.05) with respect to the control groups.
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Discussion

In this study, we reported for the first time in M. rosenbergii on the variation in concentrations
and distribution of 5-HT and DA during embryogenesis. The 5-HT concentrations increased
significantly at the early embryonic stages, while DA levels remained low. DA was clearly detected at
about the mid-embryonic stage. 5-HT exerted its action by significantly decreasing durations of nearly
all embryonic stages, whereas DA lengthened the durations of the mid-embryonic stages. This
demonstrates the opposite actions of 5-HT and DA on embryonic development.

Several studies have reported on the varying concentrations of these two neurotransmitters
during developmental processes in invertebrates, including decapod crustaceans. In the hookworm,
Nippostrongylus brasiliensis, the fluctuation of 5-HT occurs in the embryonic and larval stages,
suggesting that this amine may play important role during embryonic development (Goudey-Perrie et
al.,, 1997). In the crayfish, P. clarkii, 5-HT levels in free larval stages were quantified using HPLC, with
the total concentration of 5-HT being higher in the brain than in the eyestalks (Cervantes et al., 1999),
which suggests that 5-HT may play an important role in embryonic development (Escamilla-Chimal et
al.,, 1998; Benton et al., 1997). In the sea urchin, DA showed a very low concentration at the blastula
stage, and then it gradually increased from the late gastrula to late prism stages, and finally exhibited
a sharp increase to reach a maximal concentration at late pluteus larva. This fluctuation in DA levels
suggests a regulatory role for DA on the formation and transition of gastrula stage to the late
embryonic stages (Anitole-Misleh and Brown, 2004). In addition, tyrosine, which is the precursor for
synthesis of DA, exhibited a high concentration in the eyes and internal organs during embryogenesis,
implying important roles of DA in accumulation of eye pigments and internal organ formation (Shen
and Wang, 1990). Our present work demonstrates for the first time that the levels of 5-HT and DA
fluctuate during the embryonic stages of M. rosenbergii, but the timing for the initial appearances of
these two transmitters are different with the appearance of 5-HT at early embryonic stage, while DA
appears later. The increases in 5-HT and DA to maximum levels by the late embryonic stages in M.
rosenbergii, detected with HPLC analyses are in agreement with immunohistochemical data which
demonstrated that the 5-HT-ir and DA-ir were more intense in the late embryonic stages. It is also
possible that 5-HT and DA are important signaling molecules that regulate embryonic development of
this species.

There have been reports regarding the presence and distribution of 5-HT and DA during

embryonic development in invertebrates. In the sea urchin, 5-HT regulates cell divisions during
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cleavage and blastula stages, and promotes invagination to form the archenteron during gastrulation,
suggesting that 5-HT is synthesized in fertilized eggs and early embryos so that it can regulate the
processes of early embryogenesis (Buznikov et al., 2001). In addition, 5-HT could be an important
molecule at the early embryonic stages that may be involved in expression of zygotic genes during
the mid-blastula transition stages (Emanuelsson et al., 1988; Buznikov, 1990; Buznikov, 1991; Colas
et al.,, 1999). In Drosophila, 5-HT also promotes the gastrulation during embryonic development,
implying that 5-HT plays important role in the development of early embryos up to gastrulation stage
(Colas et al.,, 1999). In the mollusk, Tritonia diomedea, 5-HT-ir was detected in cleaving embryos,
indicating that 5-HT may be involved in the control of cleavage stage (Buznikov and Bezuglov, 2000).
There are a few reports regarding the serotonergic system during embryonic development of
crustaceans. In the crayfish, Cherax destructor, 5-HT was detected by the second postembryonic
stage (Sandeman and Sandeman, 1990; Rieger and Harzsch, 2008). In the American lobster, H.
americanus, 5-HT was firstly detected immunohistochemically in early embryonic stages, suggesting
that 5-HT was synthesized early during embryogenesis (Beltz, 1999; Beltz et al., 2001). In the present
study, we reported for the first time the existence and distribution of 5-HT in several embryonic stages
of M. rosenbergii. Specifically, we detected 5-HTir in several regions and structures of different
embryonic stages, including the yolk, cell membrane, and organ anlages, including the eye anlage,
the elongated body, internal organs, and the heart, suggesting that 5-HT could be synthesized at early
embryonic stages, and that it may be involved in regulating the utilization of yolk, and serving in
regulating the cleavage stage, as well as in organ formation, for example, the invagination of the
archenteron during gastrulation, as reported earlier in the sea urchin (Colas et al., 1999).

DA has been detected during embryonic stages of many invertebrate species, including
decapod crustaceans. In the sea urchin and the starfish, DA-ir was detected in the zygotes, cells of
cleavage and blastula stages, indicating that DA may be involved in the control of cell divisions during
these stages (Buznikov et al., 1996). In H. americanus, the DA-ir staining was first detected at about
the mid-embryonic stages, indicating that the onset of DA is later than 5-HT (Cournil et al., 1995). DA-
ir was detected in the stomatogastric ganglion and other internal organs, suggesting that DA may be
involved in the growth of stomach and exerts its activity during the lobster embryogenesis (Pulver et
al., 2003). In Calanus finmarchicus, DA biosynthetic enzyme-encoding transcripts were present across
six developmental stages. This suggests that the synthesis of DA occurs during early naupliar life

(Christie et al., 2014). In the present study, we also reported the initial appearance and tissue
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distribution of DA at about the mid-embryonic stages of M. rosenbergii embryos. The timing of the first
appearance of DA in embryonic stages of M. rosenbergii was similar to those of other crustacean
species, though slightly earlier than in H. americanus. Specifically, DA-ir was detected in the yolk and
organ anlages, which was similar to those found in the sea urchin, suggesting that DA might be
involved in regulating the utilization of yolk and the development of organs during the stages of a
rapid growth of the embryos, as reported in H. americanus. In M. rosenbergii, DA-ir was also detected
in the eye anlage and internal organs, implying that DA might be involved in regulating in the
development of these organs (Zhao et al., 1998; Yao et al., 2006). There have been reports on the
actions of 5-HT and DA during development in invertebrates and in a few decapod crustaceans. In the
sea urchin, it was found that 5-HT stimulates cleavage divisions, while DA inhibits cell divisions during
these processes, implying their opposite actions during embryonic development (Buznikov and
Bezuglov, 2000; Buznikov et al., 2001). Moreover, 5-HT receptors were up-regulated in the mid-
blastula stage, which was correlated with the rapid cell division, resulting in the formation of additional
cell layers in the blastula wall in the sea urchin (Buznikov et al., 2001). In H. americanus, the critical
role of 5-HT in the embryonic development was demonstrated by pharmacological depletion of 5-HT
using 5,7-dihydroxytryptamine, which resulted a long-term reduction of 5-HT that significantly slowed
the growth of olfactory and accessory lobes of the brain, suggesting that 5-HT may play a role in the
brain development (Benton et al., 1997). In M. rosenbergii, prawn larvae exposed to 5-HT showed
significantly reduced lengths of all larval stages and enhanced the transformation to post-larval stage,
compared with the control group (Tangvuthipong and Damrongphol, 2006). Previously, we found that
injecting 5-HT into adult female M. rosenbergii broodstocks also shortened the whole length of
embryonic development, whereas injecting DA showed an opposite effect, suggesting these two
neurotransmitters act antagonistically with regard to the embryonic development (Tinikul et al.,
2009a,b). However, that study did not detail the specific actions of 5-HT and DA on the lengths of
each embryonic developmental stage. In the present study, we further demonstrated that the injection
of 5-HT to female broodstocks significantly decreased the lengths of embryonic development from
early to late embryonic stages, whereas DA-injected groups significantly lengthened the embryonic
development from the mid to late stages, compared with the control group. It is possible that 5-HTmay
stimulate the development of early embryonic stages, while DA exercises opposite control as
demonstrated in the sea urchin (Buznikov and Bezuglov, 2000; Buznikov et al., 2001). In addition, 5-

HT has been reported to stimulate the release of a number of other neurohormones in decapod



60

crustaceans, particularly crustacean hyperglycemic hormone (CHH) during early development. We
postulate that 5-HT may regulate the release of the CHH which stimulates glycogenolysis in muscles
and the midgut to promote early development, and supports fast growth during embryonic stages in
crustaceans (Kallen et al.,, 1988). Our results indicate the dynamic balance of these two
neurotransmitters acting together during embryonic development, which may be necessary for setting
the normal rhythm and pattern of embryonic formation in this prawn species. The precise molecular
mechanisms of 5-HT and DA actions with MrNPF and other related neuropeptides in the regulation of

embryonic development of this decapod crustacean needed to be clarified by further studies.
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Neuropeptide F (NPF) plays important roles in the regulation of a variety of physiological processes, including
stimulation of food intake. At present, there is a current lack of basic knowledge regarding the effect of NPF in
the control of female crustacean reproduction. In this study, we investigated expression of NPF in ovaries of fe-
male Macrobrachium rosenbergii (Mr) during ovarian development cycle, and its effects on ovarian maturation
and spawning. MrNPF-immunoreactivity (-ir) was detected in the ovaries and its levels fluctuated during the
ovarian maturation cycle: MrNPF-ir was more intense in the early- and mid-stages of ovarian development,
and suddenly decreased in the mature stages. By RT-PCR, MrNPF transcript levels also increased during the
early- and middle stages of ovarian development, and suddenly fell at late stage. The prawns were treated
with varied doses of MrNPF and the effects were investigated by assessing the ovarian maturation period, oocyte

Keywords:

Neuropeptide F
Macrobrachium rosenbergii
Ovarian development

Spawning diameter (OD), gonado-somatic index (GSI), and hemolymph vitellogenin (Vg) concentration. MrNPF-treated

Vitellogenin prawns showed significantly decreased ovarian maturation periods, and increased GSI, OD, and Vg levels com-

/F\reShW'i‘ttsf prawn pared with those of control groups. MrNPF also caused significantly earlier spawning compared with the control
quaculture

groups, while the mean fecundity between MrNPF-treated prawns and controls did not differ significantly. How-
ever, the numbers of eggs per spawn among experimental groups were higher compared with those of the con-
trols. This work provides a novel and useful basic knowledge of NPF on female reproduction in crustaceans, and
its possible use in aquaculture for accelerating and enhancing reproduction of the female prawns.
Statement of relevance: Alternative techniques to eyestalk ablation to stimulate ovarian maturation in captive
prawn broodstock are needed in order to avoid cruel practice on cultured prawns. Attempts have been made
in using neurohormones, including neuropeptides to prime female broodstocks to stimulate growth and repro-
duction to replace the eyestalk ablation. NPF is a neuropeptide known for its control of feeding; however, there is
currently no report on the role of NPF in female M. rosenbergii reproduction. We are the first to report the effects
of NPF on ovarian maturation and spawning, and its expression and fluctuation in ovaries during the ovarian
cycle in the female decapod crustacean. Our findings are novel and the data obtained could be useful for acceler-
ating and enhancing reproduction of the female freshwater prawns.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is an impor-
tant food source worldwide. It is extensively distributed and is one of
the most popular species being cultured in Asian countries, including
Thailand, Vietnam, Malaysia, China and India (Sandifer and Smith,

* Correspondence author at: Mahidol University, Nakhonsawan Campus, Phayuhakiri
District, Nakhonsawan Province 60130, Thailand.
E-mail addresses: anatch2002@gmail.com, yotsawan.tin@mahidol.ac.th (Y. Tinikul).

http://dx.doi.org/10.1016/j.aquaculture.2016.11.026
0044-8486/© 2016 Elsevier B.V. All rights reserved.

1985). It is favored by consumers primarily due to its large size, partic-
ularly males, and relative ease of culture (Suwansa-Ard et al., 2015). In
decapod crustaceans, the physiological processes of molting and repro-
duction are under the regulation of various neurohormones
(Fingerman, 1997). The X-organ-sinus gland complex (XO-SG) in the
eyestalk is a major neuroendocrine organ which secretes various types
of neurohormones, including neurotransmitters and neuropeptides, to
regulate growth and reproduction (Nagaraju, 2011). Gonad-inhibiting
hormone (GIH) from XO-SG plays a key role in inhibiting the ovarian
maturation in unfavorable environment conditions. Female broodstocks
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often have their eyestalk ablated to initiate ovarian maturation and
spawning, a practice that has its limitations and requires alternative
techniques (Benzie, 1998; Nagaraju, 2011). Attempts have been made
in using neurohormones, including neuropeptides to prime female
broodstocks for stimulating growth and reproduction to replace the
eyestalk ablation (Benzie, 1998; Vanden Broeck, 2001; Nassel and
Wegener, 2011).

Neuropeptide F (NPF) is a homolog of neuropeptide Y (NPY) includ-
ed within the same group of FMRFamide-like peptides (FLPs), and it has
an important role in the regulation of feeding behavior in invertebrates
to enhance growth and reproduction (Barb et al.,, 2006; Larhammar et
al.,, 2009). In crustaceans, neuropeptide F has at least two isoforms hav-
ing typically 36 amino acids in overall length, and possess the C-termi-
nal motif-GRPRFamide (Christie et al,, 2011; Ndssel and Wegener, 2011;
Suwansa-Ard et al., 2015). NPF/NPF-related peptides have also been
found in a number of arthropod and mollusk species and it plays a
role in controlling feeding and reproduction in insects and mollusks
(Ndssel and Wegener, 2011). In addition, NPF-ir was present in endo-
crine cells of the forgut and midgut in several insects, implying that
NPF may play important roles in hunger-driven motivation, feeding,
and aggressive behaviors (Gonzalez and Orchard, 2008). In the female
desert locust, Schistocerca gregaria, NPF stimulates ovarian maturation
and oocyte growth. This study suggests that in addition to feeding,
NPF is involved in regulating ovarian maturation (Schoofs et al., 2001;
Van Wielendaele et al., 2013). Furthermore, FMRFamide-like peptide
plays a role in ovulation in Rhodnius. In Locust, NPF increased hemo-
lymph Vg levels during the vitellogenic cycle, while the levels drops
after oviposition (Sevala et al.,, 1992). In Lymnaea, NPF-ir neurons was
present in the cerebral ganglia contacting the processes of the caudo-
dorsal cells, implying that it regulates ovulation and egg-laying by con-
trolling the release of ovulation hormone (CDCH) (de Jong-Brink et al.,
2001).

There have been few reports on the characterization and
immunolocaliation of NPF in crustacean species. In Marsupenaeus
japonicus, NPF contains 32 amino acid, and has a C-terminal with
SRPRFa, whereas NPF sequences of Daphnia magna and D. pulex
contained 38 amino acids, ending at a C-terminal with ARRFa (Christie
et al, 2008; Gard et al, 2009). In Litopenaeus vannamei and M.
marginatus, NPFs were detected in neural tissues using RT-PCR, and it
was suggested that NPF may play a role as autocrine or paracrine func-
tion in both shrimp species. In addition, when mixing NPF into packaged
food, it stimulated feeding and increased larval weight, indicating that
NPF significantly involves in regulation of feeding and food intake
(Christie. et al., 2011). Furthermore, there are reports regarding the
characterization and expression of short NPF (sNPF) in decapod crusta-
ceans, include the crab, Carcinus maenas (Ma et al., 2009), lobster
Homarus americanus, white shrimp L. vannamei (Ma et al., 2010), and
tiger shrimp Penaeus monodon (Sithigorngul et al., 2002).

Up to now, there is no report on the role and regulation of NPF in fe-
male M. rosenbergii reproduction. Therefore, we examined whether NPF
exists in the ovaries, and its dynamic alterations during ovarian matura-
tion cycle, and subsequently we investigated the effects of NPF on ovar-
ian maturation and early spawning. This study provides an important
basic knowledge in determining the existence and effects of NPF on re-
production of the female M. rosenbergii, and may be useful in using this
neuropeptide to improve female reproduction and fecundity of this im-
portant crustacean species.

2. Materials and methods
2.1. Experimental animals and acclimatization

Mature female freshwater prawns (weighing 30-45 g) were obtain-
ed from a local market (Phran Nok market, Bangkok, Thailand). The

prawns were kept in indoor circular plastic tanks, each 1.50 m in diam-
eter with water depth at 0.80 m, and about 30% of water changed every

2 days. The prawns were fed commercial food pellets (Charoen
Pokphand Group, Thailand) twice per day. Aeration was given all day.
Small plastic cages were added in every tank for molting animals to
hide and to avoid being killed due to the cannibalistic behavior of this
species. Male and female prawns were stocked at a ratio of 1:5, respec-
tively, in the same tank. The prawns were acclimatized under a photo-
period of 12:12 h light-dark for a week before starting the experiments.

2.2. Histological examination and determination of ovarian stages

The maturation stages of ovaries during the ovarian cycle were ex-
amined directly, and classified based on the criteria described previous-
ly (Meeratana and Sobhon, 2007; Tinikul et al., 2008). Ovaries were
fixed in Bouin's fixative and processed for paraffin embedding, as de-
scribed previously (Tinikul et al., 2015), in order to evaluate the histol-
ogy. The sections were cut at 5-6 um thicknesses from each ovary, after
which they were deparaffinized and stained with hematoxylin and
eosin (H&E). The sections were mounted with Permount (Bio-Optica,
Milan, Italy), and viewed under a Nikon ECLIPSE E600 light microscope.
Then images were photographed using a Nikon digital DXM1200
camera.

