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Abstract
Neuropeptide F in invertebrates is a homolog of neuropeptide Y in mammals and it is a member of FMRFamide-related peptides.
In arthropods, such as insects, there are two types of neuropeptide F comprising long neuropeptide F (NPF) and short neuro-
peptide F (sNPF). Both NPFs are known to play a crucial role in the regulations of foraging, feeding-related behaviors, circadian
rhythm, stress responses, aggression and reproduction in invertebrates. We have earlier found that in the giant freshwater prawn,
Macrobrachium rosenbergii, there are three isoforms of NPF and four isoforms of sNPF and that NPFs are expressed in the
eyestalks and brain. In the present study, we investigate further the tissue distribution of NPF-I in the ventral nerve cord (VNC)
and its role in the development of testes in small male (SM) Macrobrachium rosenbergii. By immunolocalization, using the
rabbit polyclonal antibody against NPF-I as a probe, we could detect NPF-I immunoreactivity in the neuropils and neuronal
clusters of the subesophageal ganglia (SEG), thoracic ganglia (TG) and abdominal ganglia (AG) of the SM prawns. In functional
assays, the administrations of synthetic NPF-I (KPDPTQLAAMADALKYLQELDKYYSQVSRPRFamide) and sNPF
(APALRLRFamide) peptides significantly increased the growth rates of SM prawns and significantly increased the
gonadosomatic index (GSI) and proliferations of early germ cells in the seminiferous tubules of their testes. It is, therefore,
suggestive that NPFs may play critical roles in energy homeostasis towards promoting growth as well as testicular development
in prawns that could be applied in the aquaculture of this species.
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Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is
an important commercial prawn species that is widely distrib-
uted in the tropical and subtropical zones of the Indo-Pacific
region, including India, Australia, Malaysia, Indonesia,
Philippines and Thailand. The demand for giant freshwater
prawns is high; thus, aquaculture is the main source of pro-
duction like in cases of penaeid shrimps and is comparable in
terms of commercial prospects. In contrast to penaeid shrimps,

the male giant freshwater prawns are much larger than the
females, especially when they are fully grown at 6 months
(Rungsin et al. 2006). Therefore, farmers want large and
fast-growing male stocks that can fetch a higher price.
Despite the development of appropriate feed that can promote
fast growth, addition or administration of feed-stimulating and
growth-promoting substances, such as neuropeptide F, could
be another means to help achieve this goal.

nvertebrate neuropeptide F (NPF) is a homolog of neuro-
peptide Y (NPY) of vertebrates and it is a member of the
FMRFamide-related peptides. In arthropods, it has been ex-
tensively studied in Drosophila. There are two types of neu-
ropeptide F: the so-called long neuropeptide F (NPF) that
consists of two isoforms, NPF-I and NPF-II, arising from a
duplication of a single gene and a short NPF (sNPF) compris-
ing four isoforms arising from the splicing within a single
gene (Carlsson et al. 2013). Both NPFs and sNPF play crucial
roles in the regulation of foraging, feeding, growth, circadian
rhythm, stress responses and aggression in insects (Karl and
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Herzog 2007; Nassel and Wegener 2011). In crustaceans,
NPFs were first identified in the penaeid shrimp,
Litopenaeus vannamei (Christie et al. 2008, 2011) and in
Daphnia pulex (Gard et al. 2009) by transcriptomic analyses.
Recently, our group reported on the identity, expression and
ovarian-stimulating activity of NPF in freshwater prawns.
Through the analyses of the central nervous system (CNS)
and gonad transcriptomes, we found that there are three iso-
forms of long NPF and four isoforms of short NPF (Suwansa-
Ard et al. 2015). Subsequently, Mro-NPF-I and Mro-NPF-II
were characterized by reverse transcription polymerase chain
reaction (RT-PCR) to have 32-amino-acid and 69-amino-acid
active peptides, respectively, with identical sequences except
for the middle insert of 37 amino acids. Mro-NPF-I was found
to be the major isoform being expressed in neuropils and
neuronal clusters in the eyestalk and brain of male prawns
(Thongrod et al. 2017). The two forms of crustacean NPFs
as reported by our group and Christie et al. (2008, 2011) cor-
respond to NPF1a and NPF1b of some insects (Roller et al.
2008). Recently, through a functional assay, we found that
Mro-NPF-I (KPDPTQLAAMADALKYLQELDKYY
SQVSRPRFamide) could stimulate ovarian development in
the female prawns (Tinikul et al. 2017). Therefore, the aims
of this study are to further localize the Mro-NPF-I expression
in the ventral nerve cord (VNC) to obtain the complete picture
of NPF tissue expression in the central nervous system (CNS)
of the prawn and to investigate the effects of Mro-NPF-I and
Mro-sNPF (APALRLRFamide) on growth and testicular de-
velopment in the male giant freshwater prawns.

Materials and methods

Experimental animals

Small male (SM) giant freshwater prawns,M. rosenbergii, with
a body weight of 30 ± 5 g, were purchased from a local farm in
Suphanburi Province, Thailand. They were maintained in rect-
angular plastic tanks at the 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 treatments. All the
treatment protocols were carried out according to the guidelines
set by the Ethic Committee on the Use of Experimental
Animals, Faculty of Science, Mahidol University.

