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Neurokinin B (NKB) is a member of thetachykinin(tac) family that plays important roles in
mammalian growth by modulating prolactin (PRL) synthesis and secretion and causing
contraction of the stomach and intestine. However, its potential role in regulating growth
of teleosts is less clear. We aimed to explore the role that NKB plays in regulating
�sh growth using the spotted sea bass (Lateolabrax maculatus) as a model. In the
present study, two tac3 and two tacr3 genes were identi�ed in the spotted sea bass.
Sequence analysis showed that twotac3 transcripts, tac3a and tac3b, encode four
NKBs: NKBa-13, NKBa-10, NKBb-13, and NKBb-10. Expression analysis in different
tissues showed that both genes are highly expressed in the brain, stomach and intestine
of the spotted sea bass.In situhybridization indicated that thetac3a and tac3b mRNAs
are both localized in several brain regions, such as the telencephalon and hypothalamus,
and that tacr3a and tacr3b are localized in the intestinal villus and gastric gland. To
investigate the potential role of NKBs in regulating growth, in vitro experiments were
performed to detect the effect of NKBs on growth-related gene expression in the brain
and brain-gut peptide (BGP)-related genes in the stomach and intestine. NKBb-13
was the most critical ligand in regulating the expression ofgrowth-related genes in
the brain and brain-gut peptide (BGP)-related genes in the stomach. The expression
of cholecystokinin(cck) was enhanced by NKBa-13, NKBa-10, and NKBb-10 but not
NKBb-13 in the intestine. In general, our results showed that NKBs participate in
regulating the growth of spotted sea bass.

Keywords: spotted sea bass, TAC3/TACR3 system, neurokinin B , in situ hybridization, growth

INTRODUCTION

Neurokinin B (NKB), which is encoded bytachykinin 3(tac3), is a member of the tachykinin
family (1, 2). NKBs are peptides conserved from invertebrates to mammals with C-terminal motifs
of FVGLM-NH2 (3). NKB has been studied in several teleost groups and has multiple functions,
including the control of smooth muscle contraction in the gastrointestinal tract (2, 4), vasodilation
to modulate blood pressure (5), �uid secretion in the gut epithelium (6), and even the regulation of
sperm motility (7). The biological actions of NKB are mediated mainly by NK3 receptor, which is a
member of the rhodopsin-type class I group of G protein-coupled receptors (2, 8, 9).
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In recent years, studies on NKB were focused on its role
in regulating reproduction in many species. Gonadotropin-
releasing hormone (GnRH) was believed to be the primary factor
that controls the synthesis and release of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) from the pituitary
gonadotrophs, which then guide the gonad development (10).
Kisspeptins and their cognate receptor, GPR54, regulate the
secretion of GnRH (11). The loss of function mutations in the
genes encoding TAC3 or TACR3, whose translation products are
NKB and its receptor, lead to hypogonadotrophic hypogonadism
in humans (10, 12). NKB was found to be able to generate
GnRH pulsatility and regulate downstream LH releasevia NK3
receptor within the hypothalamus in rodents and sheep (2, 13,
14). In teleost, NKB was found to regulate reproduction by
multiple pathways, including negatively modulating kisspeptin2
to regulate the release of GnRH1 in the striped bass (15),
stimulating the release and synthesis of LH in zebra�sh, tilapia
and gold�sh (10, 16–18). These �ndings suggested that NKB also
play an important role in regulating �sh reproduction.

In the rat, NKB caused contraction of the intestine and NK3
receptor expression in the small intestine and stomach, including
the pylorus (19). In rat intestine, both receptors for tachykinins
and the tachykinin signaling pathway were characterized in
dispersed muscle cells (20). The brain and gut form the brain-
gut axis through bidirectional nervous, endocrine, and immune
communications (21). Gastrointestinal motility is regulated
through the brain-gut axis, which consists of two sides: oneis
the nerve conduction while the other is the endocrine regulation.
The central nervous system (CNS) plays an important role
in regulating gut function and homeostasis. After integrating
various pieces of information from various centers of the brain
and spinal cord when they receive signals regarding internalor
external environmental changes, the CNS transmits its regulatory
information to the enteric nervous system (ENS) or directlyacts
on gastrointestinal e�ector cells through the autonomic nervous
system and the neuroendocrine system to regulate the smooth
muscle and glands (22). There is also endocrine regulation
in gastrointestinal motility except nerve conduction, which is
mainly achieved by brain-gut peptides. Brain-gut peptide is not
only the material basis of the brain-gut pathway, but also an
important target in the brain-gut axis (23). Tachykinins are
important excitatory neurotransmitters in the enteric nervous
system involved in the coordination of gastrointestinal motility
(24, 25). Based on recentin vitro studies in grass carp, NKBs
were found to be novel stimulators of prolactin (PRL) and
somatolactina (SLa) secretion and gene expressionvia the
activation of NK3 receptor expressed in the carp pituitary (2).
It is noteworthy that NKBs stimulate the release of growth
hormone (2). Tachykinins were detected in the nerves of the
gastrointestinal tract, where they can cause the contraction of
the esophageal smooth muscle (26). Meanwhile, the molecular
mechanisms behind are less clear. In this study, we employed
the spotted sea bass to investigate the role of NKBs in �sh
growth. Previous studies have indicated that NKBs are important
neuroendocrine regulators of growth-associated gene expression
in teleosts and gastrointestinal motility in mammals, and the
mechanisms involved in these functions are worth discussing.

NKB was found to upregulate PRL and somatolactin (SL)
secretion and transcript expression in the pituitary (27). SL, a
member of the growth hormone (GH/PRL) family, is released
from the neurointermediate lobe (NIL) of the posterior pituitary
(28, 29). A study in grass carp suggested thattac3 gene
products stimulate PRL and SLa synthesis and secretion through
the activation of di�erent NK3 receptor subtypes coupled to
overlapping postreceptor signaling mechanisms (27). However,
functional research on thetac3/tacr3system in teleost growth has
only focused on the pituitary (27).

In this study, the cDNAs codingtac3sandtacr3swere cloned
and were localized in the brain byin situ hybridization, stomach
and intestine. To evaluate their functions in regulating growth,
the mRNA levels ofmotilin (mln), ghrelin (ghrl), cholecystokinin
(cck),andgastrin (gas)were measured after the NKB stimulation
of in vitro cultured stomach and intestinal fragments and
the mRNA levels ofgrowth hormone-releasing hormone (ghrh),
prolactin-releasing hormone (prlh), insulin-like growth factor-1
(igf1),andghwere measured after NKB stimulation in cultured
brain cells.

MATERIALS AND METHODS

Animals and Chemicals
Male spotted sea bass, with body weight (bw) of 0.7–0.8 kg, were
obtained from a local �sh market in Qingdao, China. All animal
experiments were approved and performed in accordance with
the respective Animal Research and Ethics Committees of Ocean
University of China. The �sh were anesthetized with tricaine
methanesulfonate (MS-222) (30). Tissue samples were collected
immediately and frozen in liquid nitrogen.