2.3. Peptides and antibodies

The MrNPF used in this study was MrNPF (KPDPTQLAAMADALKYLQE
LDKYYSQVSRPRFamide) peptide identified and characterized from the
eyestalks and CNS transcriptomes by our research group (Suwansa-Ard
etal,, 2015). This peptide was custom synthesized (GenScript, Piscataway,
NJ, USA). In addition, a polyclonal antibody against MrNPF was produced
and its specificity was also tested rigorously (Thongrod et al., in press).
Briefly, female New Zealand white rabbits (8 week-old) were obtained
from the Animal Care Unit, Faculty of Science, Mahidol University, and
used for production of anti-MrNPF with the approval of Animal Ethics
Committee, Faculty of Science, Mahidol University.

24. In vivo effects of MrNPF on ovarian maturation and spawning

The doses of MrNPF used in this work were based on the stimulatory
effects of L. vannamei NPF (Christie et al., 2011; Tinikul et al., 2014,
2015), with some modifications. In this study, in order to investigate
the effects of MrNPF on ovarian maturation and early spawning, we
employed two doses, 10~ ¢ and 10~ mol/prawn of MrNPF. All injec-
tions were given at 4-day intervals. The injections were performed via
an intramuscular site at the second abdominal segment using 1 ml sy-
ringes fitted with a 26 G x 1/2 (0.45 x 12 mm) thin-wall needle. The
measurement of total length and weight of the prawns were performed
on every treatment day prior to injections. MrNPF synthetic peptide was
dissolved in 0.9% normal saline. For ovarian maturation assay, the
prawns were divided into 4 groups of about 45 animals each, and treat-
ed as follows: (1) the non-injected control group (C); (2) the sham con-
trol; (3 and 4) the groups injected with MrNPF at doses of 10~° and
10~> mol/prawn, respectively. For spawning assay, we divided prawns
into four groups: (1) the non-injected control group (C); (2) the sham
control; (3 and 4) the groups injected with MrNPF at doses of 10~°
and 10~° mol/prawn. Prawns in each group were identified by tying
plastic loops of different colors around one eyestalk. At least, five
prawns in each group were randomly selected and sacrificed at 4-day
intervals to examine a gonado-somatic index (GSI = [ovarian weight
(g)/body weight (g)] x 100), and oocyte diameters (OD) were carefully
measured as described previously (Tinikul et al., 2015). One hundred
oocytes were randomly selected at each ovarian stage in each prawn
in at least three separate ovarian regions, were examined under the
light microscope. Diameters of the one hundred oocytes with full nucle-
ar profiles were measured, and the data expressed as a mean + SD for
each treatment group. The experiment was performed in duplicate.
GSI and OD values of the MrNPF-injected groups and the control groups
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Table 1
Specific primers used for semi-quantitative RT-PCR.

Primer Direction Nucleotide sequence

MrNPF-F Forward 5’ CCAAGTGTGGGCGGCTATTT 3’
MrNPF-R Reverse 5’ TCACCAGGAGGAACGGCATA 3’
Actin-F Forward 5" AAGTAGCCGCGTTGGTTGTA 3’
Actin-R Reverse 5" CCAGAGTCGAGCACGATACC 3’

were then analyzed and compared by statistical analyses. The rest of the
prawns were allowed to proceed until they spawned in order to deter-
mine the spawning duration. Pieces of ovary were subsequently fixed in
Bouin's solution, paraffin-embedded, sectioned, stained with H&E, and
examined under the light microscope, in order to determine the stages
of ovarian maturation and oocyte diameters.

2.5. Hemolymph vitellogenin (vg) levels after treatment with MrNPF

An anti-vitellin antibody was produced from female M. rosenbergii,
and the tests of its specificity and cross reactivity were rigorously per-
formed by Western blot analysis as reported earlier (Soonklang et al.,
2012), and the protocol for quantification of hemolymph Vg levels in
M. rosenbergii was based on the report of Tinikul et al., (2015) with
some modifications. The hemolymph of MrNPF-injected groups and
the control groups was collected from the hemolymph sinus at 4-day in-
tervals. The hemolymph vitellogenin (Vg) levels was evaluated by an in-
direct ELISA technique. Briefly, a 100 pl of hemolymph was centrifuged,
and the supernatants collected and stored at — 20 °C until used. Micro-
titer plates were coated with 100 pl of hemolymph supernatant diluted
in coating buffer for 2 h at 37 °C. Non-specific bindings were blocked
with a blocking buffer containing 0.25% bovine serum albumin (BSA)
in 0.01 M PBS, at 37 °C for 2 h. After washing three times, the plates
were incubated in anti-vitellin diluted 1:2000 in a diluent containing
0.25% BSA in 0.01 M PBS. Aliquots of 100 pl of primary antibody were
added to the wells and the plates incubated at 37 °C for 2 h, and then in-
cubated with goat-anti rabbit-HRP (Southern Biotech, Birmingham,
USA), diluted 1:4000, at 37 °C, for 1 h. Further, the plates were washed
and the color was developed by adding TMB substrate for 15 min, and
the reaction was stopped by adding 1 M HCl. The Vg concentrations
were calculated from a standard curve established from measurements
using purified vitellin. Determinations of hemolymph Vg levels were
performed in duplicate. The OD's were read at 450 nm using an auto-
matic spectrophotometer. A negative control sample was prepared in
parallel using rabbit pre-immune serum in place of primary antibody.

2.6. Immunohistochemistry in various ovarian stages

The female prawns (n = 5 each) of the four stages of the ovarian
maturation cycle were anesthetized on ice for 15-20 min and the ova-
ries were dissected out and immediately fixed with 4% paraformalde-
hyde in 0.1 M PBS for MrNPFs for 12-16 h at 4 °C. The ovaries were
cut at a 6 pm thickness and mounted on coated slides. The sections
were deparaffinized and rehydrated through a graded series of ethyl al-
cohol, and then processed for immunohistochemistry.

The method for immunohistochemical detections was based on that
described previously (Tinikul et al., 2015, 2016) with some

modifications. For the immunolocalization of MrNPF, rehydrated ovari-
an sections were incubated with 1% glycine in PBS, and non-specific
binding was blocked by the blocking solution containing 10% NGS in
PBST. The sections were then incubated with rabbit anti-MrNPF diluted
1:100 in the blocking solution, and then incubated in secondary anti-
body, Alexa488-conjugated goat anti-rabbit IgG (Molecular Probes, Eu-
gene, OR, USA), diluted 1:200. In addition, the nuclei in ovarian sections
were counterstained with ToPro-3 (Molecular Probes) diluted 1:4000 in
blocking solution. The sections were mounted in Vectashield (Vector
Laboratory, Burlingame, CA, USA). They were then viewed and images
captured using an Olympus FV1000 confocal laser scanning microscope.
Negative controls were performed by replacing the primary antibody
with the pre-immune rabbit serum, or pre-absorption of the primary
antibody with excess of synthetic MrNPF.

2.7. Expression of MrNPF gene in various ovarian stages by RT-PCR

Mature female prawns were anesthetized in ice for 10-15 min. The
different stages of ovaries were carefully collected. The protocol for ex-
amination of expression of MrNPF gene was based on previous reports
(Phoungpetchara et al.,, 2012; Kornthong et al., 2013). All tissues were
immediately immersed in liquid nitrogen and store at — 80 °C until
used. Each sample was homogenized and the total RNA was isolated
using Trizol® reagent (Invitrogen, CA, USA), following the
manufacturer's protocol. The purity and quantity of total RNA were de-
termined by spectrophotometer at 260 and 280 nm. The total RNA was
treated by DNase I enzyme (Invitrogen, Carlsbad, CA, USA) to remove
genomic DNA following the manufacturer's protocol. First stranded
cDNA was synthesized by reverse transcription using SuperScript™ III
Reverse Transcriptase (Invitrogen, CA, USA) with random hexamer
primers. The cDNA was then amplified using Platinum® Taq Polymerase
(Invitrogen, CA, USA) with MrNPF specific primers (Table 1). RT-PCR
products were then separated by 1.5% agarose gel electrophoresis.
Beta-actin gene was used as the normalization control and the expres-
sion levels of MrNPF were normalized against beta-actin.

2.8. Statistical analyses

Data were presented as means 4+ SEM. The data were then analyzed
for statistical differences with a SPSS program, using one-way analysis
of variance (ANOVA) and Duncan's multiple range test. A probability
value <0.05 (P < 0.05) indicated a significant difference.

3. Results
3.1. The expression of MrINPF in various stages of ovaries

In the ovaries, the oogonia and early previtellogenic oocytes (Oc1)
were not immunoreactive when detected with anti-MrNPF as a probe
(Fig. 1A). Intense MrNPF-ir was observed in the cytoplasm of late
previtellogenic and early vitellogenic oocytes (Oc2 and Oc3) (Fig. 1B),
the epithelium and smooth muscle cells of the oviduct (Fig. 1C-D) and
the capsule of ovaries (Fig. 1D-E). In contrast, MrNPF-ir appeared
much weaker in late vitellogenic oocytes (Oc4 and mOc) (Fig. 1E). The
control sections of oocytes and follicular cells showed no positive stain-
ing (Fig. 1F). Using RT-PCR, MrNPF transcript was detected in the total
extract of various stages of ovaries (Fig. 1G-H). The detection of beta-

Fig. 1. Expression of MrNPF-immunoreactivities (-ir) and relative mRNA levels of MrNPF gene expression against beta-actin gene in the four ovarian stages of female M. rosenbergii. (A)
Control section of the early oocytes (Oc1) showing no immunoreactivity. (B) MrNPF-ir appeared more intense in early to mid-oocyte steps (Oc2 and Oc3) in ovarian stages Il and IIL
(C-D) Intense MrNPF-ir is also present in the Ep of oviduct, smooth muscle and the capsule (E). (F) No immunoreactivity was observed in the late oocytes (Oc4) in ovarian stage IV of
the control section. (G) Upper row showed the expression of MrNPF gene, which was strongly detected by RT-PCR in the ovarian stage Il containing mostly Oc2 and Oc3. Bottom row
indicates beta-actin gene expression in corresponding tissues. (H) Histograms indicate relative expression of MrNPF normalized by beta-actin gene in different ovarian stages, with
ovarian stage III showing highest levels, while ovarian stage IV having the lowest levels. Each bar is mean 4 SD of three replicates. Bars with superscript *** differ significantly from
other stages of ovaries at P < 0.05. M = marker. Cap, capsule; Cc, central core of oocyte pouch; Ep, epithelium; Lum, lumen; mOc, mature oocyte; Ovd, oviduct; Tr, trabecular; Oc1,
early previtellogenic oocyte; Oc2, late previtellogenic oocyte; Oc3, early vitellogenic oocyte; Oc4, late vitellogenic oocyte; OV-I, ovarian stage I; OV-II, ovarian stage II; OV-III, ovarian

stage III; OV-IV, ovarian stage IV. Scale bars = 100 pum.
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actin gene expression (used as a positive control and as for normaliza- intense in the ovarian stage III (Fig. 1G, lane 3), and less intense in the
tion of the MrNPF expression), was identified in all tissues with equal in- early stages of ovaries (stages I and II), while almost absent in mature
tensity in all samples. The expression of the mRNA of MrNPF was most ovaries (stage IV) (Fig. 1H).
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Fig. 2. Effects of MrNPF on the ovarian maturation period of female M. rosenbergii. (A)
Histograms demonstrating that prawns treated with MrNPF at doses of 10~° and 10~°
mol/prawn showed significant shortening ovarian maturation period, compared with
the control group. (B) The example of percentages of ovarian stages that the female
prawns attained at 16 days after the first injection. After injections with MrNPF at doses
of 107> and 10~% mol/prawn, the prawns ovaries showed significant progress of
maturation to reach from stage III to stage IV, faster when compared with the control
groups. Each measurement is expressed as a mean + S.E.M. Asterisks indicate significant
differences (P < 0.05) with respect to the control groups. Stage I, ovarian stage I; Stage II,
ovarian stage II; Stage III, ovarian stage III; Stage IV, ovarian stage IV.

3.2. Effect of MrNPF on ovarian development

In this study, the ovarian maturation period of the prawns treated
with MrNPF at both doses of 1076 or 10~> mol/prawn were 28.6 +
4.28 and 29.76 + 5.7 days, respectively, which were significantly
shorter (P < 0.05) than that of the controls (i.e., 39.2 + 4.66 days)
(Fig.2A). Moreover, the percentage of prawns that attained various
ovarian stages at 16 days after the first MrNPF injections showed that
in non-injected and sham control groups, most female prawns devel-
oped to ovarian stage II (30% and 35%, respectively) and stage III (15%
and 20%, respectively), whereas the rest remained at stage I (Fig. 2B).
By contrast, 30% of prawns injected with a dose of 10> mol/prawn,
and 25% of prawns injected with a dose of 10~ % mol/prawn, showed
the ovaries at stage III. In addition, the prawns injected with doses of
107> and 10~ ® mol/prawn exhibited 50% and 60% ovarian stage IV
(Fig. 2B). These data indicated that MrNPF at doses of 10~ or 10>
mol/prawn shortened ovarian maturation period by nearly 10-
12 days or about 30%, particularly at the lower dose of 10~ mol/prawn.

At days 1 and 4 after treatment, the GSI values of the controls and
MrNPF-injected groups at both doses were all low and not significantly
different (P < 0.05) (Fig. 3A). At day 8 post-injection, the GSI values of
both groups of MrNPF-injected prawns trended to have slightly higher
GSI values, but still with no significant difference from the control
groups (P> 0.05). On days 12 and 16, both groups of injected prawns
exhibited significantly higher GSI values compared with the control
group (P < 0.05) (Fig. 3A). During the experiments, female prawns
also exhibited the increase of weight (30.14 4 4.62 g), but were not sta-
tistically significant compared with the control (30.53 + 3.39 g). In ad-
dition, mean oocyte diameters (OD) of vitellogenic oocytes (Oc3) and
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Fig. 3. Effects of MrNPF on gonado-somatic index and oocyte diameter values of female M.
rosenbergii. (A) Mean gonado-somatic index (GSI) values after the MrNPF injections,
evaluated at 0, 4, 8, 12 and 16 days. The MrNPF-injected groups (with 10~ and 10~°
mol/prawn), showed significant increases of GSI by days 12 and 16, compared with the
control groups. (B) Histograms showing the oocyte diameters after injections with
MrNPF compared with the control groups. Asterisks indicate significant differences,
compared with the control group (P < 0.05).

mature oocytes (Oc4) in both groups of treated prawns increased signif-
icantly when compared with the control groups (P < 0.05) (Fig. 3B).
MrNPF-injected prawns, whose ovaries were determined to be at
stage IV by external observations, underwent spawning on the follow-
ing night. All prawns tolerated the injected doses of MrNPF without
showing any abnormal behavior.

3.3. Assessment of ovarian histology

Examination of ovarian histology of the MrNPF-injected and control
groups was conducted to ascertain the degree of the ovarian matura-
tion. On days 1 and 4, there were no difference in the ovarian histology
in the control groups (Fig. 4A), and the MrNPF-treated groups as the
ovaries contained mostly early previtellogenic oocytes (Oc1) and few
late previtellogenic oocytes (Oc2) (Fig. 4B). Distinct differences were
observed at day 12 and 16 when the ovaries of the control group
contained mostly previtellogenic oocytes (Oc2) (Fig. 4C), while the ova-
ries of the MrNPF-treated groups with doses of 10~ or 10~° mol/
prawn contained mostly early vitellogenic oocytes (Oc3) and late
vitellogenic oocytes (Oc4) with numerous lipid droplets. In addition,
the diameters of oocytes in the MrNPF-injected groups were larger
than those of the control groups (Fig. 4D).

3.4. Hemolymph vg concentrations after treatment with MrNPF

Vg concentrations in the non-injected control group, gradually in-
creased from day O to about days 36-40 which were from 26.33 +
4.77 t0 266.7 £ 14.38 pg/ml, respectively (Fig. 4E). The Vg concentrations
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Fig. 4. Effects of MrNPF on ovarian histology and hemolymph Vg concentrations of female M. rosenbergii. A, B) The examples of ovaries of the control group at day 4 (A), and of MrNPF-
injected group at a dose of 10~ mol/prawn (B), showing there is no histological difference in both groups. C-D) Ovaries of MrNPF-injected groups at 10~® mol/prawn contained mostly
the late stage oocytes (Oc4) at day 16 (D), while they were only early stage oocytes (Oc1, Oc2) in the control groups (C). (E) A graph showing hemolymph Vg concentrations during the
experimental period following treatments with both doses of MrNPF and control groups. The concentrations are expressed as pug/ml. Each measurement is expressed as mean + SEM.
Asterisks indicate significant differences (P < 0.05), comparing the experimental groups and the control groups. Fc1 and Fc2, follicular cell types 1 and 2; Og, oogonia; Oc1, early
previtellogenic oocyte; Oc2, late previtellogenic oocyte; Oc3, early vitellogenic oocyte; Oc4, late vitellogenic oocyte; mOc, mature oocyte; n, nucleus; Tr, trabeculae. Scale bars = 100 pm.

in the MrNPF-treated prawns with 10~ and 10~° mol/prawn showed
significant increases from ovarian stage [ (19.8 + 4.1 and 23.75 +
4.83 ng/ml) to peak at stage IV (348.5 & 13.1 and 327.2 & 14.9 pg/ml),
respectively, compared with the control group (266.7 £+ 14.38 pg/ml)
(P < 0.05). The Vg concentrations after injection with 107> or 10~
mol/prawn of MrNPF were approximately 1.3 and 1.2 times higher
than that of the control group at ovarian stage IV (P < 0.05) (Fig. 4E).