Immunofluorescence detection of Mro-NPF-I
in the ventral nerve cord

Subesophageal, thoracic and abdominal ganglia, which are the
main parts of the ventral nerve cord, were collected and fixed
with 4% paraformaldehyde for 24 h at 4 °C. The fixed tissues

were dehydrated in a series of ethanol (70%, 80%, 90%, 95%
and 100% for 1 h each), then immersed in xylene, infiltrated
with paraffin and finally embedded in paraffin blocks. The
embedded tissues were cut at a thickness of 5 μm by a rotary
microtome (Leica RM2235, Germany) and the sections were
mounted on slides coated with 3-aminopropyltriethoxy-silane
solution (Sigma, St. Louis, Mo., USA) and dried at 37 °C
overnight. The tissue sections were deparaffinized in xylene,
rehydrated through a graded series of ethanol, equilibrated in
PBS, then permeabilized in 0.4% Triton X-100 in PBS and
blocked from non-specific binding in 5% normal goat serum
(NGS) in PBST for 1 h at room temperature. The sections were
incubated with rabbit polyclonal antibodies against Mro-NPF-I
(anti-Mro-NPF-I) (produced and tested for specificity as men-
tioned in Thongrod et al. 2017 and verified further by Western
blot as shown in Fig. 1) at a dilution of 1:500 in PBS at 4 °C for
24 h. Then, they were washed extensively in 0.4% PBST and
incubated in Alexa 488–conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, Ore., USA) diluted at 1:500 in
the blocking solution for 1 h. TO-PRO-3 (Molecular Probes,
Invitrogen, USA) was used at a 1:3000 dilution for nuclear
staining. The sections were examined and images were taken
with anOlympus FV3000 confocal laser scanningmicroscope.

Fig. 1 a To demonstrate Mro-NPF antibody specificity, the Mro-NPF
protein (15 μg per lane) was run in a 15% SDS–PAGE and transferred
onto 0.45-μm nitrocellulose membranes (GE Healthcare Bio-Sciences).
The membrane with transferred protein was blocked from non-specific
bindings by incubating with 5% skim milk in PBS for 1 h at room tem-
perature. Then, it was incubated with anti-Mro-NPF at 1:500 dilution at
4 °C for overnight. Next, the membrane was incubated with anti-rabbit
IgG coupled to HRP at a dilution of 1:5000 for 2 h at room temperature.
Immunoreactive band was revealed by using a chemiluminescence detec-
tion kit (Amersham Pharmacia Biotech, Buckinghamshire, UK) and de-
tected with an ImageQuant LAS 500 (GE Healthcare Bio-Sciences). The
band appearing on a Western blot at 3.2 kDa indicates specific binding
between the Mro-NPF protein and Mro-NPF antibody. b For negative
control, a membrane containing the transferred Mro-NPF protein pre-
pared as stated in a was incubated with the primary antibody pre-
absorbed with Mro-NPF peptide and the membrane was incubated with
anti-rabbit IgG coupled to HRP at a dilution of 1:5000 for 2 h at room
temperature, then washed extensively with 0.2% Tween in PBS (0.2%
PBST). The membrane shows no immunoreactive band that firmly dem-
onstrates the specificity of Mro-NPF antibody (SM: standard marker)
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Immunoperoxidase detection of Mro-NPF-I
in the ventral nerve cord

Subesophageal, thoracic and abdominal ganglia were collected
and fixedwith 4% paraformaldehyde for 24 h at 4 °C. 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 μm
on a rotary microtome (Leica RM2235, Germany) and the sec-
t i on s we r e moun t ed on s l i de s coa t ed wi t h 3 -
aminopropyltriethoxy-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 peroxi-
dase and free aldehyde groups were blocked by immersing the
sections in 3% H2O2 in methanol and in 1% glycine in 0.1 M
PBS. Subsequently, the sections were incubated in the blocking
solution of 5% normal goat serum (NGS) in PBST to block
nonspecific binding. The sections were subsequently incubated
with anti-Mro-NPF-I diluted at 1:500 at 4 °C overnight, follow-
ed by the secondary antibody, i.e., HRP-conjugated goat anti-
rabbit IgG (SouthernBiotech, Birmingham, USA), at a 1:2000
dilution for 2 h. The immunoreactivity (−ir) was detected by
immersing tissue sections in NovaRED substrate (Vector
Laboratory, Burlingame, Calif., USA) until a red color was
observed. Finally, the sections were mounted in 90% glycerol
in PBS, observed under a Nikon E600 light microscope and
photographed by a Nikon DXM 1200E digital camera (Japan).

Effect of NPF injections on growth and testicular
development

The Mro-NPF-I (KPDPTQLAAMADALKYLQELDKYY
SQVSRPRFamide) and Mro-sNPF (APALRLRFamide) pep-
tides (whose sequences were determined by Suwansa-ard
et al. 2015) were custom synthesized by GenScript
(Piscataway, N.J., USA). In the functional assays for testing
the effects of NPF injections on growth and testicular develop-
ment, small male prawns were divided into 5 groups of 45
animals each: prawns in the first group were injected with
100 μl of 0.1M PBS; prawns in the second group were injected
with Mro-NPF-I at 2.5 × 10−6 mol/prawn; prawns in the third
group were injected with Mro-NPF-I 2.5 × 10−7 mol/prawn;
prawns in the fourth group were injected with Mro-sNPF
2.5 × 10−6 mol/prawn; and prawns in the last group were
injected with Mro-sNPF 2.5 × 10−7 mol/prawn. Each NPF in-
jection was delivered in 100 μl of 0.1 M PBS and each treated
prawn was injected at days 0, 4, 8 and 12, while the control
prawns were injected with PBS at the same volume at the same
intervals. Then, they were placed in rectangular tanks to rest
and feed. The prawns (N = 6) were sacrificed and the testes
were collected and fixed with 4% paraformaldehyde every
4 days until day 28 starting from day 4. Body weights and

testicular weights were measured and gonadosomatic indexes
(GSI = testicular weight/body weight × 100) were calculated.