RNA Extraction and cDNA Preparation
Total RNA was extracted from spotted sea bass (n D 3)
tissues (telencephalon, midbrain, hypothalamus, cerebellum,
medulla oblongata, pituitary, liver, stomach, intestine, spleen,
gill, heart, muscle, kidney, head kidney, and testis) using TRIzol
reagent (Invitrogen). The quantity and quality of the RNA were
estimated using a biophotometer (OSTC, China) and agarose gel
electrophoresis, respectively. The RNA was reverse-transcribed
to complementary DNA (cDNA) using 1mg of total RNA per
20 mL reaction with a Prime ScriptTM RT reagent kit (TaKaRa,
Japan) according to the manufacturer's instructions.

Sequence Analysis of tac3 and tacr3
According to the genome (unpublished), the open reading frames
(ORFs) oftac3a, tac3b, tacr3a, tacr3b in the spotted sea bass,
Lateolabrax maculatus, were predicted, and gene-speci�c primers
were designed. To amplify cDNA fragments of the spotted sea
basstac3 and tacr3 genes, PCR was performed using speci�c
primers corresponding to spotted sea bass NKB cDNA sequence.
All primers used in this study are listed inTable 1.

The PCR ampli�cation protocol was performed as our
previous report (10): initial denaturation at 94� C for 3 min
followed by 30 cycles at 94� C for 30 s, 55–60� C for 30 s and
72� C for 1 min. The reaction was terminated with further
extension for 5 min at 72� C. The ampli�cation products were
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TABLE 1 | Primers used in the present study.

Gene Forward primer (5'-3') Reverse primer (3'-5') AT

PRIMERS FOR FULL-LENGTH PCR

tac3a ATGAGGAGAGGATTGCTGTTG CTACAGCCCCTGAAGAAACC 56

tac3b ATGGAGAGAACTCCAAACTG CTACAGAAAGCGTTGAAACC 56

tacr3a ATGGCGGCTCCACACAAC TCAAGAGAACTCCTCAGGTT 56

tacr3b ATGGCCTCTGAACGGGAT CTAACTGCCTTTATTATTGG 55

PRIMERS FOR REAL-TIME PCR

tac3a GAGGAGAGGATTGCTGTTGGTGAC TCCAAGCCTACGGTCGGATCTG 61

tac3b TTGCTGCGGAACACAAGGATGG AACCTCTGCCTGCCATGATTGATG 60

tacr3a AACCTCTGCCTGCCATGATTGATG CCGTGTGGCGAGATGTGATGTAG 62

tacr3b CAAGCGGATGCGGACTGTCAC CTAACTGCCTTTATTATTGG 61

Motilin (mln) TGCTGATGAAGGAGCGAGAA TCCACCATGTTCCACCTGAG 56

Ghrelin (ghrl) ACACCTGTTTGCTGGTCTTTC ATGTGATGTGGTTGGCCTCTG 56

Gastrin (gas) TGCTAAGAGGGAGAAACTG TATCTCGCGTTCATCGTC 55

Cholecystokinin (cck) TGCCAACTACAACCAACCT GCGTCGTCCAAAGTCCAT 56

ghrh GGCCGGAGGGATACTTCCAT GCAGAGATTTGGCCCAGGAC 59

prlh TGCTCCTCCTCCTCCTCTCCTC CACGCTGCTGTGCCTCTTCC 62

gh AAGAGTGGTCCTCCTGCTGTCC TTGTTGAGTTGACGCTGCTCCTC 61

igf1 CATTGTGGACGAGTGCTGCTTCC CTTGTCTGGCTGCTGTGCTGT 61

18S GGGTCCGAAGCGTTTACT TCACCTCTAGCGGCACAA 56

FIGURE 1 | Syntenic analysis oftac3s (A) in zebra�sh and spotted sea bass andtacr3s (B) in tilapia and spotted sea bass. In this map, the spotted sea bass genes
are immediately proximal to each other on the chromosome, and the zebra�sh tac3s genes and tilapiatacr3s genes are located in the same chromosomal region.
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FIGURE 2 | Nucleotide and deduced amino acid sequences of spotted sea bass tac3a (A) and tac3b (B). The putative signal peptides are underlined. The putative
NKB peptides are boxed.

FIGURE 3 | Comparison of the amino acid sequences of spotted sea basstac3a (A) and tac3b (B) precursors from different species. The boxed letters indicate the
sequence of mature NKB peptides in the detected species.
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FIGURE 4 | Phylogenetic analysis of thetac (A) and tacr (B) gene family in vertebrates. The phylogenetic tree was constructed by MEGA 6 using the neighbor-joining
method. Data were resampled with 1,000 bootstrap replicates.

FIGURE 5 | Expression oftac3s (A) and tacr3s (B) mRNAs in various tissues (telencephalon, midbrain, hypothalamus, cerebellum, medulla oblongata, pituitary, gill,
liver, intestine, stomach, spleen, heart, kidney, head kidney, muscle, and testis) of male spotted sea bass. The X axis indicates different tissues. The results are
normalized to 18S RNA. The data are shown as the mean� S.E.M (n D 3) and the mRNA levels oftac3a and tac3b were calculated as fold change relative to the
mRNA levels of the heart and spleen, respectively, while themRNA levels oftacr3a and tacr3b were calculated as fold change relative to the mRNA levels ofthe heart
and pituitary, respectively.

puri�ed using a TIANgel Midi Puri�cation Kit (TIANGEN,
China) and subcloned into the pEASY-T1 cloning vector
(TransGen Biotech, China). Positive clones containing inserts
of the expected size were selected for sequencing to con�rm
their sequence.

The signal peptide and neuropeptide prohormone cleavage
sites in tac3s were predicted using SignalP 4.1 (31) and
NeuroPred software (32, 33), respectively. Putative seven-
transmembrane domains were predicted using the TMHMM
server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/)
(34). Multiple sequences were aligned and compared using
Clustal X (35), and a phylogenetic tree was constructed by MEGA
6 using the neighbor-joining method (33, 36).