3.5. Effects of MrNPF on spawning

The durations of spawning, the quality of spawned eggs and the per-
centage of fertilized eggs from MrNPF-treated groups and control
groups were also investigated (Figs. 5, 6). Interestingly, the durations
of spawning of MrNPF-injected groups at doses of 10> or 10~ ¢ mol/
prawn were much shorter (1.01 £ 0.32 and 1.25 + 0.58 days, respec-
tively), than the control group (2.79 + 0.74 days) (P < 0.05) (Fig. 5A).
Our data strongly indicated that both doses of MrNPF could shorten
the duration of early spawning by nearly three times.

The number of eggs per spawn from both groups of MrNPF-treated
groups were about 12 x 10 and 14 x 10% eggs per prawn, respectively,
and these values were not significantly different from the both control
groups (12 x 10% and 16 x 10% eggs per prawn, respectively)
(P > 0.05) (Fig. 5B). The percentages of fertilized eggs were about
97.5% and 98.7% for prawns treated with 10> and 10~ mol/prawn
of MrNPF (Fig. 6A), which were not statistically different from the con-
trols (98.4% and 99.1%, respectively). The sizes of eggs from female
prawns that received both doses of MrNPF were not statistically differ-
ent, compared with those of the control groups (P> 0.05). In addition,
the percentages of spawners was about 95% in the non-injected group
and 100% for the sham group, compared with 100% for prawns receiving
both doses of MrNPF (Fig. 6B).

4. Discussion

In the present study, we are the first to provide evidence for the
stimulatory role of NPF in the female M. rosenbergii reproduction. We


Image of Fig. 4

134 Y. Tinikul et al. / Aquaculture 469 (2017) 128-136

>

Length of spawning (days)
X
1

MrNPF MrNPF
c NS 108 mol/prawn 10'5 mol/prawn

20—
16—

12—

Number of eggs/spawn (x 104) w

MrNPF MrNPF
10~ mol/prawn 10  mol/prawn

C NS

Fig. 5. Effects of MrNPF on the spawning period and the numbers of eggs per spawn of
female M. rosenbergii. (A) Histograms demonstrating that prawns injected with MrNPF
at doses of 107> and 10~ mol/prawn showed significantly shorter spawning time,
compared with the control group. (B) Numbers of eggs per spawned after injection with
doses of MrNPF at doses of 10~> and 10~ mol/prawn compared with the controls. The
data are presented as mean + S.E.M. Asterisks indicate significant differences (P < 0.05).

found that MrNPF significantly shortened the ovarian maturation peri-
od and exhibited increases of GSI, OD and hemolymph Vg levels at a
shorter time compared with the controls. MrNPF also shortened the
spawning duration by about two days compared with that of the control
group. Moreover, strong MrNPF-ir and high level of MrNPF gene expres-
sion were detected in the mid-stage oocytes and ovarian stage III. These
results strongly suggest that MrNPF is capable of stimulating ovarian de-
velopment and early spawning in this crustacean species.

The roles of NPF in controlling feeding and growth in insects and
other invertebrates are well known (Schoofs et al., 2001; Nassel and
Wegener, 2011; Van Wielendaele et al.,, 2013). There have been a few
reports regarding the role of NPF in regulating the reproduction in sev-
eral invertebrate species, including insects, mollusks and crustaceans. In
the female desert locust, Schistocerca gregaria, injection of NPF increased
ovarian-somatic index and stimulated the increase of oocyte diameters
(Schoofs et al.,, 2001; Van Wielendaele et al., 2013). It was shown that
the ovaries of NPF-treated females reached vitellogenic stages, while
only previtellogenic ovaries were observed in the control groups. NPF
also induced higher ovarian and hymolymph ecdysteroid levels, sug-
gesting that NPF may exert its effect through the ovary maturing
parsin (OMP) which regulates vitellogenesis indirectly through its
ecdysiotropic effect on the ovary (Girardie et al., 1998; Schoofs et al.,
2001; Van Wielendaele et al., 2013). It is important to note that the fol-
licle cell of ovary is the major production site for ecdysteroid, which is
further incorporated in the growing oocytes (Tawfik et al., 1999;
Buszczak et al., 1999; Brown et al., 2009; Parthasarathy et al., 2010).
Injecting NPF peptide into L. migratoria, stimulated ovarian maturation,
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Fig. 6. Effects of MrNPF on the percentage of fertilized eggs and percentage of spawners of
female M. rosenbergii. (A) Percentage of fertilized eggs of all experimental groups after
injection with doses of MrNPF at doses of 10~° and 10~ mol/prawn compared with
the control groups. (B) Percentage of spawners of MrNPF-injected groups at doses of
1075 and 10~ ° mol/prawn, compared with the control groups. The data are presented
as mean + S.EM.

implying that NPF may also be involved in controlling oocyte prolifera-
tion during ovarian development (Cerstiaens et al., 1999). In addition,
injecting NPF into 6-day-old females Leptinotarsa decemlineata, could
stimulate oocyte maturation, suggesting a role of NPF in promoting
ovarian development (Cerstiaens et al., 1999). NPF also regulates food
intake and feeding behaviors in a few crustacean species (Wu et al.,
2003; Christie et al., 2011). In L. vannamei, NPF is mixed into packaged
food, it stimulated feeding and weight gain of larvae, indicating that
NPF can pass through the gastrointestinal tract without being degraded
(Christie et al., 2011). In addition, it was suggested that NPF may in-
crease the acquisition of nutrients and energy in order to promote met-
abolic processes that enabling the gaining of weight, and this may
eventually stimulate and increase oocyte size by promoting ovarian
maturation (Schoofs et al., 2001; Van Wielendaele et al., 2013). Our
present study demonstrates for the first time that injecting MrNPF
into female M. rosenbergii induced ovarian maturation and significantly
increased GSI and OD. It is also possible that MrNPF could be an impor-
tant signaling neuropeptide that regulates ovarian development of this
crustacean species, as reported earlier in the female S. gregaria. NPF may
serve indirect role in regulating ovarian maturation and oocyte growth
in M. rosenbergii by acting through ecdysteroid pathways to control
ovarian development, as proposed earlier (Schoofs et al., 2001; Van
Wielendaele et al,, 2013). However, further experiments are necessary
to ascertain whether NPF mediates its actions through the ecdysteroid
cascade.

Our work showed that MrNPF stimulated early spawning compared
with the control groups, thereby suggesting NPF may be required for
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final egg maturation as well as assisting in the release of eggs from the
oviduct in this crustacean species. There have been studies reporting
possible role for NPF or NPF-related factors in ovulation and spawning
in mollusks. In Aplysia spp., NPF and egg-laying hormone (ELH) were
co-localized in bag cells, suggesting that NPF may be co-released with
an ELH to initiate the egg-laying, and both peptides may also control
egg laying-associated behaviors (Rajpara et al., 1992; de Jong-Brink et
al., 2001). In Lymnaea stagnalis, NPF-ir was detected and co-localized
with APGWamide in the cerebral ganglia neurons which contact the
caudo-dorsal cells, and as such the NPF may control an ovulation (De
Lange et al,, 1997). In the present study, MrNPF induced early spawning
and shorten spawning duration by three times, compared with the con-
trol groups. Immunohistochemical data showed that the MrNPF-ir was
intense in the epithelium and smooth muscle cells in the oviduct, sug-
gesting that MrNPF stimulates ovulation by controlling the contractile
ovarian capsule to squeeze oocytes into the oviduct and broodchamber
during spawning (Rajpara et al., 1992; De Lange et al., 1997).

Several studies have reported the presence and distribution of NPF
or NPF-related peptides in the ovaries and other reproductive organs
of many invertebrates. In the flatworms, NPF-ir was present in gonadal
tissues, suggesting this neuropeptide may serve as a reproductive func-
tion (Walker et al., 2009). In the red fire ant, Solenopsis invicta, the NPF
receptor transcript was detected in the ovaries and fat body of the
mated queens using RT-PCR, and NPF receptor-ir was also present at pe-
riphery of early-, mid-oocyte steps and oocyte membrane, whereas this
receptor was not detected in late oocytes. This suggests that NPF may
regulate oocyte development processes by promoting early- to mid-oo-
cyte growth during ovarian maturation (Chen and Pietrantonio, 2006;
Lu and Pietrantonio, 2011). In female Drosophila, SNPF receptor tran-
scripts were detected in the ovaries, indicating that this neuropeptide
may be involved in oocyte growth and ovarian development (Mertens
et al., 2002). In the present work, we demonstrated that in female M.
rosenbergii, the levels of MrNPF in the ovaries fluctuate during ovarian
cycle: MrNPF-ir was most intense in the mid-oocytes (Oc2 and Oc3),
while very low intensity was detected in the late oocytes (Oc4). This
suggests that NPF may be synthesized and produced locally in Oc2
and Oc3, and thereby stimulating the early to mid-steps of oocyte mat-
uration via an autocrine and/or paracrine pathway, and eventually initi-
ate early spawning. We further confirmed the mRNA transcriptional
levels by using RT-PCR which showed that MrNPF levels rose with
early to mid stages of ovarian cycle, and suddenly fell in the late ovarian
stage. In addition, we found that the levels of MrNPF are about 9, 6 and
15 times higher in the ovaries at stage IIl than in the ovaries at stages [, Il
and 1V, respectively. Our findings indicate that the changing patterns
of NPF levels in the ovaries of M. rosenbergii are similar to those re-
ported in Drosophila (Mertens et al., 2002), and the fire ant (Chen
and Pietrantonio, 2006).

Hemolymph Vg level is an important indicator for ovarian matura-
tion in several decapod crustaceans and in other invertebrates
(Okumura, 2004). In adult female desert locusts, NPF stimulates vitello-
genesis and oocyte growth, as well as increases ecdysteroid levels in the
hemolymph and ovaries (Schoofs et al., 2001; Van Wielendaele et al.,
2013). In L. migratoria, Lom-OMP induces oocyte differentiation and
stimulates the increased level of circulating vitellogenin (Girardie et
al.,, 1998). In S. gregaria, Scg-NPF increases vitellogenin concentration
in the hemolymph (Schoofs et al., 2001). In the present study, we
found that injection of MrNPF increased hemolymph Vg levels in female
M. rosenbergii as the Vg concentrations of the groups treated with
MrNPF were higher at various ovarian stages, especially stages Il and
I1I, compared with those of the control groups. These results indicated
causal relationships between NPF and ovarian maturation as reflected
by the increase of Vg synthesis. However, whether the stimulating effect
of the NPFs on vitellogenesis is mediated through ecdysteroids remains
to be examined.

Taken together, we provided for the first time and reported a novel,
clear and important basic knowledge that NPF is involved in ovarian

maturation and spawning in female M. rosenbergii. Further research
will be needed to study the possible mechanisms of NPF action and to
find way to apply this important knowledge for practical application
in aquaculture of this female crustacean species.
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Abstract We previously analyzed the central nervous system
(CNS) transcriptome and found three isotypes of long neuro-
peptide F (MrNPF-I, —II, —III) and four isoforms of short NPF
(sMrNPF) in the giant freshwater prawn, Macrobrachium
rosenbergii. We now validate the complete sequences of the
M1NPF-I and —II precursor proteins, which show high simi-
larity (91-95 %) to NPFs of the penaeus shrimp (PsNPF).
MTrNPF-I and -II precursors share 71 % amino acid identity,
whereas the mature 32-amino-acid MrNPF-I and 69-amino-
acid MrNPF-II are identical, except for a 37-amino-acid insert
within the middle part of the latter. Both mature MrNPFs are
almost identical to PsNPF-I and —II except for four amino
acids at the mid-region of the peptides. Reverse transcription
plus the polymerase chain reaction revealed that transripts of
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MrNPF-I and -II were expressed in various parts of CNS
including the eyestalk, brain and thoracic and abdominal gan-
glia, with the highest expression occurring in the brain and
thoracic ganglia and with MrNPF-I showing five- to seven-
fold higher expression than MrNPF-II. These peptides were
also expressed in the midgut hindgut, and hepatopancreas,
with MrNPF-I expression in the former two organs being at
the same level as that in the brain and thoracic ganglia and
about 4-fold higher than NPF-II. The expression of NPFs was
also detected in the testes and spermatic duct but appeared
much weaker in the latter. Other tissues that also expressed a
considerable amount of NPF-I included the hematopoeitic
tissue, heart and muscle. By immunohistochemistry, we de-
tected MrNPFs in neurons of clusters 2, 3 and 4 and neuropils
ME, MT and SG of the optic ganglia, neurons in cluster 6 and
neuropils AMPN, PMPN, PT, PB and CB of the medial
protocerebrum, neurons in clusters 9 and 11 and neurophils
ON and OGTN of the deutocerebrum and neurons in clusters
14, 15 and 16 and neuropils TN and AnN of the tritocerebrum.
Because of their high degree of conservation and strong and
wide-spread expression in tissues other than CNS, we believe
that, in addition to being a neuromodulator in controlling feed-
ing, MrNPFs also play critical roles in tissue homeostasis.
This should be further explored.

Keywords Neuropeptide F - Male prawn - Eyestalk -
Characterization - Tissue distribution

Introduction

In vertebrates, several studies have shown that the circulating
peptides released from the gut, pancreas and adipose cells
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control energy homeostasis via hypothalamic neuronal net-
works employing several neuropeptides. Many peptides from
the gut and pancreas, such as peptide YY (PYY),
oxyntomodulin (OXM), cholecystokinin (CCK), pancreatic
polypeptide (PP) and glucagon-like peptide 1 (GLP-1), exert
negative effects on food intake and energy balance by
influencing the central circuits in the hypothalamus and
brainstem (Chaudhri et al. 2006; Field et al. 2010).
Moreover, the signals from adipose tissue including leptin,
insulin, and adiponectin also have negative effects on food
intake (Stanley et al. 2005). Only ghrelin from the gut, through
its stimulation of neuropeptide Y (NPY) neurons, sends a
positive signal regarding food intake and energy balance
(Sobrino Crespo et al. 2014). Within the arcuate nucleus
(ARC) of the hypothalamus, two major groups of neurons
control energy homeostasis: the neurons that co-express
NPY and agouti-related protein (AgRP) and the
proopiomelanocortin (POMC) neurons. The NPY and AgRP
neurons stimulate appetite and food intake, whereas POMC
neurons inhibit them (Cansell et al. 2012; Loh et al. 2015).
The ARC-NPY neurons integrate peripheral signals including
ghrelin, PYY, insulin and leptin. Leptin and insulin inhibit
NPY/AgRP neurons but stimulate POMC neurons leading to
the inhibition of food intake. In contrast, ghrelin stimulates
NPY/AgRP neurons to increase the food intake (Stanley
et al. 2005). Furthermore, NPY directly inhibits POMC neu-
rons via its Y receptors (Acuna-Goycolea et al. 2005) and it
also activates dopaminergic neurons in the paraventricular nu-
cleus (PVN), which concurrently inhibits POMC neurons.

In invertebrates, neuropeptide F (NPF) is a homolog of
NPY and is a subgroup of the FMRFamide peptides. NPF is
known to play a crucial role in the regulation of foraging,
feeding-related behaviors, circadian rhythm, stress responses
and aggression (Karl and Herzog 2007; Nassel and Wegener
2011). In Arthropods, represented by the most studied
Drosophila, we find two types of NPFs, the so-called long
NPFs, which consist of two isoforms, NPF-I and -II, arising
from a gene duplication and a short NPF (sNPF) comprising
four isoforms arising from a duplication within a single gene
(Carlsson et al. 2013; Lee et al. 2004; Nassel and Wegener
2011). Both NPFs and sNPF can activate feeding and associ-
ated behaviors (Broeck 2001; Krashes et al. 2009; Nassel and
Wegener 2011; Wu et al. 2003, 2005). Furthermore, both
types of NPFs have been localized in the brain, subesophageal
ganglion and ventral nerve cord of larval and adult stages
(Carlsson et al. 2013). To motivate feeding, starved insects
employ NPF signaling in response to food odor via two path-
ways. First, the signaling of decreased insulin-like peptide
(ILP) and its receptor (InR) in the olfactory receptor neurons
(ORNGs) stimulates the synthesis and insertion of SNPFR1 into
the membrane of these neurons. Then, sSNPF binds to sSNPFR 1
to facilitate the presynaptic transmission and stimulation of
projection neurons (PNs) in the antennal lobe; these neurons,
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in turn, stimulate the neurons in the lateral horn (LH) to in-
crease the ORN innate response to food odor (Itskov and
Ribeiro 2013; Root et al. 2011). Alternatively, the lower level
of glucose in the hemolymph can activate the synthesis of
NPF, which inhibits MB-MP dopaminergic neurons that, in
turn, disinhibit the mushroom body (MB). Consequently, the
increased NPF signaling releases the MB from this inhibition
and allows more positive signals to be sent from the MB and
the LH, resulting in appetitive-conditioned responses to food
odor (Itskov and Ribeiro 2013; Krashes et al. 2009).