Determination of germ cell proliferation by BrdU
labeling of dividing cells

To investigate and estimate cellular proliferation in the testes of
control and treated prawns, each male was injected with 5 mg of
5-bromo-2′-deoxyuridine (BrdU) per 100 g of body weight dis-
solved in distilled water, 6 h prior to sacrifice. The sections of
testes of BrdU-injected prawns (N= 6) were used for determining
the amount of BrdU-positive cells by immunolabeling as de-
scribed in Detection Kit II (Roche, Mannheim, Germany).
Briefly, the sections were deparaffinized and rehydrated. Then,
they were treated with 0.01 M citrate buffer, pH 6.0, in a micro-
wave oven at 700 W for 15 min 3 times and incubated with 2 M
HCl at 37 °C for 1 h. The sectionswerewashed in 0.1MPBS and
treated with 1% glycine in 0.1 M PBS at room temperature for
15 min. They were washed again and then incubated in the
blocking solution (4% bovine serum albumin (BSA) in 0.1 M
PBS) for 1 h. The sectionswere incubatedwith anti-BrdU (mouse
monoclonal antibody, diluted 1:20 with 1% BSA in 0.1 M PBS),
at 4 °C overnight. Then, they were washed and incubated with
anti-mouse IgG linked to alkaline phosphatase (AP)
(SouthernBiotech, Birmingham, USA) (1:500 diluted with 1%
BSA in 0.1 M PBS), at 37 °C for 2 h. The sections were washed
and incubated in detection buffer containing 100 mM Tris–HCl
and 100mMNaCl at pH 9.5. The color development was carried
out usingNBT/BCIP substrates (Roche,Mannheim,Germany) in
the dark. Finally, the reactions were stopped by adding a buffer
containing 10 mM Tris–HCl and 1 mM EDTA, pH 8.0. The
sections were mounted in 90% glycerol in PBS, observed under
a Nikon E600 light microscope and photographed by a Nikon
DXM 1200E digital camera (Japan). Cell proliferation (the num-
ber of BrdU labeled cells) in each group was estimated in a 1-
mm2 area by using ImageJ software (1.46r).

Statistical analyses

The prawns’ weights, gonadosomatic index (GSI) and cell
proliferation in different groups at the same period of sam-
pling were compared and analyzed by two-way analysis of
variance (ANOVA) using the software GraphPad Prism 5
and P values were considered to be statistically significant.

Results

Immunohistochemical detection of Mro-NPF-I
in the ventral nerve cord

The ventral nerve cord (VNC) of M. rosenbergii lying along
the mid-ventral line of the body of the prawn consists of three
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major parts: a fused subesophageal ganglion (SEG), five pairs
of thoracic ganglia (TG) and six pairs of abdominal ganglia
(AG). In this study, we performed the immunochemical detec-
tion of Mro-NPF-I immunoreactivity (Mro-NPF-I-ir) in the
SEG, TG and AG whose organizations are composed of
neuropils and associated neuronal clusters, which are schemat-
ically illustrated in Figs. 2a, 4a, and 6a. The histology of
subesophageal ganglion (SEG) was shown by horizontal sec-
tions stained with hematoxylin and eosin (H&E) in Fig. 2. The
SEG is connected anteriorly to the tritocerebrum by a pair of
circumesophageal connectives (CEC) that contain nerve

bundles (Fig. 2d, e). The SEG consists of mandibular or vis-
ceral sensory neuropils (VSN) and five pairs of fused neuropils
called the first maxillary neuropil (MX-I), second maxillary
neuropil (MX-II), first maxilliped neuropil (MP-I), second
maxilliped neuropil (MP-II) and third maxilliped neuropil
(MP-III) and associated neuronal clusters, namely, dorsolateral
cluster (DLC) located at the periphery of the dorsomedial re-
gion and the ventromedial cluster (VMC) at the center of the
ventromedial region of the SEG (Fig. 2f, g). Moreover, the
SEG contains several nerve fibers supplying the first and sec-
ondmaxilla and the first, second and third maxilliped (Fig. 2c).

Fig. 2 Horizontal sections of subesophageal ganglion (SEG) of
M. rosenbergii stained with hematoxylin and eosin showing the organi-
zation of neuronal cell clusters and neuropils. aA schematic diagram of a
horizontal mid-section of SEG illustrating the organization and locations
of neuronal clusters (DLC and VMC) and associated neuropils. b, c
Dorsal plane sections of SEG showing mandibular or VSN and MX-I
to MP-III neuropils and associated neuronal clusters, i.e., dorsolateral
cluster (DLC) and ventromedial cluster (VMC). d Middle plane section
of SEG showing VSN, MX-I to MP-III neuropils and the two neuronal

clusters (DLC andVMC). eVentral plane section of SEG showing a small
left part of VSN and a part of DLC containing large- and medium-sized
neurons. fHigh magnification of DLC of the SEG (from boxed area in b)
containing only small neurons. g The VMC (from boxed area in d) con-
taining medium- and large-sized neurons. Abbreviations: CEC,
circumesophageal connectives; VSN, visceral sensory neuropil; MX-I,
MX-II, first and second maxilla; MP-I, MP-II, MP-III, first, second and
third maxilliped; DLC, dorsolateral neuronal cluster; VMC, ventromedial
neuronal cluster
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In immunohistochemical detection, Mro-NPF-I-ir appeared as
intense punctate fibers in the VSN neuropil with few positive
neurons in the center (Fig. 3a). Mro-NPF-I-ir at moderate in-
tensity was detected in DLC globuli (small-sized) cells located
laterally to the VSN (Fig. 3b). Moreover, Mro-NPF-I-ir was
detected in medium-sized neurons of the DLC situated among
intensely stained nerve fibers of the first and second maxilla
and the first, second and third maxilliped (Fig. 3c–e).