Tissue Expression Analysis
For the tissue distribution analysis, three �sh were sampled
in each group. The mRNA levels oftac3 in di�erent tissues

(telencephalon, midbrain, hypothalamus, cerebellum, medulla
oblongata, pituitary, gill, liver, intestine, stomach, spleen, heart,
kidney, head kidney, muscle, and testis) were evaluated by real-
time PCR, which was performed in triplicates as previously
described (10). In detail, real-time PCR was performed with a
Step One Plus Real-Time PCR System using a SYBR Green I
Kit (TaKaRa, Japan) according to the manufacturer's instructions.
The expression of spotted sea basstac3a, tac3b, tacr3a, andtacr3b
was detected by primers that generated a unique fragment with
a size of 117, 92, 199, and 192 bp, respectively. After initial
denaturation at 95� C for 30 s, each template was ampli�ed with
40 cycles of denaturation for 5 s at 95� C and annealing for 30 s
at 60� C. The concentration of the template in the sample was
determined by relating the Ct value to a standard curve. The
tac3a, tac3b, tacr3a, andtacr3btranscript levels were normalized
against 18S transcript levels. Primers used to amplifytac3a, tac3b,
tacr3a, andtacr3bare listed inTable 1.
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FIGURE 6 | Photomicrographs and schematic illustrations of the mRNA levels
of tac3s in the brain of the spotted sea bass, as detected byin situ
hybridization (ISH). Schematic illustrations showing the positions of the slides
within the brain(A). Schematic drawings of spotted sea bass telencephalon
(B). Photomicrographs of tac3a and tac3b sense probe results in the
telencephalon(C). Positive signal oftac3a and tac3b in the telencephalon(D).
VM, ventromedial thalamic nucleus; Vv, area ventralis telencephali pars
ventralis; Vs, area ventralis telencephali pars supracommissuralis; Vd, Area
ventralis telencephali pars dorsalis; Dl, area dorsalis telencephali pars lateralis;
Vl, area ventralis telencephali pars lateralis; Dm, area dorsalis telencephali pars
medialis; Dc, area dorsalis telencephali pars centralis; Dd, area dorsalis
telencephali pars dorsalis; AC, anterior commissure; Vd, area ventralis
telencephali pars dorsalis. Red and gray dots represent thelocations of tac3a
and tac3b, respectively.

FIGURE 7 | Photomicrographs and schematic illustrations of the mRNA levels
of tac3s in the midbrain of the spotted sea bass, as detected byin situ
hybridization (ISH). Schematic drawings of spotted sea bassmidbrain (A).
Photomicrographs of tac3a and tac3b sense probe results in the midbrain(B).
Positive signal oftac3a and tac3b in the midbrain(C). Abbreviations: TeO,
tectum opticum; Val, lateral division of the valvula cerebella. Red and gray dots
represent the locations oftac3a and tac3b, respectively.

In situ Hybridization (ISH)
The in situ hybridization was performed as we previously
reported (17, 37). The brains, stomachs, and intestines of
male spotted sea bass were removed and �xed in bu�ered
4% paraformaldehyde for 24 h and then embedded in para�n.
Seven-micron-thick sections were cut for ISH. The sectionswere
pasted onto aminopropylsilane-treated glass slides and dried in
an oven at 37� C. Sense and antisense digoxigenin (DIG)-labeled
riboprobes about 200–300 bp in length were synthesized from
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the open reading frames (ORFs) of the spotted sea basstac3sand
tacr3sgenes using a DIG RNA Labeling Kit (Roche Diagnostics,
Mannheim, Germany). The sections were brie�y rehydrated bya
graded series of ethanol solutions (100–80%) after being cleared
in xylene, permeabilized with 0.1 M HCl for 10 min followed by
proteinase K (10mg/ml) digestion for 20 min, washed in 1� PBS
for 10 min, then washed in 2� SSC for 10 min, prehybridized at
55� C for 1 h, and hybridized with DIG-labeled riboprobes diluted
in hybridization bu�er (17) at 55� C overnight in a wet box.
To obtain the best results for ISH, the concentrations of probes
were tested before the �nal experiment. The concentrations
were 50mg/ml for tac3s in telencephalon and tac3a in midbrain
and hypothalamus, and the concentrations were 500mg/ml
for tacr3s in stomach and intestine and tac3b in midbrain
and hypothalamus. The type of salt and concentration in the
hybridization bu�er were as follows: 50% deionized formamide,
25% 20� SSC, 10% 50� Denharts, 1 mg/ml yeast tRNA, 5%
Water-DEPC, 100 mg/ml dextran sulfate. After hybridization,
the sections were washed in grade series of SSC, PBS Solution
and blocked with blocking reagent (Roche Diagnostics). DIG
was detected with an alkaline phosphatase-conjugated anti-DIG
antibody (Roche Diagnostics; diluted 1:3,000), and chromogenic
development was conducted with an NBT/BCIP stock solution
(Roche Diagnostics) (17).

Brain Cell Culture and In vitro Stomach and
Intestine Incubation Assays
Peptides corresponding to spotted sea bass NKBs (NKBa-
13, NKBa-10, NKBb-13, and NKBb-10) were synthesized by
GL Biochem in Shanghai, China. Their purity was> 95% as
determined by analytical HPLC. The NKBa-13, NKBa-10, NKBb-
13, and NKBb-10 activities were further examined in the primary
cells of spotted sea bass brains and the tissues of spotted sea bass
stomachs and intestines.

The cell and tissue culture were performed according our
previous report with slight modi�cations (37). In brief, �ve
spotted sea bass, weighting 0.7–0.8 kg, were anesthetized with
MS-222 before decapitation. The isolated brains were collected,
washed three times with phosphate-bu�ered saline (PBS) and
then cut into small pieces under sterile conditions. The fragments
were digested with 25 mg/10 ml trypsin at 25� C for 20 min, and
20% fetal bovine serum (FBS) was added to terminate protease
digestion (10). Brain cells were harvested by centrifugation (1,200
rpm for 5 min) and cultured in a 24-well plate containing 1 mL
medium 199 (M199) with 100 U/mL penicillin, 100 mg/mL
streptomycin, and 20% fetal bovine serum (FBS) (37). After
preincubation at 28� C for 2 h, the medium was aspirated, and
fresh culture medium was added. After 3–4 h, the medium was
changed into fresh culture medium containing NKBs (10� 7, 10� 6

M) or medium alone was added. The cells were harvested after
incubation for 3 h and 6 h and stored at� 80� C for subsequent
RNA extraction and real-time PCR (37). The experiments were
performed in triplicate in three independent experiments. The
mRNA levels ofghrh, prlh, gh, igf1were determined in both
treatment group and control group. The 2� 11 CT method was
used to determine the relative mRNA levels in the di�erent

groups. The mRNA level in the control was considered to be 1,
and the expression in treatment cells was calculated as a fold of
the expression level in controls.

The stomachs and intestines from �ve �sh were collected
and washed three times with phosphate-bu�ered saline (PBS),
cut into small pieces (1 mm3), and cultured in a 24-well plate
containing 1 mL medium 199 (M199) with 100 U/mL penicillin,
100 mg/mL streptomycin, and 20% fetal bovine serum (FBS)
(37). After preincubation at 28� C for 2 h, the medium was
changed into fresh culture medium containing NKBs (10?7, 10?6
M) or medium alone was added. The stomach and intestinal
fragments were harvested after incubation for 3 and 6 h and
stored at� 80� C for subsequent RNA extraction and real-time
PCR. The experiments were performed in triplicate in three
independent experiments. The mRNA levels ofgas, mln,andghrl
were determined in the stomachs treatment group and control
group, and the mRNA levels ofcck, gas, mln, andghrl were also
examined in treatment group and control group. The 2� 11 CT

method was used to determine the relative mRNA levels in the
di�erent groups. The mRNA level in the control was considered
to be 1, and the expression in treatment cells was calculated as
a fold of the expression level in controls. The experiments were
triplicated to further con�rm the result.