In crustaceans, NPFs were first identified in the penaeid
shrimp, Litopenaeus vannamei (Christie et al. 2008,) and in
Daphnia pulex (Gard et al. 2009) by transcriptomic analyses.
Later, the full sequences of the two isoforms, NPF-I and NPF-
II, were cloned by reverse transcription plus the polymerase
chain reaction (RT-PCR) for L. vannamei and Mericertus
marginatus and determined to be identical in both species.
Moreover, the shorter isoform, NPF-I, was demonstrated to
be able to stimulate food intake and growth in juveniles of
L. vannamei (Christie et al. 2011). Recently, our
transcriptomic analysis revealed three isoforms of NPFs and
four isoforms of sNPF in the central nervous system (CNS) of
M. rosenbergii (MrNPF-I, NPF-II, NPF-III and four short
M1NPF [sMrNPF], respectively; Suwansa-Ard et al. 2015).
Moreover, a precursor of the sNPF transcript has also been
identified from the eyestalk and CNS transcriptomes; this
sNPF precursor is predicted to be cleaved at multiple sites to
give rise to four active short peptides. At present, the distribu-
tion and physiological roles of these peptides remain
uninvestigated. In this report, we validate the sequences of
the MrNPF-I and II peptides and investigate their tissue dis-
tributions by RT-PCR and immunohistochemistry.

Materials and methods
Experimental animals

Mature blue claw male giant freshwater prawns,
M. rosenbergii, with a body weight of 100£5.0 g, were pur-
chased from Phrannok market, Bangkok, Thailand. They were
maintained in rectangular plastic tanks at Department of
Anatomy, Faculty of Science, Mahidol University. The
prawns were kept under a photoperiod of 12:12 h light—dark
with continuous aeration and fed with commercial pellets
(Sunshine, Bangkok, Thailand) once a day for 1 week before
being killed.

RNA preparation and molecular cloning of MrNPFs
Brains were collected from the male prawns (n = 6), immedi-

ately frozen in liquid nitrogen and then stored at —80 °C until
used. Total RNA was extracted by using TriPure isolation
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reagent (Roche, Ind., USA) following the manufacturer’s pro-
tocol. The RNA concentration was measured in a spectropho-
tometer (NanoDrop2000, Thermo Fisher Scientific, Del.,
USA). Total RNA (1 pg) was used for cDNA synthesis by
RevertAid Reverse Transcriptase (Fermentas, Lithuania) and
all steps were performed following the manufacturer’s proto-
col. Specific primers used for PCR amplification of NPF
cDNA were designed based on the conserved parts of NPFs
from S. gregaria and L. vannamai (forward primer: 5’
CACCCGTCGCCAGTCCGCTTT 3’; reverse primer:
OligodT). PCR was performed following a routine protocol
under optimized conditions by using the previously described
c¢DNA and the specific primers. The PCR products were sep-
arated by gel electrophoresis, purified with a QIAquick gel
extraction kit (Qiagen, Germany) and used for further se-
quencing. To increase the amount of purified PCR product, a
purified PCR fragment was ligated into a plasmid vector
(pGEM-T Easy Vector, Promega, Calif., USA). A recombi-
nant plasmid containing the gene insert was transformed into
competent bacterial cells (DH5-x) that were then cultured
overnight followed by plasmid extraction with the GeneJET
Plasmid Miniprep kit (Fermentas, Lithuania). The purified
plasmid with the gene insert was subsequently analyzed for
nucleotide sequences by Macrogen, Korea.

Analysis of tissue distribution by RT-PCR

Total RNAs were extracted from various tissues of the male
prawns (n =6) by using TriPure isolation reagent (Roche).
Total RNAs of the eyestalk, brain, thoracic ganglion, abdom-
inal ganglion, hepatopancreas, midgut, hindgut, testis, proxi-
mal spermatic duct, middle spermatic duct, hematopoietic tis-
sue, heart and muscle were used for cDNA synthesis. The
synthesized cDNAs were used as templates for RT-PCR with
specific primers able to amplify both MrNPF-I and MrNPF-II
(forward primer: 5> CACCCGTCGCCAGTCCGCTTT 3’; re-
verse primer: 5° TCTGTGAAGTCGCTACGACGC 3°). RT-
PCR was performed under optimized conditions following a
routine protocol. The negative control was performed by omit-
ting the cDNA and the (3-actin (forward primer: 5’
AAGTAGCCGCGTTGGTTGTA 3’; reverse primer: 5’
CCAGAGTCGAGCACGATACC 3’) gene was used as an
internal control and for the normalization of MrNPF gene
expression. The experiment was carried out in triplicate. The
intensity of the PCR bands was measured by using Image]
software (Kornthong et al. 2014).

Preparation of rabbit polyclonal antibody
against MrNPF-I

The M. rosenbergii (Mr) NPF-1 (KPDPTQLAAMA
DALKYLQELDKYYSQVSRPRFamide) peptide (Suwansa-
Ard et al. 2015), L. vannamai (Lv) NPF-1 (KPDPSQLAN

MAEALKYLQELDKYYSQVSRPRFamide) peptide
(Christie et al. 2011), FMRFamide, KISS1 and KISS2 were
synthesized by Genscript (Piscataway, N.J., USA). The anti-
body against MrNPF-I was produced and tested for its speci-
ficity and cross -reactivities against the above-mentioned pep-
tides. Briefly, the synthetic MrNPF-I peptide was cross-linked
by being mixed with 1-ethyl-3-dimethylaminopropyl
carbodiimide (Sigma-Aldrich, USA). Two female white
New Zealand rabbits were immunized subcutaneously with
250 pg cross-linked peptide mixed with an equal volume of
Freund’s complete adjuvant. Blood was collected before the
first immunization and was used as preimmune serum. Four
additional injections of the peptide were performed with
Freund’s incomplete adjuvant at 14-day intervals and the
blood was collected every 10 days after the first injection,
centrifuged at 6,000 rpm for 20 min at 4 °C and kept at
—20 °C until the antibody titers were estimated by indirect
enzyme-linked immunosorbent assay. The antibody titer was
found to be highest at 30 days after the first injection, even ata
dilution of 1:1,000 and thus, the serum collected at this time
was used for the immunohistochemical detection of NPFs.

Specificity of anti-MrNPF-I for MrNPF-I and LvNPF-I

The specificity and cross -reactivity of anti-MrNPF-I for
MrNPF-I LvNPF-I, and MrNPFs in CNS extract were rigor-
ously tested by dot blot analysis. Both synthetic NPFs and
crude extract of prawn CNS, at concentrations of 0.1, 0.5,
1.0 and 2.0 pg/ml, were dotted onto 0.45-um nitrocellulose
membranes (Amersham Pharmacia Biotech,
Buckinghamshire, UK), which were then dried for 45 min at
room temperature and kept overnight at —20 °C for further
testing by dot blot analysis. In addition, a test of cross-
reactivities of anti-MrNPF-I and anti-FMRFamide (Palasoon
et al. 2011) for MrNPF-I, FMRFamide, KISS1 and KISS2
was performed by using 1 pg of each synthetic peptide dotted
onto 0.45-pum nitrocellulose membranes, which were then
dried for 45 min at room temperature and kept at =20 °C
overnight. The membranes were subsequently washed three
times with phosphate-buffered saline (PBS), pH 7.4, for 5 min
each, incubated in PBST1 blocking solution (PBS plus 0.2 %
Tween-20 containing 5 % skimmed milk), for 2 h at room
temperature and then incubated in the primary antisera, i.e.,
anti-MrNPF-I or anti-FMRFamide diluted at 1:1000 in the
blocking solution overnight at 4 °C. They were then washed
three times with PBS for 5 min each and incubated in horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(SouthernBiotech, USA), diluted 1:15,000 in the blocking so-
lution, for 1 h at room temperature and washed again with
PBS. Immunoreactivity signals were revealed by using a
chemiluminescence detection kit (Thermo Fisher Scientific,
I, USA) and the membranes were exposed to X-ray films
(Amersham Pharmacia Biotech, Buckinghamshire, UK).
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Positive dots on the exposed films were observed and ana-
lyzed. Negative controls were performed by substituting pri-
mary antisera with pre-immune rabbit serum or pre-absorbed
antisera.

Immunoperoxidase detection of MrNPFs in eyestalk
and brain sections

The method for immunoperoxidase detection used in the pres-
ent study was based on that described previously (Tinikul
et al. 2015). Eyestalks and brains were collected and fixed
with Davidson’s fixative (Saetan et al. 2013) for 24 h at room
temperature. The fixed tissues were dehydrated in a series of
ethanol (70 %, 80 %, 90 %, 95 % and 100 % for 1 h each). The
tissues were immersed in xylene, infiltrated with paraffin and
embedded in paraffin blocks. The embedded tissues were cut
at a thickness of 5 um on a rotary microtome (Leica RM2235,
Germany) and the sections were mounted on slides coated
with 3-aminopropyl triethoxy-silane solution (Sigma, St.
Louis, Mo., USA) at 37 °C overnight. Rehydrated sections
were immersed in 10 mM citrate buffer, pH 6.0 and then
endogenous peroxidase and free aldehyde groups were
blocked by immersing the sections in 3 % H,0, in methanol
and in 1 % glycine in 0.1 M PBS. Subsequently, the sections
were incubated in a blocking solution of 5 % normal goat
serum (NGS) in PBST1 to block nonspecific binding. The
sections were subsequently incubated with anti-MrNPF-I di-
luted at 1:1000 at 4 °C overnight, followed by the secondary
antibody, namely HRP-conjugated goat anti-rabbit I1gG
(SouthernBiotech, Birmingham, USA), at a 1:2000 dilution
for 2 h. Immunoreactivity was detected by immersing the
sections in NovaRed substrate (Vector Laboratory,
Burlingame, Calif., USA) until a red color was observed.
Finally, the sections were counterstained with Meyer’s hema-
toxylin for nuclear staining, mounted in 90 % glycerol in PBS,
observed under a Nikon E600 light microscope and
photographed by a Nikon DXM 12000E digital camera
(Japan).

Immunofluorescence detection of MrNPFs
in whole-mount of brain

Immunofluorescence was performed in whole brains taken
from male prawns and fixed with 4 % paraformaldehyde ac-
cording to the method described previously (Antonsen and
Paul 2001; Tinikul et al. 2015, 2016). Briefly, brains were
washed with PBS and then the surrounding fibrous tissue
was carefully desheathed under a stereomicroscope. The
brains were incubated in 0.4 % Triton X-100 in PBST2
(0.25 % Tween-20 in PBS, containing 0.1 % sodium azide)
at4 °C for 2 days. Subsequently, they were washed three times
with 0.1 % Triton X-100 in PBST2 at 4 °C for 15 min and
permeabilized in Dent’s solution (20 % dimethylsufoxide in
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methanol) at —20 °C for 6 h. The brains were washed twice
with PBS and incubated in anti-MrNPF-I at a dilution of 1:500
in a blocking solution containing 10 % NGS in PBST2 at4 °C
for 1 week. After thorough washes with cold PBST2 and PBS
for several hours, the specimens were immersed in the sec-
ondary antibody, namely Alexa-488-conjugated goat anti-
rabbit IgG (Molecular Probe, Eugene, Ore., USA) at a dilution
of 1:500 followed by nuclear staining with TO-PRO-3
(Invitrogen, Eugene, Ore., USA) at a dilution of 1:2000 in
the blocking solution at 4 °C for 4 days. The specimens were
washed twice for 1 h each in PBST2, followed by two washes
for 30 min each in PBS. The whole brains were dehydrated by
being immersed in increasing concentrations of ethanol (50 %,
70 %, 80 %, 90 %, 95 % and twice in 100 % for 30 min each)
on ice. Finally, the clear brains were infused with methyl sa-
licylate overnight. They were then examined and
photographed under an Olympus FV 1000 laser-scanning
confocal microscope.

Results

Molecular cloning, sequencing and characterization
of ¢cDNA encoding MrNPFs

We were able to clone cDNA of the two isoforms of MrNPFs
in M. rosenbergii, namely MrNPF-I and -II (GenBank acces-
sion numbers KX219729 and KX219730, respectively). The
full-length transcript of MrNPF-I is 867 base-pair (bp) in
length and comprises a 45-bp 5 untranslated region (UTR),
a 273-bp open reading frame (ORF) encoding the MrNPF-I
precursor and a 549-bp 3’ UTR. Its 3’'UTR contains two
polyadenylation signal sequences (at positions 801 and 810)
located upstream of a 19-bp poly (A)* tail (Fig. 1). The
encoded MrNPF-I precursor has 90 amino acid residues and
includes a 29-amino-acid signal peptide and a 61-amino-acid
MrNPF-I immature peptide that contains a dibasic cleavage
site (Kg3R), which is probably cleaved to release a 33-amino-
acid MrNPF-I and a 26-amino-acid MrNPF-I precursor-relat-
ed peptide. The 33-amino-acid MrNPF-I immature peptide is
post-translationally modified by amidation at the C-terminal
glycine residue (Gg,) and gives rise to a 32-amino-acid active
MrNPF-I (KPDPTQLAAMADALKYLQELDKYYSQVS
RPRFamide).

MrNPF-II is a partial cDNA missing a part of its 3’ UTR.
The sequence is 471 bp in length and comprises a 45-bp 5’
UTR, a 384-bp ORF encoding the MrNPF-II precursor and a
42-bp 3" UTR (Fig. 2). The translated MrNPF-II precursor
consists of 127 amino acid residues, which are divided into a
29-amino-acid signal peptide and a 98-amino-acid immature
MrNPF-II. Like MrNPF-I, immature MrNPF-II contains a di-
basic cleavage site (K;ooR) and a glycine residue (Ggg) re-
sponsible for C-terminal amidation; it is cleaved and modified



Cell Tissue Res (2017) 367:181-195 185

cacccgtcgccagtccgcectttttttaaaacccgaagaagccagceccatgtaccaacgtgta
M Y Q R V

ggccaagtgtgggcggctattttggtgggcgtggtcgtcgtcagecgtcatgcagatgggce
G @ vV W A A I L V GV V V V S V M Q M G
ggagttgagggcaaacccgacccaacgcagctggcggccatggctgatgccctcaagtac
G vV E G K p D P T Q L. A A M ADA AIULIKY
ctgcaggagctcgacaaatattactcccaggtgtcacgacccagattcggaaaacgcagce
L Q E L b K Y Y S Q vs R P R F G K R S
gagtatgccgttcctcecctggtgatgttctgatggaagccagcgagagactcatggagact
E vy AV P P G DV L M E A S E R L M E T
ttggcacgcaggaggtgaattcccatacatcaccactactctgtgaagtcgectacgacgc
L A R R R -
ctccgcaaattttcatccaatcagctaccgccaaagatggcttagagccaatcatcatcecce
gagctgcccacttatcttcttcagccaatctgecgtctttgtttacattttacattttttt
cttctctctctctctectctetcectetectetetectetectetectetetectetectetetetete
tctctectectgtctcactttecctaaaatggcacaaatatcgatgtatgaaatgacgtggtyg
acgcaccagctggtaggaggtttcacatttaaaaaatatagatgatatttagacctatag
tatacaagacagacagatccagccccttcgtaccagctagggcgtcatctatgaagtcaa
aattcagaatttttctcctttcgcgattcttcagecttcatataatttcccececcactceca
ctaaaactttgtagtgtcctaataatgaaaataaaaatgcacgttgtgtattaaatgtgg
tacagcacaaaaaaaaaaaaaaaaaaa

Fig. 1 Nucleotide and amino acid sequences of Macrobrachium
rosenbergii neuropeptide F (NPF)-I. The encoded amino acid sequence
is shown as single letters underneath the nucleotide sequence. Bold letters

to release a 69-amino-acid MrNPF-II active peptide
(KPDPTQLAAMADALKYLQELDKYYSQVSRPSPRLAP
GPASQIQALEKTLKFLQLQELGKLYSLRARPRFamide)
and a MrNPF-II precursor-related peptide.