The thoracic ganglia (TG) comprise the second part of the
VNC, which is connected to the SEG by associated nerve
bundles (Fig. 4b). The thoracic ganglionic chain contains five
pairs of thoracic neuropils (T1–T5) and associated neuronal
clusters as shown in a schematic diagram of TG (Fig. 4a).
Each thoracic neuropil was associated with two neuronal clus-
ters: dorsolateral (DLC) and ventromedial (VMC) clusters that
were continuous along the ventral middle area of the VNC
(Fig. 4c). The sternal artery (SA) passes through the TG be-
tween T3 and T4 (Fig. 4d). The dorsal plane of TG shows
numerous cells with various sizes in DLC that are located
laterally to thoracic neuropils. In the middle plane, both the
DLC and the VMCwere also observed to be closely associated
with their corresponding neuropils (Fig. 4d). The ventral plane
shows mostly large neurons of the VMC (Fig. 4e). The VMC

clusters of TGs contain three types of neurons and the large
neurons predominate (Fig. 4f–h). In immunohistochemical de-
tections, Mro-NPF-I-ir appeared intense in both sides of each
pair of the thoracic neuropil (Fig. 5a, b).Mro-NPF-I-ir was also
intense in the small-sized neurons (< 25 μm) in DLC, a few
medium-sized neurons (between 25 and 50 μm) and large-
sized (between 50 and 100 μm) neurons of VMC (Fig. 5c-f).
In contrast, a weak immunoreactivity was detected in most
medium- and large-sized neurons of VMC (Fig. 5f).

The abdominal ganglia (AG) are an abdominal chain of
ganglia that are the last part of the VNC that continue caudally
from TG. There are six abdominal neuropils (A1–A6) and the
paired neuropil regions of each segment are fused and are
associated with the DLC neuronal cluster as depicted in a
schematic diagram of the AG (Fig. 6a). Horizontal sections
exhibited mostly medium- and large-sized neurons as well as a
few very large or giant (G) neurons (> 100 μm) located later-
ally to each fused abdominal neuropil (Fig. 6b–g). The VMC
is absent in the AG. Intense immunoreactive punctate fibers
were detected in neuropils of A1 to A6 (Fig. 7b–g).
Moderately intense Mro-NPF-I-ir was detected in medium-
and large-sized as well as some giant neurons of A1 to A5
(Fig. 7a). Strong Mro-NPF-I-ir was detected in a few large-

Fig. 3 Immunofluorescence detection (a , b , c—green) and
immunoperoxidase detection (d, e—brownish red) of Mro-NPF-I-ir in
SEG of M. rosenbergii. a A low-power image showing distribution of
NPF-I-ir in the visceral sensory neuropil (VSN) and small neurons in the
dorsolateral cluster (DLC) (boxed area). bA high-magnification image of
DLC from the boxed area in a, showing Mro-NPF-I-ir in small-sized
neurons indicated by white arrow heads. c A low-power image showing
punctate appearance of the Mro-NPF-I-ir present in nerve fibers of MX-I,

MX-II, MP-I, MP-II and MP-III in the middle region of SEG. d A
medium-power image at a ventral plane showing Mro-NPF-I-ir in the
DLC medium- and large-sized neurons near MX-I indicated by black
arrow heads. e A medium-power image at the dorsal plane showing
Mro-NPF-I-ir in the large DLC neurons indicated by black arrow heads.
Abbreviations: VSN, visceral sensory neuropil; MX-I, MX-II, first and
second maxilla; MP-I, MP-II, MP-III, first, second, and third maxilliped;
DLC, dorsolateral neuronal cluster; VMC, ventromedial neuronal cluster

Cell Tissue Res (2019) 376:471–484 475



sized neurons within A6 (Fig. 7h). Strong immunoreactivity
was also detected in the fibers connecting between neuropils
(Fig. 7i). The distributions of Mro-NPF-I-ir in the VNC are
summarized in Table 1.

Effects of neuropeptide F on growth and testicular
development

To determine the influence of Mro-NPFs on growth and
testicular development, the synthetic peptides (Mro-NPF-
I, Mro-sNPF) were injected into SM prawns as stated in
BMaterials and methods.^ The growth, as reflected by
weight gains, from days 0 to 28 of the Mro-NPF-I-

injected and Mro-sNPF-injected groups was compared
with the control groups. SM prawns injected with the
highest doses of Mro-NPF-I (2.5 × 10−6 mol/prawn)
showed significantly increased body weight (BW) from
day 12 to day 28 compared with the control groups, while
Mro-sNPF-injected prawns showed a slight increase in
body weights during the same period but the gains were
not significantly different from the control prawns (Fig. 8).
Furthermore, SM prawns injected with Mro-NPF-I and
Mro-sNPF exhibited significantly increased GSI (Fig. 9).
In the group injected with Mro-NPF-I at 2.5 × 10−6 mol/
prawn, the GSI was increased at days 4, 8, 16 and 20
compared with the control group. As well, a significant