Statistical Analysis
All data were expressed as the mean values� S.E.M. Date
analyses were performed by one-way ANOVA followed by
Duncan's multiple range test, and signi�cance was consideredat
P < 0.05. All statistics were performed using SPSS 19.0 (SPSS,
Chicago, IL, USA).

RESULTS

Identi�cation and Synteny Analysis of the
tac3 and tacr3 Genes in the Spotted Sea
Bass
Genomic data mining suggested that twotac3 and two
tacr3 genes were present in the spotted sea bass genome.
The evolutionary relationship between thetac3 genes in
zebra�sh and spotted sea bass and the relationship between
tacr3 genes in tilapia and spotted sea bass were established,
and we performed genomic synteny analysis (Figures 1A,B).
Orthologous relationships were identi�ed between spotted sea
bass tac3a/tac3band zebra�sh tac3a/tac3band spotted sea
basstacr3a/tacr3band tilapiatacr3a/tacr3b. Synteny was clearly
observed fortac3aandtac3b, which were closely linked tobirc5b,
znf385a, andclgaltlain zebra�sh andapofandclgalt1bin spotted
sea bass. Similarly,ctnna2andbdh2were upstream oftacr3a, and
aptxwas located downstream oftacr3ain both tilapia and spotted
sea bass. We also found thatufsp2, ccdc86,andrnf24were linked
to tac3bin tilapia and spotted sea bass. Accordingly, syntenic
analysis showed thattac3sand tacr3swere relatively conserved
in evolution.

As shown inFigure 2, the ORF oftac3ais 372 bp, coding a
124 amino acid (aa) precursor with a predicted signal peptide of
21 aa (Figure 2A). The ORF oftac3bis 393 bp, coding a 131 aa
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FIGURE 8 | Photomicrographs and schematic illustrations of the mRNA levels oftac3s in the hypothalamus of the spotted sea bass, as detected byin situ
hybridization (ISH). Photomicrographs oftac3a and tac3b sense probe results in the hypothalamus(B,D). Positive signal oftac3a and tac3b in the hypothalamus
(A,C). NDLl, diffuse nucleus of the inferior lobe; NLT, lateral tuberal nucleus; NAT, Nucleus anterior tuberis; NGp, posterior nucleus glomerulosus; TeO, tectum
opticum; Val, lateral division of the valvula cerebella; Red and gray dots represent the locations oftac3a and tac3b, respectively.

precursor with a predicted signal peptide of 28 aa (Figure 2B).
Sequence analysis showed that each precursor contains two
putative peptides. The four spotted sea bass tachykinin peptides
were designated NKBa-13, NKBa-10, NKBb-13, and NKBb-
10 according to their length. Sequence analysis showed that
NKBa-13 and NKBa-10 share a common C-terminal sequence
(FVGLM). The C-terminal of NKBb-13 and NKBb-10 was a
modi�cation of that motif, with -FVSLM-NH2 at the C-terminus
and -LGDLL-NH2 at the C-terminus, respectively. Sequence

alignment between teleosteantac3 precursors revealed that
NKBa-10 and NKBa-13 are well conserved, but NKBb-10 and
NKBb-13 exhibited low similarity in teleost �sh (Figures 3A,B).

Phylogenetic trees of thetac3s/tacr3sgene families were
constructed. As shown inFigure 4A, piscine tac3sand tac3s
from other vertebrates formed two large clades, and the piscine
clade was subdivided intotac3aandtac3bclades, with each clade
containing spotted sea basstac3a and tac3b, respectively. As
shown in Figure 4B, spotted sea basstacr3awas more closely
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FIGURE 9 | Photomicrographs and schematic illustrations of the mRNA levels oftacr3s in the intestine of the spotted sea bass, as detected byin situ hybridization
(ISH). Positive signal oftacr3a and tacr3b in the intestine(A). Photomicrographs of tacr3a and tacr3b sense probe results in the intestine(B). Schematic diagram for
intestine histology(C). GS, gastric serosa; ML, muscular layer; IG, intestinal gland; IV, intestinal villus; LP, lamina propria; EC, epithelialcell.

related to tilapiatacr3aand medakatacr3a1than to the other
tacr3 sequences, and spotted sea basstacr3bwas more closely
related to tilapiatacr3bthan to the other peptides.

Tissue Expression of Spotted Sea Bass
tac3s/tacr3s
The expression patterns of thetac3 and tacr3 genes are
shown in Figure 5. Tac3a mRNA was mainly expressed in
the hypothalamus, with low levels expressed in the medulla
oblongata, midbrain, testis, and intestine (Figure 5A). However,
it was not detected in the muscle, liver, or kidney.Tac3b
was highly expressed in the telencephalon, pituitary, stomach,

intestine, and testis. Bothtacr3swere widely expressed in all the
tissues examined (Figure 5B). Tacr3awas highly expressed in the
intestine, stomach and testis, and the highest expression oftacr3b
was observed in the hypothalamus and intestine.

Localization of the mRNA of tac3s in the
Brain and the mRNA of tacr3s in the
Stomach and Intestine
The tac3a and tac3b mRNA distribution in the brain was
determined by ISH. Tissue sections were prepared from the
brain, stomach, and intestine of spotted sea bass, and ISH
was performed. Thetac3s positive signals were detected in
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FIGURE 10 | Photomicrographs and schematic illustrations of the mRNA levels oftacr3s in the stomach of the spotted sea bass, as detected byin situ hybridization
(ISH). Positive signal oftacr3a and tacr3b in the stomach (A). Photomicrographs of tacr3a and tacr3b sense probe results in the stomach(B). Schematic diagram for
stomach histology(C). ML, muscular layer; EC, epithelial cell; GM, gastric mucosa; Gsu, gastric submucosa; GS, gastric serosa; GG, gastric gland.

some brain regions, and mainly located in several areas.
Localization of bothtac3aand tac3bin the brain is shown in
Figures 6–8. Strong signals fortac3a and tac3b mRNA were
observed in several areas of the telencephalon (Figure 6D).
Tac3a and tac3b signals were also detected in the lateral
division of the valvula cerebellum (Val) (Figure 7C), the tectum
opticum (TeO) (Figure 7C), the posterior part of the nucleus
glomerulosus (NGp) (Figures 8A,C), the nucleus anterior tuberis
(NAT) (Figures 8A,C), the nucleus lateralis tuberis (NLT)
(Figures 8A,C), and the di�use nucleus of the inferior lobe
(NDLI) (Figures 8A,C). In addition,tac3aandtac3bsignals seem
to be detected in other type of cells such as glial cells (Figure 7C).