The alignment of MrNPF precursors with other crusta-
cean NPF precursors shows a high degree of conservation
of amino acid sequences throughout the length of the precur-
sor proteins. The similarity of MrNPF-I and -II precursors to

Fig. 2 Nucleotide and amino
acid sequences of M. rosenbergii
NPF-II. The encoded amino acid

indicate the NPF-I mature peptide consisting of 32 amino acids. The
underlined sequence indicates the RPRF conserved site of NPF. The
hyphen indicates the stop codon

others ranges from 91 % to 95 %, whereas MrNPF-I and -I1
precursors share 71 % amino acid identity. MrNPF-I and -1
active peptides share identical amino acids except for a 37-
amino-acid insert within the middle part of MrNPF-II
(Fig. 3). Overall, the MrNPF-I precursor shows 91 % and
93 % similarities to NPF-1 of M. marginatus and
L. vannamei, respectively, whereas the MrNPF-II precursor
shares 94 % and 95 % similarities to the NPF-II precursors of

cacccgtcgccagtceccgetttttttaaaacccgaagaagccageccatgtaccaacgtgta

MY O R V

ggccaagtgtgggcggctattttggtgggcgtggtcgtecgtcagegtcatgcagatggge
G 0o VvV W A A I L V GV V V V S V M QO M G
ggagttgagggcaaacccgacccaacgcagctggecggcecatggctgatgeccctcaagtac
G v E G K P D P T Q L AA MADU AULI K Y
ctgcaggagctcgacaaatattactcccaggtgtcacgacccagcccecgttecggecgeca
L Q E L D K Y Y S Q vsS R P S P R S A P
ggcccggcectcecgcagattcaggetttggaaaagactttaaagttcecctacaactacaagag
G P A S Q I Q A L E K T L K F L Q L Q E
ctcggcaaattgtactcacttagggctcggccgecgattcggaaaacgcagcecgagtatgec
L G K L ¥ s L. R A R PR F G KR S E Y A
gttcctcecctggtgatgttctgatggaagccagcgagagactcatggagactttggcacgce
v p P 6 DV L M EAS EIRL ME T L A R
aggaggtgaattcccatacatcaccactactctgtgaagtcgectacgacgce

R R -

sequence is shown as single
letters underlying the nucleotide
sequence. Bold letters indicate the
NPF-II mature peptide, which
consists of 69 amino acids. The
underlined sequence indicates the
RPREF conserved site of NPF. The
hyphen indicates the stop codon
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a
40
Hcmo_sapiens_NPY_(RRA59944) : 47
Drosophila_melanogaster_ NPF_(AAD42053) : 45
Daphnia_pulex_ NPF_(FE283179) : 59
Scylla_paramamosain_NPF—II_(ALQ28587) H 41
Litopenaeus_vannamei_ NPF-I_ (AEC12204) : 44
Litopenaeus_vannamei_ NPF-II_ (REC12205) : 44
Melicertus_marginatus_NPF-I_ (REC12206) : 44
Melicertus_marginatus_NPF-II_ (REC12207) : 44
Macrobrachium_rosenbergii_NPF-I : 44
Macrobrachium_rosenbergii_ NPF-II : ———GG-VEG:l2 44
Hcmo_sapiens_NPY_ (RAA59944) : 70
Drosophila_melanogaster NPF_ (AAD42053) : 68
Daphnia_pulex_NPF_(FE283179) : 82
Scylla_paramamosain_NPF—II_(ALQ28587) : 101
Litopenaeus_vannamei_ NPF-I_ (AEC12204) : 67
Litopenaeus_vannamei_ NPF-II_ (REC12205) : 104
Melicertus_marginatus_NPF-I_(REC12206) : 67
Melicertus_marginatus_NPF-II_ (REC12207) : 104
Macrobrachium_rosenbergii_NPF-I : 67
Macrobrachium_rosenbergii_ NPF-II : 104
Neuropeptide F (NPF)
* 140 *
Hcmo_sapiens NPY_(AAA59944) : ETLISBIYREE-—-Ti JLEDPAMW-———— 97
Drosophila_melanogaster NPF_(AAD42053) : —---MEIMRNHE-—-[U DNMNLGiNANNGGEFVSIE 96
Daphnia_pulex_NPF_(FE283179) : PYFDME PLHP---QHAY
Scylla_paramamosain_NPF—II_(ALQ28587) H EASERLINS!
Litopenaeus_vannamei_ NPF-I_ (AEC12204) : EASERLIA
Litopenaeus_vannamei_ NPF-II_ (REC12205) : EASERLIfS
Melicertus_marginatus_NPF-I_ (REC12206) : EASERLIfD
Melicertus_marginatus_NPF-II_(AEC12207) : EASERLIfS
Macrobrachium_rosenbergii_ NPF-I : EASERL U
Macrobrachium_rosenbergii_ NPF-II : EASERLUD
NPF precursor-related peptide
b * *
Hcmo_sapiens_NPY_(RRAARS59944) T ———YPSsls ———————-NZGa D5 PAEDMAIN Y SAMRHY INLifi ———————————— : 32
Drosophila_melanogaster_ NPF_ (RAD42053) : ———SN§g#sP————————RENDINTEDE Y)segifle D TP GDRA———————————— : 32
Daphnia_pulex_ NPF_(FE283179) : VCVTTTIIAI GGDVMSGGEGG MY TAE DSl e i Bl VM GOAA ———————————— : 43
Scylla_paramamosain NPF-II_ (ALQ28587) P ——————RE - ——————— “RPSTRSAPGPAS : 40
Litopenaeus_vannamei_ NPF-I_ (REC12204) 1 ——————382s —— —————— = SO PIN U FEA e o Fi#inl $ @Y SOMES — — —————————— : 28
Litopenaeus_vannamei_ NPF-II_ (AEC12205) : —-—————j@=8———————— “RPSPRSAPGPAS : 40
Melicertus_marginatus_NPF-I_ (REC12206) : ——————jf=s————————— =Sl NI EEU e Faln g 8y SO ———————————— : 28
Melicertus_marginatus_NPF-II_ (REC12207) : ——————j@&B———————— “RPSPRSAPGPAS : 40
Macrobrachium_rosenbergii_ NPF-I t ——————Eis — — —— ———— = O WA A A DES e o Fainl $ 8 Y SOMS — — — ————————— : 28
Macrobrachium_rosenbergii_ NPF-II I i [ SRPSPRSAPGPAS : 40

60 * 80
Hcmo_sapiens_NPY_ (RAA59944) : —————30 : 36
Drosophila_melanogaster NPF_ (AAD42053) : ————RBVi3 : 36
Daphnia_pulex NPF_(FE283179) : -——= : 47
Scylla_paramamosain NPF-II_ (ALQ28587) : HIQALERTLRFLQLQELGRIYSHM : 69
Litopenaeus_vannamei_ NPF-I_ (REC12204) : -——= : 32
Litopenaeus_vannamei_ NPF-II_ (AEC12205) : QIQALENTLRFLQLQELGRLYSLRAJY : 69
Melicertus_marginatus_NPF-I_ (AREC12206) : —— : 32
Melicertus_marginatus_NPF-II_ (AEC12207) : QIQALENTLRFLQLQELGRKLYSLRZ : 69
Macrobrachium_rosenbergii_ NPF-I : -——= : 32
Macrobrachium_rosenbergii_ NPF-II : QIQALERTLRFLQLQELGRLYSLRAJ : 69

Fig.3 a Amino acid sequence alignment of M. rosenbergii neuropeptide
F (NPF)-I and —II precursors with NPF precursors from other crustaceans
and Drosophila. Parts of the signal peptide, NPF peptide and NPF
precursor-related peptide are indicated by double-headed arrows under-
neath the aligned sequences. Black shading indicates identical amino acid

M. marginatus and L. vannamei, respectively. The insert of a
37-amino-acid sequence within MrNPF-II is typical for the
second isoform of giant fresh water prawns and those of the
penaeus shrimp.
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residues, whereas gray shading indicates similar amino acid residues. Red
box shows the conserved NPF motif, which is followed by a glycine
residue and a dibasic cleavage site, respectively. b Amino acid sequence
alignment of M. rosenbergii active NPF-1 and —II with those of penaeus
shrimp, Daphnia and Drosophila

Phylogenetic analysis of MrNPFs

The analysis of the evolutionary relationship of MrNPFs
with other invertebrate NPFs showed that NPFs of the
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freshwater prawn, penaeus shrimp and the crab Scylla
paramamosain formed a monophyletic clade with a 99 %
bootstrap value (Fig. 4), whereas NPFs of a member of
another class of crustaceans, namely Amphibalanus
amphitrite, belonged to a different clade whose NPF-I
showed more similarity to NPY of two mollusc species,
Lymnea stagnalis and Aplysia californica. Moreover,

Helicoverpa armigera
g7 | Helicoverpa assultaN

Helicoverpa assulta N

NPF-I of Daphnia pulex, a primitive crustacean, shared
the same root with NPF-1 of Drosophila melanogaster.
The remaining major clades that shared the same root were
NPFs of other insect species. Interestingly, the NPFs of
parasitic tremotode worms including Schistosoma
Jjaponicum and Schistosoma mansoni shared the same orig-
inal root with insect and crustacean NPFs (Fig. 4).

NPF-I (AEE01347)
PF-1 (ADO23648)
PF-Il (AEE01345)

99 | Reticulitermes flavipes NPF-I (ACV86032)

| Reticulitermes flavipes NPF-11 (ACV86033)

Schistocerca gregaria NPF-I (AFD50506)

licertus marginatus NPF-I (AEC12206)
licertus marginatus NPF-Il (AEC12207)

Litopenaeus vannamei NPF-l (AEC12204)

topenaeus vannamei NPF-Il (AEC12205)

ﬁ{ Macrobrachium rosenbergii NPF-I

Macrobrachium rosenbergii NPF-I|

Scylla paramamosain NPF-1I (ALQ28587)

Daphnia pulex NPF (FE283179)

Drosophila melanogaster NPF (AAF55339)

Amphibalanus amphitrite NPF-I (AFK81938)
Aplysia californica NPY (NP 001191635)

Lymnaea stagnalis NPY (CAB63265)
Schistosoma japonicum NPF-Il (AAS56942)

Schistosoma mansoni NPF-Il (AAP57535)

01 | Helicoverpa armigera NPF-Il (AEE01346)
o3 Bombyx mori NPF-I (AEE01350)
100  Bombyx mori NPF-II (AEE01349)
Plutella xylostella NPF-I (XP 011550160)
99 | Plutella xylostella NPF-Il (XP 011550161)
55
27
99 I Schistocerca gregaria NPF-Il (AFS50166)
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9
9y
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0.5

Fig. 4 Phylogenetic tree analysis of NPFI and —II precursors with NPFs
in other invertebrate species. The numbers below the node indicate the
bootstrap value. The scale bar indicates the rate of amino acid

substitution per site. M. rosenbergii NPF-1 and —II are underlined.
Maximum-likelihood estimation with LG model; 1000 replications

@ Springer



188

Cell Tissue Res (2017) 367:181-195

Tissue expression of NPFs detected by RT-PCR

Analysis by RT-PCR indicated that the MrNPF-I and —II were
expressed widely in various tissues of the male prawn (Fig. 5),
with MrNPF-I exhibiting a higher level of expression than
MrNPF-II in all examined tissues. MrNPF-I was highly
expressed within the neural tissues including eyestalk, brain,
thoracic and abdominal ganglia with a significantly higher
expression in the brain and thoracic ganglia than in the eye-
stalk and abdominal ganglia. In comparison, NPF-II was
expressed at a much lower level than NPF-I in these tissues.
For the digestive tissues, the expression of NPF-I was higher
in the midgut and hindgut than in the hepatopancreas, whereas
the expression of NPF-II was barely discernible. In the repro-
ductive tissues, MrNPF-I expression was very high in the
testis but low in the proximal and absent in middle spermatic
ducts. NPF-II was also expressed at a low but discernible level
in the testis, whereas it was not expressed in the spermatic
duct. The expression of NPF-I was also detected at a relatively
lower level in the hematopoietic tissue, heart and muscle,
whereas NPF-II expression was not detectable. No positive

Fig. 5 Distribution of MrNPF-I a
and -// in various tissues of the
male prawn by reverse
transcription plus the polymerase
chain reaction. a Expression of
MrNPF-I and -1l was detected in
the nervous tissues, digestive
organs, reproductive organs and
other tissues. The expression of (-
actin was used as an internal !

MNPF-Il
MrNPF-1

B- actin

signal for the expression of MrNPFs was detected in the neg-
ative control (Fig. 5).

Antibody specificity

The specificity of the anti-MrNPF-I antibody was rigorously
tested against synthetic NPF-Is, FMRFamide, KISS1 and
KISS2 peptides. The anti-MrNPF-I showed no cross-reaction
with the synthetic FMRFamide, KISS1 and KISS2 peptides,
whereas anti-FMRFamide showed very low reactivity against
MrNPF-I. Preabsorption of anti-MrNPF-I with MrNPF-I reduced
the intensity of the MrNPF-I dot appreciably, whereas
preabsorption with FMRFamide did not. Preabsorption of anti-
FMRFamide with MrNPF-I totally abolished the reactivity of the
antibody against MrNPF-I (Fig. 6a). Anti-MrNPF-I showed
strong reactivity to both LvNPF-I and MrNPF-I peptides and
also to protein extract from the CNS (Fig. 6b). For immunohis-
tochemical testing, anti-MrNPF-I showed intense staining in the
olfactory neuropil (ON; Fig. 6¢) but no reactivity was detected
when anti-MrNPF-I was preabsorbed with MrNPF-I peptide
(Fig. 6¢”). These results confirmed that anti-MrNPF-I was strictly

Ab  Hp Mg Hg Tt Psd Msd Ht Hr Ms N

~ 417 bp
~C 360 bp

~ 457 bp

control. b Histogram of the
intensities of MrNPF-I and -1
normalized against that of actin
(M marker, Es eyestalk, Br brain,
Tg thoracic ganglion, Ab
abdominal ganglion, Hp b
hepatopancreas, Mg midgut, Hg
hindgut, Tt testis, Psd proximal
spermatic duct, Msd middle
spermatic duct, Ht hematopoietic
tissue, Hr heart, Ms muscle, N
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Fig. 6 Specificity test of anti-MrNPF-I antibody. a Cross-reactivity testspp @

of anti-MrNPF-I and anti-FMRFamide with synthetic MrNPF-I,
FMRFamide, KISSI and KISSII peptides. The anti-MrNPF-I shows no
cross-reaction with synthetic FMRFamide, KISSI and KISSII peptides
and the preabsorption with MrNPF-I largely abolishes its reactivity to
MrINPF-I. b Anti-MrNPF-I shows strong immunoreactivity for NPF-I
of L. vannamei, as intensely as for NPF-I of M. rosenbergii and also for
a presumptive NPF protein in the CNS extract. ¢ Intense immunoreactiv-
ity of anti-MrNPF-I in the olfactory neuropil. ¢’ No reactivity was seen
when using anti-MrNPF-I preabsorbed with the peptide. These results
show that anti-MrNPF-I is specific to NPFs

specific for MrNPF-I and strongly cross-reacted with LvNPF-L
Thus, this antibody was used for subsequent immunoperoxidase
and immunofluorescence detections. Since the amino acid se-
quences of MrNPF-I and —II are identical, except for the insert
in the mid-region of the latter as mentioned earlier, we assume
that anti-MrNPF-I can detect both isoforms and henceforth, they
will be referred to as MrNPFs.

Immunohistochemical detection of MrNPFs in eyestalk
and brain

The anatomical nomenclatures of the eyestalk and the
brain (supraesophageal ganglion) were based on that de-
scribed previously by Sandeman et al. (1992) and Tinikul
et al. (2011a, 2011b). The regions of the eyestalk are
demonstrated in a schematic diagram (Fig. 7a), which
was used as the basis for mapping the distribution of
MrNPFs in the eyestalk. Briefly, the neural tissue in the
eyestalk is composed of two major regions: the optic
ganglion and lateral protocerebrum. The optic ganglion
consists of the lamina ganglionalis, medulla externa
(ME) and medulla interna (MI) and each neuropil con-
tains neuronal clusters 1, 2 and 3. The lateral
protocerebrum is composed of the medulla terminalis
(MT), hemi-elipsiod body, and neuronal clusters 4 and
5 (Fig. 7a, b).

In the optic lobe and lateral protocerebrum, MrNPF immu-
noreactivity (—ir) was intense in several neuropils and in neu-
ronal clusters including the neurons of clusters 2 and 3
(Fig. 7c, d, e). MINPF-ir was also present in the neurons of
cluster 4 (X-organ; Fig. 7f). Intense immunoreactive fibers
were detected in the neuropils of ME, MI and MT
(Fig. 7g, h). Extremely intense immunoreactive fibers were
also observed in the sinus gland (Fig. 7i). In contrast, no
MrNPF-ir was detected in the control sections of the eyestalk
(data not shown). The presence of MrNPF-ir in the eyestalk is
summarized in Table 1.