Fig. 4 Horizontal sections of thoracic ganglia (TG 1–5) ofM. rosenbergii
stained with hematoxylin and eosin, showing the organization of
neuropils and associated neuronal cell clusters. a A schematic diagram
of a mid-horizontal section of TGs illustrating the organization and loca-
tions of neuropil and neuronal clusters (DLC, VMC). b–d Low-power
images of dorsal planes showing connections between SEG and T1 and
T2 to T3–T5, with the sternal artery between T3 and T4. Notice the

presence in DLC and VMC. e A medium-power image showing
medium- and large-sized neurons in VMC of T4 and T5. f–h High-
magnification pictures showing neurons in clusters T2, T3 and T5, which
are mostly medium- and large-sized cells. Abbreviations: VSN, visceral
sensory neuropil; SEG, subesophageal ganglion; T, thoracic neuropils;
DLC, dorsolateral neuronal cluster; VMC, ventromedial neuronal cluster
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increase in GSI was observed in the group injected with
Mro-NPF-I with the dose 2.5 × 10−7 mol/prawn at days 4,
8, 16 and 28 compared with the control group. The prawns
injected with Mro-sNPF at 2.5 × 10−6 mol/prawn showed
significantly increased GSI at days 4, 8, 12, 16 and 28
compared with the control groups, while the prawns
injected with Mro-sNPF 2.5 × 10−7 mol/prawn exhibited

significantly increased GSI at days 4, 8 and 12 compared
with the control groups. The trend suggested that at days
20 and 24, the GSI in most groups increased more than that
of the control but the difference was not significant.
Overall, the data showed that Mro-NPF-I and Mro-sNPF
stimulated testicular development in the male giant fresh-
water prawns, especially in the earliest periods examined.

Fig. 5 Immunofluorescence
detection of Mro-NPF-I-ir (green)
in the TGs ofM. rosenbergii. a A
low-power image showing distri-
bution of Mro-NPF-I-ir in the
neuropil and VMC neuronal
cluster of T1. b A low-power im-
age showing distribution of Mro-
NPF-I-ir in the neuropil of T2. c,
d A low-power image (c) show-
ing distribution of Mro-NPF-I-ir
in the neuropil and a high-power
image (d) of the boxed area in c
displaying two positively stained
medium-sized neurons in the
VMC of T3. e A low-power im-
age showing distribution of Mro-
NPF-I-ir in the neuropils and
large neurons in the VMC (boxed
area) of T4 and T5. f A high-
magnification image showing
Mro-NPF-I-ir in large- and
medium-sized neurons in VMC
of T4 and T5 (white arrow heads).
Abbreviations: SEG,
subesophageal ganglion; T, tho-
racic neuropils
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The effects of neuropeptide F on testicular cell
proliferation

Figure 10 depicts the numbers of BrdU-labeled nuclei per
1 mm2 area (mean ± S.D.) of the control prawns and those
treated with Mro-NPF-I and Mro-sNPF. At day 4, the semi-
niferous tubules of the prawns injected with Mro-NPF-I at
2.5 × 10−7 mol/prawn showed a significant increase in the
number of BrdU-labeled cells compared with the control
group. At day 8, the seminiferous tubules in the testes of the
prawns injected with Mro-NPF-I at 2.5 × 10−6, 2.5 ×
10−7 mol/prawn and Mro-sNPF at 2.5 × 10−6 and 2.5 ×
10−7 mol/prawn showed significant increases in numbers of
labeled cells compared with the control group. At day 12, the
cell proliferations in the seminiferous tubules of the prawns
injected with Mro-sNPF exhibited a significant increase in the
number of labeled cells in both groups compared with the
control group. At day 16, the cell proliferation also showed

a significant increase in the seminiferous tubules of the prawns
injected with Mro-NPF-I at 2.5 × 10−6, 2.5 × 10−7 mol/prawn
and Mro-sNPF at 2.5 × 10−7 mol/prawn compared with the
control group. Lastly, the seminiferous tubules of testes of
the prawns injected with Mro-sNPF at 2.5 × 10−7 exhibited a
significant increase in cell proliferation at day 20 compared
with the control group. However, the differences between the
treated and control groups were not significantly different at
days 24 and 28. Overall, all NPF-injected groups showed
significant increases in cell proliferations during the early pe-
riods between days 4 and 16 when compared to the control
group.

Examples of BrdU-labeled cells were shown by examining
the immunohistochemically stained cells at day 8. Histology
of seminiferous tubules was displayed by H&E-stained sec-
tions (Fig. 11a), which showed mostly tubules in stage VIII
and each tubule contained a crescentic compact area where
labeled cells resided and these were early germ cells (mostly

Fig. 6 Horizontal sections of
abdominal ganglia (AG) of
M. rosenbergii stained with he-
matoxylin and eosin, showing the
organization of neuropils of AG 1
to 6 and associated DLC. a A
schematic diagram of a mid-
horizontal section of AG illus-
trating the organization of fused
neuropils for each of the AG
ganglion and associated DLC
neuronal clusters. b, c Low-power
images showing A1 and A2 at the
dorsal plane, containing a few gi-
ant neurons as well as medium-
and large-sized neurons of DLC,
while there are very few neurons
in VMC of A1. d, e Low-power
images of A3 and A4 displaying
fused neuropils and very large as
well as large- and medium-sized
neurons in the DLC (black arrow
heads). f, g Low-power images of
dorsal planes of A5 and A6 con-
taining fused neuropils and large-
as well as medium-sized neurons
in the DLC (black arrow heads) of
both ganglia. Abbreviations: A,
abdominal neuropils; DLC, dor-
solateral neuronal cluster; VMC,
ventromedial neuronal cluster
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spermatogonia and early spermatocytes), while the remaining
looser area contained mainly spermatozoa. Thus, most if not
all of the labeled cells were early germ cells and not sperma-
tozoa. The prawns injected with 0.1 M PBS showed only few
positively labeled cells in this area in contrast to Mro-NPF-
injected groups (Fig. 11b–f).