Tacr3aand tacr3b mRNA localization in the stomach and
intestine was also determined by ISH. Schematic diagram of
stomach and intestine are showed inFigures 9C, 10C. The

spotted sea bass intestine consists of the intestinal villus (IV), the
intestinal gland (IG), and the muscular layer (ML). The intestinal
villus (IV) is a leaf-like structure composed of the epithelial cell
(EC) (LP) and the lamina propria facing the intestinal lumen (37).
Strong signals fortacr3aand tacr3bmRNA were found in both
the epithelial cell (EC) and the lamina propria (LP), while no
expression was observed in the muscular layer (ML) or intestinal
gland (IG) (Figure 9A). The spotted sea bass stomach consists
of the gastric mucosa (GM), the gastric submucosa (Gsu), the
muscular layer (ML), and the gastric serosa (GS). The gastric
mucosa (GM) formed by epithelial cell (EC) and the gastric
gland (GG) faces the gastric lumen. Strong signals for bothtacr3a
and tacr3bmRNA were observed in the gastric gland (GG) and
epithelial cell (EC), while no signal was detected in the gastric
submucosa (Gsu), the muscular layer (ML) or the gastric serosa
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TABLE 2 | The effect of NKBs on the mRNA levels of growth-related genesand
brain-gut peptide (BGP)-related genesin vitro.

Region NKBa-13 NKBa-10 NKBb-13 NKBb-10

Brain Ghrh – – C C

Prlr C C C –

Gh – – – –

Igf1 – C – –

Stomach gas C – C –

mln – – C –

ghrl – – C –

Intestine cck C C C –

gas – – – C

mln – C – –

ghrl – – – –

“C”, NKBs are effective after treatment; “–”, NKBs have no effect after treatment.

(GS) (Figure 10A). No signal was detected using the sense probe
in Figures 9B, 10B.

The Effect of NKBs on the mRNA Levels of
Growth-Related Genes in the Brain In vitro
To evaluate the e�ect of NKBa-13, NKBa-10, NKBb-13, and
NKBb-10 on the expression of growth-related genes in spotted
sea bass,in vitro studies to determine the e�ect of NKBs on
the mRNA levels ofghrh, prlh, gh,and igf1 were performed in
primary cultured brain cells. The e�ect of NKBs on the mRNA
levels of growth-related genesin vitro are listed in theTable 2.
The ghrh, prlh, gh, and igf1 sequences were identi�ed in the
spotted sea bass genome. The target genes were ampli�ed and
sequenced to con�rm the correction of the mRNA sequence for
real-time PCR.

As shown inFigure 11, NKBb-13 and NKBb-10 treatment
alone both signi�cantly elevatedghrhmRNA levels in brain cells
after treatment for 6 h, and the most signi�cant enhancement
was seen at a concentration of 10� 6 M (Figures 11A,B). NKBa-
13 and NKBa-10 had no signi�cant e�ect onghrhmRNA levels.
As shown inFigures 11C–E, NKBa-10, NKBa-13, and NKBb-
13 signi�cantly increased the mRNA levels ofprlh in brain cells
6 h after treatment. NKBa-13 and NKBb-13 at a concentration
of 10� 6 M had a signi�cant e�ect onprlh mRNA levels, but
NKBa-10 at a concentration of 10� 7 M upregulatedprlh mRNA
levels. Only NKBb-13 signi�cantly increasedigf1 mRNA levels,
but no signi�cant di�erence was observed between 3 and 6 h after
treatment (Figure 11F). In contrast, the four NKBs had no e�ect
on the expression ofgh in the brain cells. Negative results of
NKBs on the mRNA levels of related growth-related genes were
showed inSupplementary Figure 1.

The Effect of NKBs on the mRNA Levels of
Brain-Gut Peptide (BGP)-Related Genes in
the Stomach and Intestine In vitro
To further evaluate the e�ect of NKBa-13, NKBa-10, NKBb-13,
and NKBb-10 on spotted sea bass,in vitro studies of the e�ect of

NKBs on the mRNA levels ofgas, mln, andghrl were performed
in intestine fragments. The e�ect of NKBs on the mRNA levels
of brain-gut peptide (BGP)-related genesin vitro is listed in
Table 2. Thecck, gas, ghrl, andmln sequences were identi�ed in
the spotted sea bass genome.

As shown in Figures 12A,B, NKBa-13, and NKBb-13
signi�cantly increased the mRNA levels ofgasin the stomach 6 h
after treatment, and the two peptides both had a signi�cant e�ect
at a concentration of 10� 6 M. As shown inFigures 12C,D, the
mRNA levels ofmln and ghrl were signi�cantly increased after
treatment with NKBb-13 for 6 h, and their levels were highest
with an NKBb-13 concentration of 10� 6 M. The other NKBs
had no obvious e�ect on the mRNA levels of the three brain-gut
peptide (BGP)-related genes.

The in vitro e�ects of NKBs on the mRNA levels ofcck,
gas, mln, and ghrl were also examined in intestine fragments.
As shown in Figures 13A–C, the mRNA levels ofcck were
obviously increased after NKBa-13 and NKBb-10 treatment
for 6 h, especially at a concentration 10� 6 M. NKBa-10 at a
concentration of 10� 7 M signi�cantly increased the mRNA
levels ofcck, but it had no signi�cant e�ect after 3 and 6 h.
GasmRNA was also signi�cantly increased following NKBb-
10 treatment with a concentration of 10� 6 M than compared
to concentrations of 10� 7 M and in the control group (P <
0.05), but there was no signi�cant di�erence between treatment
with di�erent concentrations of NKBb-10 after incubation for 3 h
(Figure 13D). The other three NKBs had no obvious e�ect on
the expression ofcckmRNA. NKBa-10 signi�cantly stimulated
the expression ofghrl mRNA after treatment for 6 h, and the
most signi�cant enhancement was seen with a concentration
of 10� 6 M (Figure 13E). These results suggested that neither
NKBa nor NKBb signi�cantly enhanced the mRNA levels ofmln
in incubated intestinal fragments. Negative results of NKBson
the mRNA levels of related brain-gut peptide (BGP) genes were
showed inSupplementary Figures 2, 3.

DISCUSSION

An increasing number of studies have reported that the
NKB/NK3 receptor system plays a critical role in teleosts (10,
17, 34); however, studies on NKBs in teleosts are limited to
reproduction. In the present study, to identify the e�ects of NKBs
on growth in teleost �sh, we ampli�ed and characterized two
spotted sea basstac3cDNAs and determined their mRNA levels'
patterns and regulation in the brain, stomach, and intestine. Our
�ndings suggested that NKBs as neuroendocrine regulators of
growth in �sh.

Previous studies reported twotac3genes (tac3aandtac3b) in
zebra�sh, gold�sh and salmon (10, 16, 34). In the present study,
we also identi�ed twotac3and twotacr3genes in the spotted sea
bass genome. There were two tachykinin peptides in the spotted
sea basstac3 precursor, which were conserved in �sh species,
suggesting common functions in teleosts. The two spotted sea
basstac3genes generate four mature NKB peptides. The common
C-terminal FVGLM-NH2 motif of spotted sea bass NKBa-13 and
NKBa-10 is known to be important for its bioactivity (12, 17).
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FIGURE 11 | Effect of NKBs on the expression of growth-related genes in the brain. The X axis indicates hours after NKB treatment.(A,B) Effect of NKBb-13 and
NKBb-10 on the mRNA levels ofghrh in the brain.(C–E) Effect of NKBa-13, NKBa-10, and NKBb-13 on the mRNA levels ofprlh in the brain.(F) Effect of NKBb-13
on the mRNA levels ofigf1 in the brain. The results were represented as the mean� SEM and expressed as fold of the expression level in controls. Signi�cant
differences are noted by different letters for each concentration (P < 0.05).