The brain is composed of three major parts: the medial
protocerebrum, which contains the anterior medial
protocerebral neuropils (AMPNs), posterior medial
protocerebral neuropils (PMPNs), protocerebral bridge (PB),
central body (CB), and neuronal clusters 6, 7 and 8; the

anti-MrNPF-I|

anti-FMRFamide

anti-MrNPF-|
+ MrNPF-l

anti-MrNPF-|
+ FMRFamide

anti-FMRFamide
+ MrNPF-|

LVNPF-l

CNS crude
extract

deutocerebrum containing several neuropils including the me-
dial antenna I neuropil (MAN), lateral antenna I neuropil
(LAN), ON and olfactory globular tract neuropil (OGTN)
and neuronal clusters 9, 10, 11, 12 and 13; the tritocerebrum,
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Fig. 7 Immunolocalization of
MrNPF immunoreactivity (NPF-
ir) in the eyestalk of

M. rosenbergii. a Representation
of the eyestalk of M. rosenbergii.
b Sagittal section of the eyestalk
stained with hematoxylin and
eosin. ¢ Similar section as in b
showing the location of NPF-ir in
various neuronal clusters
(numbers) and neuropils. d, e
High -magnification images of
NPF-ir in neurons of clusters 2
and 3, respectively. f, i High-
magnification images of NPF-ir
in the X-organ and sinus gland,
respectively. g and h Projection
fibers containing NPF-ir,
extending from medulla
terminalis to medulla externa (HB
hemielipsoid body, /ch inner optic
chiasm, LG lamina ganglionaris,
ME medulla externa, MI medulla
interna M7 medulla terminalis,
Och outer optic chiasm, OT optic
tract, SG sinus gland, XO X-
organ)

which contains the tegumentary neuropil (TN) and antenna I1
neuropil (AnN) and neuronal clusters 14, 15, 16, and 17
(Fig. 8a).

In the medial protocerebrum of whole-mount brain,
strong MrNPF-ir was detected in many medium-sized
neurons within cluster 6 (Fig. 8d). Intense immunoreac-
tive fibers were observed in AMPN and PMPN (Fig. 8b)
and moderately intense immunoreactive fibers were also
detected in the PT, PB and CB neuropils (Fig. 8b, ¢). In
the deutocerebrum, MrNPF-ir was detected in medium-
sized neurons of clusters 9 and 11 (Fig. 8¢) and strongly
immunoreactive fibers were present in the ON and
OGTN (Fig. 8e). Weak immunoreactive fibers were

@ Springer

detected in the MAN and LAN (Fig. 8b). In the
tritocerebrum, strong MrNPF-ir neurons were detected
in clusters 14, 15 and 16 (Fig. 8f) and intense immuno-
reactive fibers in the TN and AnN (Fig. 8b). The control
brain sections showed no positive immunoreactivity
(data not shown).

To confirm the observations made in the brain by
whole-mount immunofluorescence, MrNPF-ir was fur-
ther examined in brain sections by the immunoperoxidase
technique. In the medial protocerebrum, MrNPF-ir was
intense in neurons of cluster 6 (Fig. 9c). In the
deutocerebrum, highly intense MrNPF-ir was observed
in neurons of clusters 9 and 11 and the ON (Fig. 9a,
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Fig. 8 Immunofluorescence
detection of MrNPF-ir (green) in
the brain whole-mount; nuclei are
counterstained with To-Pro-3
(red). a Representation of the
brain of M. rosenbergii. b Low-
power image showing MrNPF-ir
present in all regions of the brain.
¢ Protocerebral tract in
protocerebrum (arrowheads)
showing intense NPF-ir. d—f
High-magnification images
showing NPF-ir in neurons of
clusters 6, 9/11, 14/15
(arrowheads) and olfactory
neuropil (AMPN/PMPN anterior/
posterior medial protocerebral
neuropils, PT protocerebral tract,
PB protocerebral bridge, CB
central body, ON olfactory
neuropil, MAN/LAN medial/
lateral antenna I neuropils, OGT
olfactory globular tract neuropil,
TN tegumentary neuropil, AnN
antenna II neuropil, CEC
circumesophageal connective)

A 14/15

A,

b, d). The tritocerebrum exhibited moderately intense  and clusters 17 (Fig. 9f). The presence of MrNPF-ir in
MrNPF-ir in neurons of clusters 14 and 15 (Fig. 9e) the brain is summarized in Table 2.

Table 1 Distribution of

Macrobrachium rosenbergii Structure Regions Neuronal clusters/neuropils Type of neurons MiNPF-ir
neuropeptide F (MrNPF) ] ]

immunoreactivity (MrNPF-ir) in Eyestalk Optic ganglia 1 S -

the eyestalk (+++ strong 2 S +

immunoreactivity, ++ moderate

; o S, M +++
Immunoreactivity, + weak
immunoreactivity, — no LG NA -
immunoreactivity, LG lamina ME NA ++
ganglionaris, ME medulla MI NA +
f;(:ifﬁi; ?gr[;:ﬁ:ﬁ l{a};rg;r:;i{\dT Lateral protocerebrum 4 S, M +++
ellipsoid body, SG sinus gland, S 5 S -
small-sized neuron, M medium- SG NA e
sized neuron, NA not applicable) MT NA -
HB NA -
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Fig. 9 Immunolocalization of

MrNPF in horizontal brain a

sections of M. rosenbergii. a :

Low-power image showing ’ B 'AMPN
distribution of NPF-ir in various 32 s
parts of the brain. b Medium- iy e

. . . PMPN
power image showing MrNPF-ir ’

in various neuronal clusters m
(numbers) and neuropils (CB
central body, OGT olfactory
globular tract neuropil, ON
olfactory neuropil). ¢ MrNPF-ir is
present in neurons of cluster 6.
Inset High-magnification image.
d—f High-magnification images
showing NPF-ir in neurons of
clusters 9/11, 14/15 and 17,
nuclei are counterstained by
hematoxylin

50 pm

Discussion

Our recent transcriptomic analysis has revealed three isoforms
of NPFs and four isoforms of sNPF in the CNS of female
M. rosenbergii (MtNPF-I, NPF-II, NPF-III and four sNPF;
Suwansa-Ard et al. 2015). MrNPF-I and -II each consists of
a 29-amino-acid signal peptide followed by 32- and 69-
amino-acid active peptides, cleaved at two dibasic cleavage
sites. MrNPF-III is composed of a 23-amino-acid signal pep-
tide and a 60-amino-acid active peptide, cleaved at a single
dibasic cleavage site. MrNPF-I and -II active peptides show
high sequence similarity (>90 %) with LvNPF-I and -II,
whereas the MrNPF-III active peptide shows high similarity
(66 %) with mollusc neuropeptide Y. Moreover, a precursor of
the sSNPF transcript has also been identified in the eyestalk and
CNS transcriptomes and this SNPF precursor is predicted to be
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cleaved at multiple sites to give rise to four active short pep-
tides. In the present study, we validated the sequences of the
two isoforms of NPFs and found that the full sequences are
identical with those predicted from our earlier transcriptomic
analysis (Suwansa-Ard et al. 2015). Interestingly, the MrNPF-
I and —II precursor proteins, encoded by separate genes, show
high similarity (91-95 %) to other prawns NPFs, i.e., those of
L. vannamei and M. marginatus (Christie et al. 2011), whereas
the mature NPF-I is almost identical, except for four amino
acids (threonine, alanine, aspartic acid, and lysine, instead of
serine, asparagine, glutamic acid, and asparagine, respective-
ly) at the mid-region of the peptide. The MrNPF-I and -II
precursors share 71 % amino acid identity, whereas the mature
MirNPF-I and -II active peptide are identical, except for a 37-
amino-acid insert within the middle part of MrNPF-II. The
insert of a 37-amino-acid sequence within MrNPF-II is typical



Cell Tissue Res (2017) 367:181-195 193
Table. 2 Distribution of MrNPF-

ir in the brain of M. rosenbergii Structure  Regions Neuronal clusters/neuropils ~ Prominent type of neurons ~ MrNPF-ir
(+++ strong immunoreactivity,

++ moderate immunoreactivity, Brain Median protocerebrum 6 S, M +++

+ weak immunoreactivity, — no 7 M, L -
immunoreactivity, AMPN/PMPN 8 S _
anterior/posterior medial

protocerebral neuropils, PT AMPN/PMPN NA T
protocerebral tract, PB PT/PB/CB NA ++
protocerebral bridge, CB central Deutocerebrum 9/11 S, M o
body, ON olfactory neuropil, 10 S _
MAN/LAN medial/lateral antenna

I neuropils, OGTN olfactory 12/13 S -
globular tract neuropil, 7N MAN/LAN NA +
tegumentary neuropil, AnN ON/OGTN NA -+
antenna II neuropil, S small-sized .

neuron, M medium-sized neuron, Tritocerebrum 14/15/16 S, M ++

L large-sized neuron, NA not 17 S, M +
applicable) TN/AnN NA +

for the second isoforms as also found in M. marginatus and
L. vannamei (Christie et al. 2011). The MrNPF-II is almost
identical to the NPF-II of M. marginatus and L. vannamei,
except for 3 amino acids in the mid-region and 1 amino acid
in the insert part of the mature peptide. Phylogenetically, when
comparing the precursors of the prawns NPFs with those of
Daphnia, a more primitive crustacean and with Drosophila
and other insects, the similarity ranges from 72 % to 71 %,
whereas both isoforms of the prawn active peptides are closely
similar to those of Daphnia and insects with a range of 92—
77 % (Fig. 4). This confirms that the active peptides of all
arthropods and crustaceans are highly conserved. The recep-
tors of both NPFs (NPFR1) have been cloned in Drosophila
and show a high degree of conservation with that of the NPY
receptor (Garczynski et al. 2002). Whether the prawn and
insect NPFRs are also highly conserved remains to be ex-
plored. Incidentally, in our earlier work, we detected four iso-
forms of sSMrNPF in the transcriptome of the brain of this
species and suggested that these isoforms arise from a repli-
cation within a single gene (Suwansa-Ard et al. 2015); this
again is similar to the situation in Drosophila in which four
isoforms of SNPF have been found by RT-PCR (Carlsson et al.
2013). However, we have not yet been able to determine the
sequence of the gene encoding the sSMrNPFs.

Extensive localization studies have been carried out for
Drosophila and insect NPFs and sNPF by both RT-PCR and
immunohistochemical techniques. By and large, the NPFs and
their receptors are localized in the brain, subesophageal gangli-
on, ventral nerve cord and midgut of larval Drosophila
(Carlsson et al. 2013; Van Wiclendaele et al. 2013). In the
desert locust, Schistocerca gregaria, NPF has also been detect-
ed in the optic lobe (Van Wielendaele et al. 2013). Notably, the
sNPF distribution in the brain is more wide spread than that of
NPF implying its role as a neuromodulator acting together with
other traditional neurotransmitters in addition to its paracrine/

endocrine functions (Nassel and Wegener 2011). By contrast,
in penaeus shrimps, NPF expression in tissue has only been
determined by RT-PCR. Both NPF-I and -II are reported to be
broadly distributed within CNS of L. vannamei and
M. marginatus, including the optic ganglia of the eyestalk,
brain and thoracic and abdominal ganglia. The transcript
encoding NPF-I is weak in some and undetectable in other
midgut samples. The transcript encoding NPF-II is present
but with much weaker intensity in the above-mentioned parts
ofthe CNS, except for the eyestalk and it is absent in the midgut
of both species. The transcript of neither NPFs has been detect-
ed in muscle (Christie et al. 2011). In comparison, the distribu-
tion pattern and intensity of MrNPF-I and -II transcripts in
various parts of the CNS of the freshwater prawn are similar
to that of the two penaeus shrimps, with the highest intensity in
the brain and thoracic ganglia and NPF-I showing a five- to
seven-fold higher expression than NPF-II. However, we found
that the presence of NPF-I and -II transcripts is widely spread
in many parts of the gastrointestinal tract including the mid-
gut, hindgut, and hepatopancreas, with NPF-I expression in
the former two regions being about four-fold higher than the
latter and the expression is as high as in the brain and thoracic
ganglia. Surprisingly, in the present study, we also observed
that NPF-I is strongly expressed in the testes, whereas in our
earlier work, this peptide has also been reported to be strongly
expressed in the ovaries (Suwansa-Ard et al. 2015). By com-
parison, the expression is much weaker in the spermatic duct.
Other tissues that also express a considerable amount of NPF-
I include the hematopoeitic tissue, heart and muscle. The
widespread expression of NPFs in more tissues, especially
the reproductive tissues, imply a more common role of NPF
in tissue homeostasis other than just controlling feeding. One
such activity is the role of NPFs in controlling the process of
autophagy, which is responsible for the recruitment of nutri-
ents from cells of all organs, especially the hepatopancreas
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and muscle, in cases of limited food supply and starvation
(manuscript in preparation).

In addition to the detection of the tissue expression by
means of RT-PCR, we report, in this study, the detailed map-
ping of the NPFs by using immunohistochemical detection in
both whole-mount and tissue sections of the brain and the
eyestalk. The antibody that we used is highly specific for
MrNPF-], as practically no cross -reaction occurs with other
RFamide peptides including FMRFamide and the Kiss pep-
tides. Unfortunately, the antibody cannot differentiate between
NPF-I and —II, because it was raised against the amino acid
sequence of NPF-I, which is identical to the amino terminal
part of NPF-II. Our specificity test indicates that this antibody
does not react with the RFamide end, because when the anti
FMRFamide is used, it reacts slightly with both NPF-I and
FMRFamide (Fig. 6a) suggesting that this antibody reacts
with the RFamide at the carboxy end of both NPF-I and
FMRFamide. In contrast, anti-NPF-I only reacts with the
NPF-I peptide, which suggests that the antibody reacts with
the amino acid sequence upstream from the RFamide end.
Since this sequence is identical in both isoforms of NPF, we
suggest that the anti-NPF-I reacts with both isoforms. As
shown in Table 2, MrNPFs are present in the optic ganglia
of the eyestalk, i.e., neurons of clusters 2, 3 and 4 and the
neuropils of ME and MT, indicating that these peptides are
involved in mediating the transmission of visual signals from
the eyestalk to the brain. Remarkably, strong immunoreactiv-
ity has been detected in the neurons of the X-organ and the
sinus gland complex, implying that MrNPFs also play a role in
controlling or acting together with the hormones in the CHH
family, which control prawn reproduction and molting, in-
cluding GIH, MIH and MOIH, which are known to be syn-
thesized and released in the X-organ and sinus gland complex
(Chung et al. 2010).

The strong expression of NPFs in neurons of cluster 6 and
fibers within neuropils of AMPN, PMPN, PT, PB and CB of
the medial protocerebrum implies further that these peptides
help to integrate photoreception by the forebrain
(protocerebrum) and olfactory reception by the midbrain
(deutocerebrum). Indeed, the strong intensity of NPFs detect-
ed in the neurons of clusters 9 and 11 and fibers of the ON and
OGTN neuropils, which are the key structures of the midbrain
that receive olfactory stimuli (Kruangkum et al. 2013), further
supports the notion that MrNPFs play a central role in medi-
ating the reception of food odor, as is widely known in
Drosophila (Nassel and Wegener 2011) and in integrating
between visual and olfactory perceptions. Lastly, NPFs have
been detected at moderate intensity in neurons of clusters 14,
15, and 16 and fibers in the TN and AnN of the tritocerebrum,
which control the antennae and, together with the
subesophageal ganglion, the mouth parts; this finding implies
that NPFs exercise some control over the motor activity of the
prawn feeding organs.

@ Springer

We believe that, because of their highly conserved se-
quences, the NPFs must play a critical role(s) in the ho-
meostasis of the prawn. Moreover, because of their wide-
spread and strong expression in many parts of the eyestalk
and the brain, they presumably have key coordinating
functions, such as integrating visual and olfactory percep-
tions and possibly also controlling the motor function of
the feeding organs. Their high expression in the midgut,
hindgut, and hepatopancreas might be linked with the con-
trol of feeding and digestion in coordination with the
NPFs present in the CNS. Furthermore, their considerable
expression in tissues such as the reproductive organs,
heart, and muscle imply that they perform other roles in
the homeostasis of each tissue, an aspect that should be
further explored.
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We investigated the changes in the levels of serotonin (5-HT) and dopamine (DA), and their possible roles
during embryonic development of the freshwater prawn, Macrobrachium rosenbergii. The 5-HT and DA
concentrations were quantified using high performance liquid chromatography with electrochemical
detection (HPLC-ECD). The levels of 5-HT and DA gradually increased from early developing embryos
to late developing embryos. The 5-HT concentrations gradually increased from the pale yellow egg to
orange egg stages, and reaching a maximum at the black egg stage. DA concentrations were much lower

gggtg:ﬁ: in the early embryos than those of 5-HT (P < 0.05), and gradually increased to reach the highest level at
Dopamine the black egg stage. Immunohistochemically, 5-HT was firstly detected in the early embryonic stages,

whereas DA developed later than 5-HT. Functionally, 5-HT-treated female prawns at doses of
2.5 x107°,2.5 x 10~ and 2.5 x 10~7 mol/prawn, produced embryos with significantly shortened lengths
of early embryonic stages, whereas DA-treated prawns at all three doses, exerted its effects by signifi-
cantly lengthening the period of mid-embryonic stage onwards. These results suggest significant involve-

Embryonic development
Freshwater prawn
Neurotransmitter
Macrobrachium rosenbergii

ment of 5-HT and DA in embryonic developmental processes of this species.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is a
highly valued aquatic animal for consumption that is cultured
worldwide, including Thailand (Sandifer and Smith, 1985). The
reproductive process and hormonal regulation of this species are
not as well understood as in other decapod crustaceans, for exam-
ples, the crayfish, Procambarus clarkii, or the lobster, Homarus
americanus, in which a number of neurohormones from the X-
organ-sinus gland complex, situated in the eyestalks, play roles
in regulating the gonadal development (Fingerman, 1997; Benton
et al., 1997; Chen et al., 2003; Prasad et al., 2014). In crustaceans,
the synthesis and release of neurohormones are thought to be reg-
ulated by biogenic amines, including serotonin (5-HT) and dopa-
mine (DA) (Richardson et al, 1991; Nagaraju et al., 2010;
Nagaraju, 2011). 5-HT and DA are biogenic amines that play roles
in regulating various physiological processes and reproduction
(Beltz, 1999). 5-HT stimulates gonadal maturation in several

* Corresponding author at: Mahidol University, Nakhonsawan Campus, Phayu-
hakiri District, Nakhonsawan 60130, Thailand.
E-mail addresses: anatch2002@yahoo.com, yotsawan.tin@mahidol.ac.th, ana-
tch2002@gmail.com (Y. Tinikul).
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0016-6480/© 2015 Elsevier Inc. All rights reserved.

decapod crustaceans, including the red swamp crayfish, P. clarkii
(Kullkarni et al., 1992), the Pacific white shrimp, Litopenaeus van-
namei (Vaca and Alfaro, 2000), the black tiger shrimp, Penaeus
monodon (Wongprasert et al., 2006), and the freshwater prawn,
M. rosenbergii (Tinikul et al., 2009b), whereas DA plays an opposite
role (Tinikul et al., 2014). In M. rosenbergii, 5-HT shortens the
embryonic development period, whereas DA shows an opposite
effect (Tinikul et al., 2009a). However, there is a current lack of
detailed studies about the specific actions of these two neurotrans-
mitters on each embryonic developmental stage in M. rosenbergii.