Discussion

In the present study, we documented the distribution of Mro-
NPF-I in the ventral nerve cord (VNC) and examined the role
of Mro-NPF-I and Mro-sNPF on the development of testes in
small maleM. rosenbergii. We found that the rabbit polyclon-
al antibody against Mro-NPF-I could detect Mro-NPF-I im-
munoreactivity (ir) in the neuropils and cell clusters of the

subesophageal ganglion (SEG), thoracic ganglia (TG) and ab-
dominal ganglia (AG). In addition, administrations of synthet-
ic Mro-NPF-I and MrsNPF peptides significantly increased
the gonadosomatic index (GSI) and cell proliferations in the
seminiferous tubules of testes in small male giant freshwater
prawns.

The neuropeptide F has been identified in several inverte-
brate species including tapeworm, mollusks and slug (Nassel
and Wegener 2011). In crustaceans, NPF isoforms have been
identified in the water flea,Daphnia pulex, using transcriptomic
analyses (Gard et al. 2009). Subsequently, NPFs were charac-
terized in penaeid shrimps Litopenaeus vannamei and
Melicertus marginatus by reverse transcription-polymerase
chain reaction (RT-PCR) (Christie et al. 2011). Moreover, the
short NPF (sNPF) has been isolated in Colorado potato beetles,
Leptinotarsa decemlineata (Spittaels et al. 1996) and their

Fig. 7 Immunoperoxidase detection of Mro-NPF-I-ir in AG of
M. rosenbergii. a A low-power image showing Mro-NPF-I-ir in the
neuropil and both large and giant neurons of A1 (arrow heads indicate a
large neuron at the left side and giant neurons at the right side). b A
medium-power image showing distribution of strong NPF-I-ir in the
neuropil of A1. c, d Low-power images showing distribution of NPF-I-
ir in the neuropils of A2 and A3, respectively, and large neurons of these

regions are also lightly stained (black arrow heads). e, f Medium-power
images showing distribution of NPF-I-ir in the neuropils of A4 and A5,
respectively and large neurons in the E region are also lightly stained
(black arrow heads). g A medium-power image showing distribution of
Mro-NPF-I-ir in the neuropil of A6. hA high-magnification image show-
ing intenseMro-NPF-I-ir, a large neuron of A6. iAmedium-power image
showing NPF-I-ir in connecting fibers between A1 and A2
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sequences are ARGPQLRLRF-NH2 and APSLRLRF-NH2

peptides. Recently, by transcriptomic analyses, our group found
three isoforms of NPFs and four isoforms of sNPF in the female
prawns, Macrobrachium rosenbergii. NPFs were identified as
Mro-NPF-I, Mro-NPF-II and Mro-NPF-III whose genes were
detected in the transcriptomes of the eyestalk, CNS and ovary.
The sNPF transcript was also detected from the eyestalk and
CNS and gives rise to four active peptides. Moreover, by RT-
PCR, we found that Mro-NPF-I was expressed in several tis-
sues including eyestalk, brain, thoracic ganglia, abdominal gan-
glia, testis, heart and muscle (Suwansa-Ard et al. 2015). NPFs
were also shown to be generally expressed in the neural tissues
of other invertebrate species. In the insect, D. melanogaster,

NPF is expressed in the central nervous system, including the
lateral protocerebrum of the brain and subesophageal ganglion
(Nagata 2016). In mollusks, NPF-ir has been detected in the
cerebral ganglion and subesophageal ganglion ofHelix aspersa
by immunogold labeling and immunofluorescence (Leung et al.
1994a, b). The tissue distribution of NPF in decapod crusta-
ceans had been first described by our group in M. rosenbergii,
where NPF-I was detected in parts of the brain that include the
neuropils and neuronal clusters in the protocerebrum,
deutocerebrum and tritocerebrum (Thongrod et al. 2017). In
this study, we extended the investigation on NPF tissue distri-
bution in all parts of the ventral nerve cord (VNC), which
includes SEG, TG and AG. Mro-NPF-I was found in the
VMC, DLC neurons, punctuate fibers in VSN neuropil of the
SEG and associated nerve fibers of the SEG that innervate the
mandibles, maxillae and maxillipeds that control the move-
ments of the mouth parts. The presence of generally intense
Mro-NPF-I-ir in these structures implies that NPF could be
involved in feeding and could also indicate its role in gill ven-
tilation (Pasztor 1968; Wilkens 1976). In addition, Mro-NPF-I-
ir was also detected in medium-sized neurons of DLC and
VMC of TGs and associated neuropils. TGs give rise to
nerve-innervating muscles of the first and second chelipeds as
well as the walking legs (Harzsch 2003; Harzsch et al. 1998).
Moreover, Mro-NPF-I-ir was also detected in all neuropils and
some large and giant neurons of the AG, implicating that they
may have control over the swimmerets and tail movement in
this prawn. In adult Drosophila, gustatory receptor neurons
(GRNs) are found in the distal lobes of the mouth parts.
GRNs send their axons to distinct subregions of the primary
gustatory center (PGC) in the subesophageal ganglion (SEG).
After receiving input from the GRNs, second-order gustatory
neurons project their fibers to form synapses in the distal brain
region adjacent to the SEG. These secondary gustatory projec-
tion neurons participate in controlling feeding behaviors as they
send information about taste, which is processed by neural cir-
cuitry within the SEG before it is sent further into the brain. In
addition, the SEG also integrates sensory information with mo-
tor nerves that innervate the neck and mouth parts (Miyazaki
et al. 2015). In arthropods, thoracic ganglia next to the SEG also
contain neurons controlling the movement of appendages that
includes pattern-generating interneurons and motor neurons
that innervate the appendage muscles (Elson 1996;
Smarandache-Wellmann 2016). In the crayfish, Procambarus
clarkii, some neurons in abdominal ganglia send fibers directly
to the intestine and hindgut (Johansson and Schmidt 1997;
Kondoh and Hisada 1986; Reichert et al. 1982). Moreover,
the nerve fibers extending from each abdominal neuropil join
to form abdominal nerves that supply the pleopods or swim-
merets of the abdominal region (Saetan et al. 2013;
Smarandache-Wellmann 2016). Therefore, we suggested that
NPF present in the SEG and TG may coordinate the motor
activities of the mouth parts in the food handling and the