Spotted sea bass NKBb-10 contains LGDLL-NH2. A substitution
in an amino acid in the NKBb-13 C-terminus (from FVGLM-
NH2 to –FVGLT-NH2) has been associated with changes in
bioactivity. Therefore, NKBb-13 may have di�erent bioactivities
than other NKBs. However, more suitable approaches, advanced
methods and further studies are still needed.

Q-PCR results showed thattac3a and tac3b were much
more strongly expressed in the brain, consistent with �ndings
in other �sh (10, 16, 17, 27, 34, 38). tac3a and tac3b were
also expressed at high levels in the stomach, intestine, and
testis. These results are di�erent from previous results in
gold�sh that lesstac3aexpressed in the intestine, but similar
to those in the orange spotted grouper (10, 17). Previous
results also showed that zebra�shtac3 mRNAs were widely

expressed in the central nervous system and peripheral tissues
(34). These results suggest thattac3 expression varies among
species (17).

Tac3signals were observed in several brain regions usingin
situ hybridization. The areas in the brain in whichtac3 were
expressed in the spotted sea bass, such as the telencephalon,
lateral division of the valvula cerebella, tectum opticum and
the nucleus anterior tuberis, were similar to those observed
in the orange-spotted grouper (10). Similar to the gold�sh,
tac3s mRNA was found in some brain regions where no
signal was detected—neither in zebra�sh nor in orange-spotted
grouper—including the di�use nucleus of the inferior lobe and
nucleus anterior tuberis. However, in the preoptic region, no
signal for tac3 were observed, which was di�erent from both
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FIGURE 12 | Effect of NKBs on the expression of brain-gut peptide (BGP)-related genes in the stomach. The X axis indicates hours after NKB treatment. (A,B) Effect
of NKBa-13 and NKBb-13 on the mRNA levels ofgas in the stomach; (C,D) Effect of NKBb-13 on the mRNA levels ofgas and ghrl in the stomach; the results are
represented as the mean� SEM and expressed as fold of the expression level in controls. Signi�cant differences are noted by different letters for each concentration
(P < 0.05).

zebra�sh and gold�sh. The di�erent expression pattern may be
due to interspeci�c di�erence or di�erences in physiological
state. In addition,tac3s signals were also found in several
glial cells. It has been well established that NKB is a critical
modulator of GnRH regulating the mammalian puberty onset
and reproductive physiology (10, 13) and is involved in the
regulation of the reproductive axis in some �sh species. Although
thetac3expressed di�erently in several brain regions of di�erent
species, the highesttac3 expression is rather conserved in the
brain, strongly suggesting its involvement in the regulation of
growth in �sh. In the intestine, both receptors were highly
expressed in the epithelial cells (ECs) of the intestinal villi(IV)
and lamina propria (LP), while they were highly expressed in
epithelial cells (ECs) and the gastric gland (GG) in the stomach,
implying that tacr3s may regulate the secretion of digestive
juices or gastrointestinal motility-associated peptides. It has
been shown that NK3 receptor is present on enteric neurons
(6, 39–41). Tachykinins cause contraction of the esophageal
smooth muscle, and NK3 receptor may mediate the motility-
stimulating action of di�erent tachykinins in the intestine(26,
42). Tachykinins act as neurotransmitters on neurons and cells
(such as the secretory epithelium, smooth muscle cells, and
glands) in the gastrointestinal tract of mammals (24). They are
important excitatory neurotransmitters in the enteric nervous
system involved in the coordination of gastrointestinal motility
(24, 26). The distribution of tacr3 mRNA in the stomach

intestine was related to previous research, and it may be
a potential explanation of gastrointestinal activities mediated
through NK3 receptor. The expression of both ligands and
receptors in stomach, intestine, and neuronal tissues suggested
the physiological signi�cance of this system in spotted sea
bass growth.

To further study the function of NKBs in the brain, we
detected growth-related gene (ghrh, prlh, gh,andigf1) expression
after NKB treatment. The physiological e�ects of NKBb-13 and
NKBb-10 increased the expression ofghrhafter 6 h of treatment,
while they had no e�ect on the expression ofgh. Gh is mainly
expressed in the pituitary. The stimulation ofgh expression by
NKBb-13 and NKBb-10 may be mediated indirectlyvia theghrh
in the hypothalamus of the spotted sea bass. A recent study
in grass carp demonstrated that NKBs stimulated prolactin and
somatolactin a synthesis and secretion from the pituitary (17,27).
NKBa-13, NKBa-10, and NKBb-13 signi�cantly increased the
expression ofprlh mRNA in brain cells. NKB induced PRL
release in rat pituitary cells (43). NK3 receptor may mediate the
expression of PRLH in the spotted sea bass brain. Only NKBb-13
signi�cantly increasedigf1mRNA levels. The present study has
revealed that NKBb-13 is the most critical ligand among the NKB
peptides in regulating the expression of growth-related genesin
the spotted sea bass brain.

Ghrl, mln, gas, andcckare brain-gut peptides with the ability
to stimulate prokinetic activity on gastrointestinal motility (37,
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FIGURE 13 | Effect of NKBs on the expression of brain-gut peptide (BGP)-related genes in the intestine.(A–C) Effect of NKBa-13, NKBa-10, and NKBb-10 on the
mRNA levels ofcck in the intestine. The X axis indicates hours after NKB treatment. (D) Effect of NKBb-10 on the mRNA levels ofgas in the intestine.(E) Effect of
NKBa-10 on the mRNA levels ofghrl in the intestine. The results are represented as the mean� SEM and expressed as fold of the expression level in controls.
Signi�cant differences are noted by different letters for each concentration (P < 0.05).

44). In this study, the e�ect of NKBs on the mRNA levels
of gastrointestinal-related genes (ghrl, gas, and mln) in the
stomach fragments was detected. We found that only NKBb-13
signi�cantly increased the mRNA levels ofgas, ghrl, and mln
in the stomach, which may explain a previous study, in which
tachykinins acted as neurotransmitters in the gastrointestinal
tracts of mammals (24). We also investigated the e�ect of
NKBs on mRNA levels of gastrointestinal-related genes (ghrl,
gas, cck,andmln) in the intestinal fragments. The present study
showed that all NKB peptides, except NKBb-13, signi�cantly up-
regulated the mRNA levels ofcck. Only NKBb-10 upregulated the
mRNA levels ofgas, and only NKBa-10 signi�cantly increased the
mRNA levels ofghrl. The increased expression ofcckmRNA is a

potential factor in spotted sea bass intestinal motility thatmay be
mediated by NK3 receptorin vivo.