The levels of 5-HT and DA have been quantitated in various
regions of the CNS and ovaries of many decapod crustaceans,
including Pacifastacus leniusculus (Elofsson et al., 1982), M. rosen-
bergii (Tinikul et al., 2008), and L. vannamei (Tinikul et al,
2011b). Major tissues that showed high levels of 5-HT and DA
activities were the ovaries, brains, and thoracic ganglia. However,
the levels of these two neurotransmitters during embryogenesis
in M. rosenbergii are still not investigated, even though there are
some previous works on immunohistochemical localization of bio-
genic amines during embryonic development in decapod crus-
taceans. In the lobster, H. americanus, 5-HT was detected in early
embryonic development, and the serotonergic neurons in the brain
and ventral nerve cord are fully developed by mid-embryonic life
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Fig. 1. Photographs of the ventral views of the brood chambers (A and B) and various stages of developing embryos (C-K) of the mature berried female M. rosenbergii. (A and
B) The example micrographs of the ventral views of berried females at the mid-embryonic stages (orange egg stage; OE), and the late stage (gray egg stage; GE). The
orientation of the prawn is given top right. (C and D) The bright yellow egg (BYE). (E) Deep yellow egg stage (DYE). (F and G) Orange egg stage (OE). (H and I) Brown egg stage
(BE). (J) Gray egg stage (GE). (K) Black egg stage (BLE). A, anterior; B, blastocoel; E, eye; H, heart; MB, egg membrane; P, posterior; ST, small translucent region; T, trunk; Y,
yolk. Scale bars: 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Beltz, 1999). As well, it is proposed that 5-HT may play a develop-
mental role in this decapod crustacean, and it is likely to be related
to the functions of each compound at specific life stages (Benton
et al, 1997). In H. americanus, the DA-ir staining was first detected
in the brain and subesophageal ganglion of 50% of developmental
stages, indicating that DA may be involved in embryogenesis in
the lobster (Cournil et al., 1995). To our current knowledge, there
is no detailed study regarding the existence, distribution, and vari-
ation in the levels of these biogenic amines during embryonic
development in M. rosenbergii.

Therefore, the aim of this study was to quantify the changes in
the levels and localize the distribution of 5-HT and DA during
embryonic developmental stages by using HPLC and immunohisto-
chemistry. In addition, the functional tests were undertaken to

assess the specific actions of these two neurotransmitters on each
embryonic stage. The understanding how these neurotransmitters
regulate embryonic development may assist in increasing the pro-
duction of larvae of this species. Moreover, this study would pro-
vide valuable information to increase knowledge of evolutionary
pathways of these two neurotransmitters during embryonic devel-
opment in this crustacean species.

2. Materials and methods
2.1. Experimental animals

Mature female freshwater prawns (weighing on average about
32.46 + 4.17 g) were obtained from commercial farms, in Ayuthaya
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Fig. 2. (A) The changing concentrations of 5-HT in various embryonic stages, and
(B) the concentrations of DA in various embryonic stages, as determined by HPLC.
The concentration is expressed as nmol/mg of protein in the tissue extract.
Numbers are means + SEM. Asterisks indicate significant differences at P < 0.05 in
an analysis of variance. BE, brown egg; BLE, black egg; BYE, bright yellow egg; DYE,
deep yellow egg; GE, gray egg; OE, orange egg. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Province, Thailand. The prawns were kept in outdoor circular
concrete tanks, each with 1.50 m diameter with the water depth
at 0.80 m, and about 30% water was changed every 2 days. The
prawns were fed with commercial pellets (Charoen Pokphand
group, Thailand) twice a day. Aeration was given continuously.
The plastic cages were added into every tanks (30 pieces per tank)
for prawns to hide and to avoid any losses during molting from the
cannibalistic behavior of this prawn species. The prawns were
acclimatized under a photoperiod of 12:12 h light-dark for two
weeks before beginning the experiments. Female prawns were
selected and used in all experiments, as soon as they exhibited
stage IV of the ovarian cycle. All prawns were cultured until they
spawned, and the embryos were allowed to grow following the
normal embryonic developmental cycle until reaching the final
embryonic stage.

2.2. Samples collection and preparation

After they spawned, the mature berried females at various
embryonic stages (at least n =15 prawns) were sampled. The dif-
ferent embryonic stages from abdomen were carefully scraped
from the female brood chambers. All spawned eggs were mixed
with 3% sodium hypochlorite (NaClO) in distilled water to thor-
oughly disperse the eggs. At least 300 eggs were observed under

a stereo-microscope to determine the morphology and percentage
of developing embryos. The embryonic stages were visually evalu-
ated based on the color and morphological characteristics, which
are seen through the abdomen in live females, as described by
Miiller et al. (2003), Manush et al. (2006), Tinikul et al. (2009a),
and Habashy et al. (2012). After the dissection, the wet mass of
all eggs was weighed, and later used for HPLC analyses and
immunohistochemistry.

2.3. Chemicals and reagents

All chemicals, including 5-HT and DA, were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Standard solutions were made
up in freshly prepared ice-cold 0.1 M perchloric acid. Each of the
standard solutions were prepared on the day of analysis and stored
on ice between injections.

2.4. Quantification of 5-HT and DA in the embryos

In the present study, the HPLC methods for quantification of
5-HT and DA concentrations in embryos were based on the method
described by Tinikul et al. (2011b, 2015), with some modifications.
After being dissected out and weighed, a lump of embryos was
placed in 100 pl of 0.1 M perchloric acid and homogenized at
4 °C. The 5-HT and DA concentrations were detected electrochem-
ically using a completely isocratic mode. Samples were injected
onto a Brownlee C;g-Aquapore O0OD-300 HPLC column
(250 x 4.6 mm i.d.). A glassy carbon electrode, serving as the work-
ing electrode was set with an Ag/AgCl reference electrode. The sen-
sitivity of the detector was maintained at 100 nA with full scale
deflection. The potential of the detector was set at a range between
+0.7 and +0.8 V. The mobile phase consisted of 75 mM NaH,PO,,
50 uM EDTA, 0.3 mM sodium octylsulphate, 2.5% acetonitrile, and
4% methanol. The pH was adjusted to 2.75 with orthophosphoric
acid. The flow rate was kept constant at 0.7 ml/min. The mixture
was sonicated and centrifuged at 14,000 x g at 4°C. The
supernatants were collected, and then filtered through a 0.22 pm
spin-x centrifugal filter tube before injection. Samples were
injected into a 20 pl injection loop. Each sample was performed
in triplicate. The signals from the electrochemical detector were
recorded and integrated by using data analysis software (Millen-
nium, Waters). The average concentrations of 5-HT and DA were
estimated from three replicates. 5-HT and DA were quantified
using the external standard method in which peaks corresponding
to 5-HT and DA were detected in the extracts at the same elution
times to their corresponding standards. In addition, standard solu-
tions of 5-HT and DA were prepared and dissolved in ice-cold 0.1 M
perchloric acid, and then filtered through a 0.45 pum filter and
stored on ice during injections into the HPLC system. Furthermore,
the identities of the peaks in each sample was verified by spiking
known amount of 5-HT and DA standards into the tissue extracts
in repeated separations. The Bio-Rad Protein Assay System (Missis-
sauga, Canada) was employed for protein determination according
to Bradford (1976). All samples were freshly prepared and ana-
lyzed within the same day.

2.5. Immunohistochemistry and specificities of antibodies

The dissected embryonic stages were fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) with
1% sodium meta-bisulfite (SMB) in PBS at 4 °C for 12 h. After fixa-
tion and paraffin embedding, the tissue sections were cut at
7-10 um thicknesses for the investigation of early embryonic
stages, whereas the sections were cut at 10-20 um thicknesses
for late embryonic stages. The sections were further mounted on
slides coated with 3-aminopropyl triethoxy-silane solution
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Fig. 3. Immunofluorescence detection of 5-HT-ir (green) in various embryonic stages, with the nuclei labeled with ToPro-3 (red). (A) 5-HT-ir is detected in the BYE stage (B
and C) 5-HT-ir is present in the yolk of the DYE stage. (D) Intense 5-HT-ir is detected in the yolk of OE stages. (E) In the control sections, no immunofluorescence is detected.
MB, egg membrane; OA, organ anlage; Y, yolk. Scale bars: 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

(Sigma-Aldrich Co., St. Louis, MO, USA), and then processed for
immunohistochemistry.

The immunohistochemical localization of 5-HT immunoreactiv-
ity (5-HT-ir) and DA immunoreactivity (DA-ir) during various
embryonic stages, was performed based on that described previ-
ously (Tinikul et al., 2011a,b). Briefly, the sections were deparaf-
finized and rehydrated through a graded ethanol series for
10 min each. The sections were incubated with 1% glycine in PBS
for 15 min. Subsequently, non-specific binding was blocked by
immersing the sections in a blocking solution containing 10% nor-
mal goat serum (NGS) and 1% SMB in PBS with 0.4% triton-X
(PBST), at room temperature for 2 h, in a moist chamber. The
sections were then incubated with the primary antibodies, rabbit
anti-5-HT (Chemicon International, USA), diluted 1:50 in the block-
ing solution, or rabbit anti-DA (Gemacbio, St. Jean d’lllac, France),
diluted 1:100 in the blocking solution, at room temperature. The
sections were washed three times with PBST, and then incubated
in the secondary antibody, Alexa488-conjugated goat anti-rabbit
IgG (Molecular Probes, Eugene, OR, USA), diluted 1:200 in the
blocking solution, at room temperature for 2 h. In addition, the
nuclei of cells in sections of embryos were stained with ToPro-3
(Molecular Probes), diluted at 1:2000 in the blocking solution.
The sections were mounted in Vectashield (Vector Laboratory, Bur-
lingame, CA, USA), viewed and images captured by an Olympus
FV1000 confocal laser scanning microscope.

The specificities of the polyclonal antibodies against 5-HT and DA
were tested by the manufacturer using standard immunohisto-
chemical methods. The manufacturer has demonstrated that anti-
5-HT and anti-DA antibodies did not cross-react with other biogenic
amines. In the control sections, the specificities of anti-5-HT and
anti-DA were ascertained by omitting the primary antibodies from
the immunolocalization, or by pre-adsorption of the primary
antibodies with 100 pg/ml of synthetic 5-HT or DA (Sigma-Aldrich,
St. Louis, MO, USA) at 4 °C for about 20 h, before staining (Tinikul
et al.,, 2011b). In these controls, no immunostaining was observed.

2.6. Image analysis

The embryonic sections prepared for immunohistochemistry,
were photographed with an Olympus Fluoview 1000 laser-
scanning confocal microscope (Olympus America, Center Valley,
PA). Subsequently, the tissues were scanned sequentially for each
fluorophore to obtain separate images for each label, and an over-
layed image of all three channels for each optical section. These
projected images were produced using subsets of the z-stacks. Fur-
thermore, the digital images were exported and converted from
the Olympus confocal system, and further transferred into Photo-
shop CS5 software (Adobe Systems Inc., San Jose, CA, USA), to
adjust contrast and brightness to obtain optimal clarity. Images
were not modified other than to balance brightness and contrast,
as well as to remove irrelevant structures that interfered with visu-
alization of our tissues using Adobe Photoshop CS5 (Adobe Sys-
tems, San Jose, USA). In addition, negative controls for each
fluorochrome were scanned using the same parameter settings.

2.7. Investigation of the specific actions of 5-HT and DA on the
development of embryonic stages

The methods and doses of 5-HT and DA used in this study were
based on that described previously (Tinikul et al., 2009a, 2014),
with some modifications. The experimental groups were divided
into three groups and compared with the control group (with all
groups having about 40-45 animals each). The first group was
untreated control group (C), groups 2, 3 and 4 were injected with
5-HT and DA at doses of 2.5 x 1073, 2.5 x 107® and 2.5 x 1077 -
mol/prawn, respectively, which were equivalent to the circulating
concentrations of about 5, 0.5, and 0.05 mM, respectively, after
dilution by the prawn hemolymph. 5-HT and DA were dissolved
in crustacean physiological saline. The injected volumes of 5-HT
and DA were 0.1 ml. All injections were performed at 4-day
intervals. All prawns tolerated the injected doses of these two
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Fig. 4. Immunofluorescence detection of 5-HT-ir (green) in various embryonic stages, with nuclei labeled with ToPro-3 (red). The orientation of the embryos is given top left.
(A) 5-HT-ir is present in the E, H, EB and CP at BE stage. (B and C) 5-HT-ir is detected in the EB, CP, SEG and AP at the GE and BLE stages. (D) In the control sections, no
immunofluorescence is observed. A, anterior; Ab; abdomen; AP, appendages; E, eye; EB, elongated body; H, heart; 10, internal organs; P, posterior; SEG, segmented abdomen;
ST, stomodaeum; T, trunk; Y, yolk. Scale bars: 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

neurotransmitters without exhibiting any abnormal behavior.
Measurements of total length and weight of the prawns were
performed on every treatment day before injection. Prawns were
identified in each group by tagging with plastic loops of different
colors around the eyestalks. The injections were performed via
an intramuscular route at the second abdominal segment using a
1 ml syringe fitted with 26 G x 1/2 (0.45 x 12 mm) thin-wall nee-
dles (NIPRO). The experiment was performed in triplicate. The rest
of the prawns were allowed to proceed until they spawned. After
injections with 5-HT and DA, the quantity and quality of the
spawned eggs were evaluated from the number of eggs per spawn
and the percentage of fertilized eggs in order to ascertain that the
embryonic development is normal. The embryonic developmental
days after injections with these two neurotransmitters in compar-
ison with the control group were carefully observed and recorded.

2.8. Statistical analyses

Experimental data were analyzed with SPSS program (version
12.0, SPSS Inc., Chicago, IL, USA) using one-way analysis of variance
(ANOVA) and Tukey’s post hoc test. The probability value less than

0.05 (P<0.05) indicated the significant difference. Experimental
data were presented as X + S.E.M..

3. Results

3.1. General morphology of the embryos resulted from fertilized eggs of
M. rosenbergii

The general morphology of the embryonic stages of M. rosen-
bergii is demonstrated in Fig. 1A-K. These were used as the basis
for the HPLC detection and mapping the distribution of 5-HT and
DA during embryonic development. We have classified embryos
into various stages based on the criteria described previously
(New, 2002; Manush et al., 2006; Tinikul et al., 2009a). Represen-
tative micrographs of the ventral views of berried females showed
the mid-embryonic stages (orange egg stage; OE) (Fig. 1A), and the
late-embryonic stage (gray egg stage; GE) (Fig. 1B). The newly
spawned eggs are elliptical in shape, and characterized by a bright
yellow, then deep yellow to orange color, which gradually changes
to brown, gray and finally black before hatching. The six main
embryonic stages included the bright yellow egg stage (BYE), con-
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Fig. 5. Immunofluorescence detection of DA-ir (green) in various embryonic stages, with nuclei labeled with ToPro-3 (magenta). (A) DA-ir is present in the yolk of the BYE
stage and (B and C) the DYE stage. (D and E) Intense DA-ir is detected in the yolk of OE stages. (F) In the control sections, no immunostaining is present. MB, egg membrane;
OA, organ anlage; Y, yolk. Scale bars: 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

taining mostly high density yolk masses, and a small translucent
area (ST) on the egg surface (Fig. 1C and D). A later stage is the deep
yellow egg stage (DYE), whose color is a deep yellow with blasto-
coel (B), clearly visible area in one pole of this embryonic stage
(Fig. 1E and F). Later, the orange egg stage (OE), exhibits a clear
area that extends to form the body and caudal region of the
embryo (Fig. 1F and G). This is followed by the early brown egg
stage (BE), which starts to form a pair of eye spots on the yolk area
(Fig. 1H and I). At the late BE stage, the heart is firstly observed and
starts beating (Fig. 11). The dark eye spots are oval in shape. In the
gray egg stage (GE), rudiments of appendages start to develop and
the segmented abdomen is clearly visible (Fig. 1]). Finally, the black
egg stage (BLE) is characterized by the presence of a pair of dark-
rounded eyes, the abdomen is enlarged and curves forward. The
appendages are clearly visible before hatching (Fig. 1K).