Table 1 Distribution ofMro-NPF-ir in the VNC ofM. rosenbergii: +++
strong immunoreactivity, ++ moderate immunoreactivity, + weak immu-
noreactivity, − no immunoreactivity, VNC - ventral nerve cord, SEG -
subesophageal gangl ion, TG - thoracic gangl ion, CEC -
circumesophageal connectives, VSN - visceral sensory neuropil, DLC-
dorsolateral neuronal cluster, VMC - ventromedial neuronal cluster, S -
small-sized neuron, M - medium-sized neuron, L - large-sized neuron, G -
giant-sized neuron, NF - neural fibers

Structure Regions Neuronal
cluster/neuropils

Type of
neurons/fibers

MrNPF-ir
intensity

VNC SEG CEC NF +

Mandibular (VSN) NF ++

Maxilla I–II NF ++

Maxilliped I–III NF ++

VMC M, L +

DLC S, M, L ++

TG T1 neuropil NF ++

VMC/DLC M, L +

T2 neuropil NF ++

VMC/DLC M, L +

T3 neuropil NF ++

VMC/DLC M, L ++

T4 neuropil NF +++

VMC/DLC M, L ++

T5 neuropil NF +++

VMC/DLC M, L ++

AB A1 neuropil NF +++

DLC M, L, G ++

A2 neuropil NF +++

DLC M, L, G ++

A3 neuropil NF +++

DLC M, L, G ++

A4 neuropil NF +++

DLC M, L, G ++

A5 neuropil NF +++

DLC M, L, G ++

A6 neuropil NF +++

DLC M, L, G ++
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movements of the walking legs to synchronize the food-finding
activity guided by gustatory and olfactory inputs, so that the
prawns can directionally move towards the food to begin for-
aging and feeding (Corotto et al. 1992; Derby and Atema 1982;
Voigt and Atema 1992). Moreover, the detection of Mro-NPF-
I-ir in neuropils and most neuronal clusters of AG suggests that
NPF could be involved in the coordinated movement of the
swimmerets, the tail, intestine and hindgut.

Functionally, the classical roles of NPFs are demonstrated
to be controls of feeding behavior, foraging and stress re-
sponses (Nassel and Wegener 2011). In insects, the injection
of truncated form NPF (YSQVARPRF-NH2) stimulated food
intake and increased body weight of the desert locust,
Schistocerca gregaria (VanWielendaele et al. 2013a). In crus-
taceans, it was also shown that NPF is involved in feeding by
increasing the food intake and body weight in juvenile

L. vannamei after being fed with NPF-I-mixed feed (KPD
PSQLANMAEALKYLQELDKYYSQVSRPRFamide) com-
pared to the control group (Christie et al. 2011). Recently,
our group found that starvation in femaleM. rosenbergii could
induce autophagy and stimulate ovarian maturation (Kankuan
et al. 2017). In the most recent study, we found that Mro-NPF-I
could stimulate autophagy in the hepatopancreas and muscle,
which are the reserve organs for the nutrient homeostasis dur-
ing starvation (Thongrod et al. 2018). Taken together, these
studies showed a strong linkage between NPF, autophagy
and gonadal development.

The male prawns can be classified into three morphotypes
(Kuris et al. 1987; Ranjeet and Kurup 2002). The first are
small males (SM) that are developed from juvenile prawns.
The second stage includes orange claw males (OC) that have
gold-colored second pereiopods (chelipeds) and are

Fig. 8 The effects of Mro-NPF-I and Mro-sNPF on growth of small
males M. rosenbergii as displayed by the averages of body weights
(BW). Each treatment is defined by the peptides’ names and doses, i.e.,
Mro-NPF-I at doses of 2.5 × 106 and 2.5 × 10−7 mol/prawn and Mro-
sNPF at doses of 2.5 × 10−6 and 2.5 × 10−7 mol/prawn. BW values (in

grams) of prawns injected with Mro-NPF-I and Mro-sNPF compared to
the control group injected with PBS from days 4 to 28, showing signif-
icant increases in the BW of the groups injected with Mro-NPF-I from
days 12 to 28, when compared to the PBS-injected control group
(*P < 0.05; **P < 0.01; ***P < 0.001)