In conclusion, we identi�ed and characterized the NKB/NK3
receptor system in spotted sea bass. We ampli�ed spotted sea
bass tac3a and tac3b cDNAs and determined their mRNA
levels. We demonstrated that NKBs stimulated the mRNA levels
of growth-related genes in the brain and brain-gut peptide
(BGP)-related genes in the stomach and intestine. The present
study is the �rst that demonstrates the involvement of the
NKB/NK3 receptor system in the regulation of growth and
gastrointestinal motility in spotted sea bass. Our data also provide
valuable information for the further study of NKB/NK3 receptor
preferential signaling pathways.

Frontiers in Endocrinology | www.frontiersin.org 14 August 2019 | Volume 10 | Article 556



Zhang et al. NKBs Regulate Sea Bass Growth

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or theSupplementary Files.

ETHICS STATEMENT

All spotted sea bass work was approved and performed in
accordance with the respective Animal Research and Ethics
Committees of Ocean University of China.

AUTHOR CONTRIBUTIONS

XQ, HW, and YLi designed the study. ZZ performed the RNA
extraction and cDNA preparation. YLiu and LL performed
in sequence analysis, tissue expression analysis. ZZ and QL
performed thein situhybirdization (ISH). ZZ and LW performed
cell culture and tissue incubation experiment. WL and YZ

performed samples collection. ZZ wrote the manuscript. XQ
provided manuscript editing and feedback. All authors read and
approved the �nal manuscript.

FUNDING

This work was supported by the National Key R&D Program
of China (2018YFD0900101), the National Natural Science
Foundation of China (NSFC, 31602147), the Key Laboratory of
Mariculture (KLM), the Ministry of Education, Ocean University
of China (2018008), and the China Agriculture Research
System (CARS-47).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00556/full#supplementary-material

REFERENCES

1. Page NM. New challenges in the study of the mammalian tachykinins.
Peptides. (2005) 26:1356–68. doi: 10.1016/j.peptides.2005.03.030

2. Hu G, He M, Wong AOL. Novel functional role of NK3R expression in the
potentiating e�ects on somatolactina autoregulation in grass carp pituitary
cells.Sci Rep. (2016) 6:36102. doi: 10.1038/srep36102

3. Tom VL, Hans Peter V, Jeroen P, Hiel MB, Van Heleen V, Jozef
VB. Tachykinin-related peptides and their receptors in invertebrates:
a current view. Peptides.(2010) 31:520–4. doi: 10.1016/j.peptides.2009.
09.023

4. Lecci A, Capriati A, Altamura M, Maggi CA. Tachykinins and tachykinin
receptors in the gut, with special reference to NK2 receptors in human. Auton
Neurosci. (2006) 126:232–49. doi: 10.1016/j.autneu.2006.02.014

5. Pang CC. E�ect of substance P on venous tone in conscious rats.J Cardiovasc
Pharmacol. (2005) 45:49. doi: 10.1097/00005344-200501000-00009

6. Shimizu Y, Matsuyama H, Shiina T, Takewaki T, Furness JB. Tachykinins and
their functions in the gastrointestinal tract.Cell Mol Life Sci Cmls. (2008)
65:295. doi: 10.1007/s00018-007-7148-1

7. Ravina CG, Seda M, Pinto FM, Orea A, Fernández-Sánchez M, Pintado CO,
et al. A role for tachykinins in the regulation of human sperm motility.Hum
Reprod. (2007) 22:1617–25. doi: 10.1093/humrep/dem069

8. Pennefather JN, Alessandro L, Luz CM, Eva P, Pinto FM, Carlo Alberto
M. Tachykinins and tachykinin receptors: a growing family.Life Sci. (2004)
74:1445–63. doi: 10.1016/j.lfs.2003.09.039

9. Shigemoto R, Yokota Y, Tsuchida K, Nakanishi S. Cloning and expression of a
rat neuromedin K receptor cDNA.J Biol Chem. (1990) 265:623.

10. Chen H, Xiao L, Liu Y, Li S, Li G, Zhang Y, et al. Neurokinin
B signaling in hermaphroditic species, a study of the orange-spotted
grouper (Epinephelus coioides).Gen Comp Endocrinol.(2018) 260:125–35.
doi: 10.1016/j.ygcen.2018.01.009

11. Popa SM, Clifton DK, Steiner RA. The role of kisspeptins and GPR54 in
the neuroendocrine regulation of reproduction.Ann Rev Physiol. (2008)
70:213–38. doi: 10.1146/annurev.physiol.70.113006.100540

12. A Kemal T, Frank R, Metin G, Ayse Serap Y, Damla KL, Porter KM, et al.TAC3
and TACR3 mutations in familial hypogonadotropic hypogonadism reveal a
key role for Neurokinin B in the central control of reproduction.Nat Genet.
(2009) 41:354–8. doi: 10.1038/ng.306

13. Lehman MN, Coolen LM, Goodman RL. Minireview: kisspeptin/neurokinin
B/dynorphin (KNDy) cells of the arcuate nucleus: a central node in the
control of gonadotropin-releasing hormone secretion.Endocrinology.(2010)
151:3479. doi: 10.1210/en.2010-0022

14. Navarro VM. New insights into the control of pulsatile GnRH release:
the role of Kiss1/Neurokinin B neurons.Front Endocrinol. (2012) 3:48.
doi: 10.3389/fendo.2012.00048

15. Zmora N, Wong TT, Stubble�eld J, Levavi-Sivan B, Zohar Y. Neurokinin B
regulates reproduction via inhibition of kisspeptin in a teleost, the striped bass.
J Endocrinol.(2017) 233:159. doi: 10.1530/JOE-16-0575

16. Jakob B, Ori P, Shifra BD, Berta LS. Neurokinin Bs and neurokinin B receptors
in zebra�sh-potential role in controlling �sh reproduction.Proc Natl Acad Sci
USA. (2012) 109:10269–74. doi: 10.1073/pnas.1119165109

17. Qi X, Zhou W, Li S, Liu Y, Ye G, Liu X, et al. Gold�sh neurokinin B: cloning,
tissue distribution, and potential role in regulating reproduction.Gen Comp
Endocrinol.(2015) 221:267–77. doi: 10.1016/j.ygcen.2014.10.017

18. Xie Z, Ling X, Wang D, Chao F, Liu Q, Li Z, et al. Transcriptome analysis of
the trachinotus ovatus: identi�cation of reproduction, growth and immune-
related genes and microsatellite markers.PLoS ONE. (2014) 9:e109419.
doi: 10.1371/journal.pone.0109419

19. Chang FY, Lee SD, Yeh GH, Wang PS. The motor actions of natural
neurokinins and their speci�c agonists on the gastrointestinal tract of the rat.
Chin J Physiol. (1992) 35:337–48

20. Hellstrom PM, Murthy KS, Grider JR, Makhlouf GM. Coexistence of three
tachykinin receptors coupled to CaCC signaling pathways in intestinal
muscle cells.J Pharmacol Exp Therap. (1994) 270:236.