3.2. Changes in the concentrations of 5-HT and DA in the embryonic
stages

The 5-HT concentrations in the embryonic stages showed a grad-
ual increase from the BYE stage, to reach the highest concentration
at BLE stage (Fig. 2A). The concentration of 5-HT at BYE stage was
0.86 + 0.18 nmol/mg, and then it gradually increased through the
DYE stage and OE stage (1.52+0.29 and 2.35+0.37 nmol/mg,
respectively), to a higher level at BE and GE stages (3.49 + 0.68 and
5.38 + 1.01 nmol/mg, respectively). The highest 5-HT concentration
was detected at BLE stage (6.05 + 1.29 nmol/mg), which showed
approximately a 7-fold increase over BYE stage. The differences
were statistically significant (P < 0.05). In addition to the BLE stage,
the 5-HT concentration at the BLE stage appeared to be higher than
that of the GE stage, but not significantly different (P > 0.05). The 5-
HT concentrations were about 2.7, 4, 6.2 times higher in the OE, BE
and GE stages, respectively, than at BYE stage (P < 0.05) (Fig. 2A).

Very low DA concentrations were detected at the BYE stage
(0.07 £0.03 nmol/mg), and DYE stage (0.09+0.01 nmol/mg)

(Fig. 2B), whose the difference was not statistically significant
(P>0.05). The concentration of DA sharply increased at the OE
stage, and it was 0.81 = 0.24 nmol/mg, and then about two times
increased at the BE stage (1.5410.49 nmol/mg). DA levels
increased steadily at successive stages, and became about a 2-
fold increased at the GE stage (3.01 + 0.75 nmol/mg). The DA con-
centration reached a maximal level at BLE stage (4.05 + 1.16 nmol/
mg), exhibiting approximately a 60- and 48-fold increases over
BYE and DYE stages, respectively (P < 0.05). Interestingly, when
comparing within same embryonic egg stages, the concentrations
of DA were about 18.8, 2.9, 2.27 and 1.78 times lower in the
DYE, OE, BE, GE and BLE than those of 5-HT, respectively (Fig. 2B).

3.3. The distribution of 5-HT and DA during embryonic developmental
stages

The 5-HT-ir was detected in the yolk at the BYE stage (Fig. 3A),
and it appeared to be more intense in the yolk and the membrane
at the DYE stage (Fig. 3B and C). At the OE stage, 5-HT-ir was present
in the yolk and the organ anlage (OA) (Fig. 3D). No positive fluores-
cence was observed in a control section taken from the DYE stage
(Fig. 3E). At the BE stage, little 5-HT-ir was detected in the optic lobe
area, including eye anlage (E) (Fig. 4A), but intense 5-HT-ir was
detected in the elongated body (EB), and caudal papilla (CP)
(Fig. 4B). In addition, 5-HT-ir was first observed in the stomodaeum
(ST) and segmented abdomen (SEG) at the GE stage (Fig. 4B). Fur-
thermore, intense 5-HT-ir was detected at the position of heart
(H), SEG, and appendages (AP) (Fig. 4C). No 5-HT-ir was detected
in a control section of any part of the late embryonic stages (Fig. 4D).

At BYE and DYE stages, DA-ir was detected with a very low
intensity and was not clearly visible in the yolk (Fig. 5A-C). At
the OE stage, DA-ir was clearly present in the yolk, and in some
cases the OA showed moderate staining for DA-ir (Fig. 5D and E).
The control sections of the OE stage did not show any positive
fluorescence (Fig. 5F). At the BE stage, DA-ir was detected around
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Fig. 6. Immunofluorescence detection of DA-ir (green) in the BE, GE, and BLE, with nuclei labeled with ToPro-3 (magenta). The orientation of the embryos is given top left (A-
C) and top right (D). (A) DA-ir is present in the E, H, and EB at BE stage. (B) DA-ir is detected in the EB and CP at the GE stage, and (C) DA-ir is present in H, SEG, AP and 10 at the
BLE stage. (D) No immunofluorescence is detected in the control sections. A, anterior; Ab; abdomen; AP, appendages; E, eye; EB, elongated body; H, heart; 10, internal organs;
P, posterior; SEG, segmented abdomen; ST, stomodaeum; T, trunk; Y, yolk. Scale bars: 100 pm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

the E, H, EB and CP structures, and H (Fig. 6A), and strong DA-ir was
detected at the periphery of their bodies. Each of the BE, GE, and
BLE stages contained DA-ir, which were specifically scattered and
intensely stained, compared with those in other early stages of
the embryonic eggs (Fig. 6B and C). At the GE and BLE stage, we
detected DA-ir in the SEG, CP and H. These DA-irs were continuous
from the position of H, thorax regions and passing through the SEG
(Fig. 6B and C). No DA-ir was detected in the control section of any
part of the GE stage (Fig. 6D).

3.4. The specific actions of 5-HT and DA on the development of
embryonic stages

The specific actions of 5-HT and DA on the lengths of develop-
ment of each embryonic stage are shown in Fig. 7A and B.
Generally, there were no differences between the 5-HT- and
DA-injected groups, compared with the control group at the period
from BYE to DYE (P> 0.05), as this period tends to be short
(Fig. 7A). After treatment with 5-HT at doses of 2.5 x 107>,
2.5 x 1075 and 2.5 x 10~/ mol/prawn, the period from DYE stage
to OE stage was shorter than that of the control group and was sta-
tistically significant (P < 0.05). 5-HT significantly reduced the time
for the OE stage to reach the BE stage, they only took (3.85 + 0.35,

3.91+0.58, and 4.12 +0.54 days) for 2.5 x 107>, 2.5 x 10~® and
2.5 x 1077 mol/prawn, respectively. The time from BE to GE stages
was about half as long for the 5-HT at a dose of 2.5 x 10> mol/
prawn (3.54 % 0.35 days), compared with the control group
(6.87 £ 0.98 days) (P<0.05). A similar effect was observed after
injection of 5-HT at a dose of 2.5 x 10~> mol/prawn, which signif-
icantly shortened GE to BLE stages (3.29 + 0.42 days), compared
with the control group (4.65 £ 0.75 days) (P < 0.05) (Fig. 7A).

The lengths of BYE to DYE stages from prawns injected with DA at
doses of 2.5 x 107>, 2.5 x 107® and 2.5 x 107 mol/prawn, showed
no statistical differences from the control group (P> 0.05)
(Fig. 7B). Subsequently, the period from DYE to OE stages was a little
longer (7.86 £1.61 and 7.15 * 1.39 days, respectively), compared
with the control group (6.14 * 0.83 days), but the difference was
not statistically significant (P > 0.05) (Fig. 7B). Interestingly, the per-
iod from OE to BE stages (i.e., 12.44+1.43, 11.32+1.75, and
9.96 + 1.81 days, respectively) was longer than that of the control
group (5.42 +1.25 days) (P < 0.05) (Fig. 7B). Similarly, the period
from BE to GE stages was considerably longer, compared with the
control group (P < 0.05). Finally, the time from GE to BLE stages after
treatment with DA at doses of 2.5 x 107> and 2.5 x 10~° mol/prawn
was about two times longer (9.89 + 1.59 and 8.88 + 1.05 days), com-
pared with the control group (P < 0.05) (Fig. 7B).
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Fig. 7. The effects of 5-HT and DA on the development of each embryonic stage in M. rosenbergii. (A) Histograms showing that female prawns injected with 5-HT at doses of
2.5 %1075, 2.5 x 10-% and 2.5 x 10~7 mol/prawn, exhibited significant shortening embryonic developmental period started from DYE to OE stages and onwards, compared
with the control group. (B) After injections with DA at doses of 2.5 x 107>, 2.5 x 107® and 2.5 x 10~ mol/prawn, showed significant lengthening embryonic developmental
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differences (P < 0.05) with respect to the control groups.

4. Discussion

In this study, we reported for the first time in M. rosenbergii on
the variation in concentrations and distribution of 5-HT and DA
during embryogenesis. The 5-HT concentrations increased signifi-
cantly at the early embryonic stages, while DA levels remained
low. DA was clearly detected at about the mid-embryonic stage.
5-HT exerted its action by significantly decreasing durations of
nearly all embryonic stages, whereas DA lengthened the durations
of the mid-embryonic stages. This demonstrates the opposite
actions of 5-HT and DA on embryonic development.

Several studies have reported on the varying concentrations of
these two neurotransmitters during developmental processes in
invertebrates, including decapod crustaceans. In the hookworm,
Nippostrongylus brasiliensis, the fluctuation of 5-HT occurs in the
embryonic and larval stages, suggesting that this amine may play
important role during embryonic development (Goudey-Perrie
et al., 1997). In the crayfish, P. clarkii, 5-HT levels in free larval
stages were quantified using HPLC, with the total concentration
of 5-HT being higher in the brain than in the eyestalks
(Cervantes et al.,, 1999), which suggests that 5-HT may play an
important role in embryonic development (Escamilla-Chimal

et al., 1998; Benton et al., 1997). In the sea urchin, DA showed a
very low concentration at the blastula stage, and then it gradually
increased from the late gastrula to late prism stages, and finally
exhibited a sharp increase to reach a maximal concentration at late
pluteus larva. This fluctuation in DA levels suggests a regulatory
role for DA on the formation and transition of gastrula stage to
the late embryonic stages (Anitole-Misleh and Brown, 2004). In
addition, tyrosine, which is the precursor for synthesis of DA,
exhibited a high concentration in the eyes and internal organs dur-
ing embryogenesis, implying important roles of DA in accumula-
tion of eye pigments and internal organ formation (Shen and
Wang, 1990). Our present work demonstrates for the first time that
the levels of 5-HT and DA fluctuate during the embryonic stages of
M. rosenbergii, but the timing for the initial appearances of these
two transmitters are different with the appearance of 5-HT at early
embryonic stage, while DA appears later. The increases in 5-HT and
DA to maximum levels by the late embryonic stages in M. rosen-
bergii, detected with HPLC analyses are in agreement with
immunohistochemical data which demonstrated that the 5-HT-ir
and DA-ir were more intense in the late embryonic stages. It is also
possible that 5-HT and DA are important signaling molecules that
regulate embryonic development of this species.
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There have been reports regarding the presence and distribution
of 5-HT and DA during embryonic development in invertebrates. In
the sea urchin, 5-HT regulates cell divisions during cleavage and
blastula stages, and promotes invagination to form the archenteron
during gastrulation, suggesting that 5-HT is synthesized in fertilized
eggs and early embryos so that it can regulate the processes of early
embryogenesis (Buznikov et al., 2001). In addition, 5-HT could be an
important molecule at the early embryonic stages that may be
involved in expression of zygotic genes during the mid-blastula
transition stages (Emanuelsson et al, 1988; Buznikov, 1990;
Buznikov, 1991; Colas et al., 1999). In Drosophila, 5-HT also pro-
motes the gastrulation during embryonic development, implying
that 5-HT plays important role in the development of early embryos
up to gastrulation stage (Colas et al., 1999). In the mollusk, Tritonia
diomedea, 5-HT-ir was detected in cleaving embryos, indicating that
5-HT may be involved in the control of cleavage stage (Buznikov and
Bezuglov, 2000). There are a few reports regarding the serotonergic
system during embryonic development of crustaceans. In the cray-
fish, Cherax destructor, 5-HT was detected by the second postembry-
onic stage (Sandeman and Sandeman, 1990; Rieger and Harzsch,
2008). In the American lobster, H. americanus, 5-HT was firstly
detected immunohistochemically in early embryonic stages, sug-
gesting that 5-HT was synthesized early during embryogenesis
(Beltz, 1999; Beltz et al., 2001). In the present study, we reported
for the first time the existence and distribution of 5-HT in several
embryonic stages of M. rosenbergii. Specifically, we detected 5-HT-
ir in several regions and structures of different embryonic stages,
including the yolk, cell membrane, and organ anlages, including
the eye anlage, the elongated body, internal organs, and the heart,
suggesting that 5-HT could be synthesized at early embryonic
stages, and that it may be involved in regulating the utilization of
yolk, and serving in regulating the cleavage stage, as well as in organ
formation, for example, the invagination of the archenteron during
gastrulation, as reported earlier in the sea urchin (Colas et al., 1999).

DA has been detected during embryonic stages of many inverte-
brate species, including decapod crustaceans. In the sea urchin and
the starfish, DA-ir was detected in the zygotes, cells of cleavage and
blastula stages, indicating that DA may be involved in the control
of cell divisions during these stages (Buznikov et al., 1996). In H.
americanus, the DA-ir staining was first detected at about the
mid-embryonic stages, indicating that the onset of DA is later than
5-HT (Cournil et al., 1995). DA-ir was detected in the stomatogas-
tric ganglion and other internal organs, suggesting that DA may be
involved in the growth of stomach and exerts its activity during the
lobster embryogenesis (Pulver et al., 2003). In Calanus finmarchicus,
DA biosynthetic enzyme-encoding transcripts were present across
six developmental stages. This suggests that the synthesis of DA
occurs during early naupliar life (Christie et al., 2014). In the pre-
sent study, we also reported the initial appearance and tissue dis-
tribution of DA at about the mid-embryonic stages of M. rosenbergii
embryos. The timing of the first appearance of DA in embryonic
stages of M. rosenbergii was similar to those of other crustacean
species, though slightly earlier than in H. americanus. Specifically,
DA-ir was detected in the yolk and organ anlages, which was sim-
ilar to those found in the sea urchin, suggesting that DA might be
involved in regulating the utilization of yolk and the development
of organs during the stages of a rapid growth of the embryos, as
reported in H. americanus. In M. rosenbergii, DA-ir was also detected
in the eye anlage and internal organs, implying that DA might be
involved in regulating in the development of these organs (Zhao
et al., 1998; Yao et al., 2006).

There have been reports on the actions of 5-HT and DA during
development in invertebrates and in a few decapod crustaceans. In
the sea urchin, it was found that 5-HT stimulates cleavage divisions,
while DA inhibits cell divisions during these processes, implying
their opposite actions during embryonic development (Buznikov

and Bezuglov, 2000; Buznikov et al., 2001). Moreover, 5-HT recep-
tors were up-regulated in the mid-blastula stage, which was corre-
lated with the rapid cell division, resulting in the formation of
additional cell layers in the blastula wall in the sea urchin
(Buznikov et al., 2001). In H. americanus, the critical role of 5-HT in
the embryonic development was demonstrated by pharmacological
depletion of 5-HT using 5,7-dihydroxytryptamine, which resulted a
long-term reduction of 5-HT that significantly slowed the growth of
olfactory and accessory lobes of the brain, suggesting that 5-HT may
play a role in the brain development (Benton et al., 1997). In M.
rosenbergii, prawn larvae exposed to 5-HT showed significantly
reduced lengths of all larval stages and enhanced the transformation
to post-larval stage, compared with the control group
(Tangvuthipong and Damrongphol, 2006). Previously, we found that
injecting 5-HT into adult female M. rosenbergii broodstocks also
shortened the whole length of embryonic development, whereas
injecting DA showed an opposite effect, suggesting these two neuro-
transmitters act antagonistically with regard to the embryonic
development (Tinikul et al., 2009a,b). However, that study did not
detail the specific actions of 5-HT and DA on the lengths of each
embryonic developmental stage. In the present study, we further
demonstrated that the injection of 5-HT to female broodstocks sig-
nificantly decreased the lengths of embryonic development from
early to late embryonic stages, whereas DA-injected groups signifi-
cantly lengthened the embryonic development from the mid to late
stages, compared with the control group. It is possible that 5-HT may
stimulate the development of early embryonic stages, while DA
exercises opposite control as demonstrated in the sea urchin
(Buznikov and Bezuglov, 2000; Buznikov et al., 2001). In addition,
5-HT has been reported to stimulate the release of a number of other
neurohormones in decapod crustaceans, particularly crustacean
hyperglycemic hormone (CHH) during early development. We pos-
tulate that 5-HT may regulate the release of the CHH which stimu-
lates glycogenolysis in muscles and the midgut to promote early
development, and supports fast growth during embryonic stages
in crustaceans (Kallen et al., 1988). Our results indicate the dynamic
balance of these two neurotransmitters acting together during
embryonic development, which may be necessary for setting the
normal rhythm and pattern of embryonic formation in this prawn
species. The precise molecular mechanisms of 5-HT and DA actions
in embryonic development of this decapod crustacean needed to be
clarified by further studies.
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