Fig. 9 Gonadosomatic index (GSI) of prawns injected with Mro-NPF-I
and Mro-sNPF compared to the control group injected with PBS from
days 4 to 28, showing significant increases in the GSI of groups injected
with Mro-NPF-I and Mro-sNPF from days 4 to 16 when compared to the

PBS-injected control group (*P < 0.05; **P < 0.01; ***P < 0.001).
However, there were some increases of the GSI but mostly with no sig-
nificant difference from the control at days 20 and 24
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Fig. 10 The effects of Mro-NPF-I and Mro-sNPF on germ cell prolifer-
ation in testes of small malesM. rosenbergii as estimated by the numbers
of BrdU-labeled nuclei (N = 6) per square millimeter. Histograms show-
ing mean ± S.D. of BrdU-labeled nuclei per 1-mm2 area. There were

significantly more BrdU-labeled cells in the testes of Mro-NPF-I- and
Mro-sNPF-injected prawns at days 4 to 16 when compared to the PBS-
injected control group (*P < 0.05; **P < 0.01; ***P < 0.001). Thereafter,
the differences were mostly not significant

Fig. 11 Examples of BrdU-
labeled nuclei examined at day 8.
a Seminiferous tubules of a con-
trol prawn injected with 0.1 M
PBS and stained with hematoxy-
lin and eosin, showing that early
germ cells (spermatogonia and
spermatocytes) are tightly packed
together in the crescentic area at
one edge of each tubule (arrow
heads) while spermatozoa are
loosely packed in the remaining
area. b The testis of a control
prawn showing few BrdU-labeled
cells. c The testis of a prawn
injected withMro-NPF-I at a dose
2.5 × 10−6 mol/prawn. d The tes-
tis of a prawn injected with Mro-
NPF-I at a dose 2.5 × 10−7 mol/
prawn. e The testis of a prawn
injected with Mro-sNPF at a dose
2.5 × 10−6 mol/prawn. f. The tes-
tis of a prawn injected with Mro-
sNPF at a dose 2.5 × 10−7 mol/
prawn. All of the NPF-injected
groups showed more BrdU-
labeled cells than the PBS-
injected control group
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transformed from SM. The last are blue claw males (BC) that
are the largest and have the longest blue claws and they also
develop from OC males. Usually, in mixed culture, SM do not
reach full maturity as they are suppressed by a more dominat-
ing and aggressive behavior of BM, perhaps through the re-
lease of pheromones. Likewise, the development of their testes
is arrested at early stages in which there are few fully devel-
oped spermatozoa (Poljaroen et al. 2011). If SM are freed from
BM or cultured alone, they rapidly increase in size and their
testes become fully functional. Several studies showed that
neurotransmitters and hormones from the CNS (possibly
GSH or GnRH-like factors) and a hormone from the andro-
genic gland (insulin-like androgenic gland hormone (IAGH))
could stimulate testicular development and spermatogenesis in
SM prawns (Poljaroen et al. 2011; Siangcham et al. 2013).
Here, we found that both a long (Mro-NPF-I) and a short
Mro-NPF, neuropeptides classically considered linking more
to feeding, could also stimulate testicular development and
proliferation of male germ cells in the SM prawns.

In the present study, synthetic Mro-NPF-I and Mro-sNPF
were used to test for effects on growth as well as testicular
development in the SM prawns. We found that the body
weight of NPF-treated groupswas significantly increased only
in Mro-NPF-I-injected groups but not in Mro-sNPF-injected
groups perhaps because the experimental period was too short
(only 28 days). GSI levels, however, were significantly in-
creased after injections in both Mro-NPF-I and Mro-sNPF-
injected groups, especially during the early period of the ex-
periment. The gonadotrophic effect of NPFs was quite surpris-
ing to us initially. However, a previous study showed that
female desert locusts injected with an NPF nanopeptide
(YSQVARPRF-NH2) showed increased ovarian development
and oocyte enlargement (Van Wielendaele et al. 2013b).
Moreover, NPF administration also increased the weight of
the testis and seminal vesicle in the male locust (Van
Wielendaele et al. 2013c). Recently, our group reported that
Mro-NPF-I stimulated the ovarian maturation and spawning
in the femaleM. rosenbergii (Tinikul et al. 2017). In the pres-
ent study, we further found that both Mro-NPF-I and Mro-
sNPF injections showed significant increases in the testicular
cell proliferations in the seminiferous tubules using BrdU la-
beling and that most of the dividing cells were located in the
proliferative (compact) zone of the tubules where early germ
cells, including spermatogonia and spermatocytes, were con-
centrated. In contrast, the BrdU labels were absent in the loos-
er parts (lumen) of the tubules that contain late spermatids and
spermatozoa.

In conclusion, we detected the Mro-NPF-I immunoreactiv-
ity, implicating the tissue expression of Mro-NPF-I, in the
neuropils and associated neuronal clusters of subesophageal,
thoracic and abdominal ganglia, in addition to parts of the brain
as reported earlier (Thongrod et al. 2017). Furthermore, both
Mro-NPF-I and one isoform of Mro-sNPF also positively

affected the testicular development and germ cell proliferation
in SM prawns. In future study, we would like to investigate the
distribution of Mro-NPF-I in other organs involved in repro-
duction and feeding, especially the testis and parts of the di-
gestive tract. As well, a longer period of experiment should be
trialed so that long-term effects of NPFs on feeding, growth
and testicular maturation and transformation of SM prawns to
the more mature stages can be ascertained, which will benefit
the aquaculture of this species.
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