21. Zhu X, Han Y, Du J, Liu R, Jin K, Yi WJO. Microbiota-gut-brain axis and the
central nervous system. (2017) 8:53829–38. doi: 10.18632/oncotarget.17754

22. Sanger GJ, Lee K. Hormones of the gut-brain axis as targets forthe treatment
of upper gastrointestinal disorders.Nat Rev Drug Discov.(2008) 7:241–54.
doi: 10.1038/nrd2444

23. Talley NJ, Howell S, Poulton R. The irritable bowel syndrome and psychiatric
disorders in the community: is there a link?Am J Gastroenterol.(2001)
96:1072–9. doi: 10.1111/j.1572-0241.2001.03741.x

24. Valero MA, Fagundes DS, Grasa L, Arruebo MP, Plaza MA, Murillo MD.
Contractile e�ect of tachykinins on rabbit sma intestine.Acta Pharmacol Sin.
(2011) 32:487–94. doi: 10.1038/aps.2010.227

25. Zizzo MG, Mulè F, Serio R. Tachykinergic neurotransmission isenhanced
in duodenum from dystrophic (mdx) mice.BJP. (2010) 145:334–41.
doi: 10.1038/sj.bjp.0706171

26. Kovac JR, Tom C, Preiksaitis HG, Sims SM. Tachykinin receptor expression
and function in human esophageal smooth muscle.J Pharmacol Exp Therap.
(2006) 318:513. doi: 10.1124/jpet.106.104034

27. Guangfu H, Mulan H, Ko WKW, Chengyuan L, Wong AOL. Novel pituitary
actions of TAC3 gene products in �sh model: receptor speci�city and signal
transduction for prolactin and somatolactina regulation by neurokinin B

Frontiers in Endocrinology | www.frontiersin.org 15 August 2019 | Volume 10 | Article 556



Zhang et al. NKBs Regulate Sea Bass Growth

(NKB) and NKB-related peptide in carp pituitary cells.Endocrinology. (2014)
155:3582–96. doi: 10.1210/en.2014-1105

28. Ono M, Takayama Y, Rand-Weaver M, Sakata S, Yasunaga T, Noso
T, et al. cDNA cloning of somatolactin, a pituitary protein related to
growth hormone and prolactin.Proc Natl Acad Sci USA.(1990) 87:4330–4.
doi: 10.1073/pnas.87.11.4330

29. Jiang Q, Wong AOL. Signal transduction mechanisms for autocrine/paracrine
regulation of somatolactin-a secretion and synthesis in carp pituitary
cells by somatolactin-a and -b. Am J Physiol.(2013) 304:E176–86.
doi: 10.1152/ajpendo.00455.2012

30. Tian Y, Wen H, Qi X, Zhang X, Li YJG. Identi�cation of mapk
gene family in Lateolabrax maculatus and their expression pro�les in
response to hypoxia and salinity challenges.Gene. (2019) 684:20–9.
doi: 10.1016/j.gene.2018.10.033

31. Bendtsen JD, Nielsen H, Heijne GV, Brunak S. Improved prediction
of signal peptides: SignalP 3.0.J Mol Biol. (2004) 340:783–95.
doi: 10.1016/j.jmb.2004.05.028

32. Southey BR, Andinet A, Zimmerman TA, Rodriguez-Zas SL, Sweedler JV.
NeuroPred: a tool to predict cleavage sites in neuropeptide precursorsand
provide the masses of the resulting peptides.Nucleic Acids Res. (2006)
34:W267–72. doi: 10.1093/nar/gkl161

33. Shuisheng L, Liping Z, Ling X, Qiongyu L, Wenyi Z, Xin Q, et
al. Structural and functional characterization of neuropeptide Y ina
primitive teleost, the Japanese eel (Anguilla japonica). (2012) 179:99–106.
doi: 10.1016/j.ygcen.2012.07.018

34. Zhou W, Li S, Yun L, Xin Q, Chen H, Cheng CHK, et al. The evolution
of tachykinin/tachykinin receptor (TAC/TACR) in vertebrates and molecular
identi�cation of the TAC3/TACR3 system in zebra�sh (Danio rerio). Mol Cell
Endocrinol. (2012) 361:202–12. doi: 10.1016/j.mce.2012.04.007

35. Rédei GP. CLUSTAL W (improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-speci�c gap
penalties and weight matrix choice). In: Encyclopedia of Genetics, Genomics,
Proteomics and Informatics. Dordrecht : Springer (2008) p. 376-377.
doi: 10.1007/978-1-4020-6754-9

36. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0.Mol Biol Evol. (2013) 30:2725–9.
doi: 10.1093/molbev/mst197

37. Zhou Y, Qi X, Wen H, Zhang K, Zhang X, Li J, et al. Identi�cation,expression
analysis, and functional characterization of motilin and its receptor in spotted
sea bass (Lateolabrax maculatus). Gen Comp Endocrinol.(2019) 277:38–48.
doi: 10.1016/j.ygcen.2019.02.013

38. Ogawa S, Ramadasan PN, Goschorska M, Anantharajah A, We Ng K,
Parhar IS. Cloning and expression of tachykinins and their association with
kisspeptins in the brains of zebra�sh.J Comp Neurol. (2012) 520:2991–3012.
doi: 10.1002/cne.23103

39. Grady EF, Baluk P, Böhm S, Gamp PD, Wong H, Payan DG, et
al. Characterization of antisera speci�c to NK1, NK2, and NK3
neurokinin receptors and their utilization to localize receptors
in the rat gastrointestinal tract. J Neurosci. (1996) 16:6975–86.
doi: 10.1523/JNEUROSCI.16-21-06975.1996

40. Jenkinson KM, Mann PT, Southwell BR, Furness JB. Independent endocytosis
of the NK(1) and NK(3) tachykinin receptors in neurons of the rat myenteric
plexus. Neuroscience. (2000) 100:191–9. doi: 10.1016/S0306-4522(00)
00259-1

41. Mann PT, Southwell BR, Ding YQ, Shigemoto R, Mizuno N, Furness
JB. Localisation of neurokinin 3 (NK3) receptor immunoreactivity
in the rat gastrointestinal tract.Cell Tissue Res. (1997) 289:1–9.
doi: 10.1007/s004410050846

42. Lordal M, Branstrom R, HellstroMP. Mediation of irregular spiking
activity by multiple neurokinin-receptors in the small intestine
of the rat. Br J Pharmacol. (1998) 123:63–70. doi: 10.1038/sj.bjp.
0701585

43. Henriksen JS, Særmark T, Vilhardt H, Mau SE. Tachykinins
induce secretion of prolactin from perifused rat anterior
pituitary cells by interactions with two di�erent binding sites.
J Recep Res. (2008) 15:529–41. doi: 10.3109/107998995090
45238

44. Ohno T, Mochiki E, Kuwano H. The roles of motilin and
ghrelin in gastrointestinal motility. Int J Pept. (2010) 2010:820794.
doi: 10.1155/2010/820794

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2019 Zhang, Wen, Li, Li, Li, Zhou, Wang, Liu, Lyu and Qi.This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org 16 August 2019 | Volume 10 | Article 556


