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Two ghrelin receptor (GHS-R) genes were isolated from channel catfish tissue and a bacterial artificial
chromosome(BAC) library. The two receptorswere characterizedbydetermining tissue distribution, ontogeny of
receptor mRNA expression, and effects of exogenous homologous ghrelin administration on target tissue mRNA
expression. Analysis of sequence similarities indicated two genes putatively encoding GHS-R1 and GHS-R2,
respectively, which have been known to be present in zebrafish. Organization and tissue expression of the GHS-
R1 gene was similar to that reported for other species, and likewise yielded two detectable mRNA products as a
result of alternative splicing. Expression of both full-length, GHS-R1a, and splice variant, GHS-R1b, mRNA was
highest in the pituitary. Gene organization of GHS-R2was similar to GHS-R1, but no splice variant was identified.
Expression ofGHS-R2amRNAwas highest in the Brockmann bodies.GHS-R1amRNAwas detected in unfertilized
eggs and throughout embryogenesis, whereas GHR-R2a mRNA was not expressed in unfertilized eggs or early
developing embryos and was the highest at the time of hatching. Catfish intraperitoneally injected with catfish
ghrelin-Gly had greater mRNA expression of GHS-R1a in pituitaries at 2 h and Brockmann bodies at 4 h, and of
GHS-R2a in Brockmann bodies at 6 h post injection. Amidated catfish ghrelin (ghrelin-amide) had no observable
effect on expression of either pituitary receptor; however, GHS-R1a and GHS-R2a mRNA expression levels were
increased 4 h post injection of ghrelin-amide in Brockmann bodies. This is the first characterization of GHS-R2a
and suggests regulatory and functional differences between the two catfish receptors.

Published by Elsevier Inc.
1. Introduction

Kojima et al. (1999) first identified ghrelin in rat and human
stomach as an endogenous ligand for the growth hormone secreta-
gogue (GHS)-receptor (GHS-R). Ghrelin has since been shown to be a
multifunctional hormone in vertebrates (Kojima and Kangawa, 2005),
functioning primarily as a growth hormone (GH)-releasing hormone
and an orexigen. Since the identification of ghrelin in rat and human,
ghrelin has been isolated and partially characterized in several
mammalian (Kojima and Kangawa, 2005) and non-mammalian
species (Kaiya et al., 2008). Fish ghrelins are typically 19–23 amino
acids and exhibit GH-, prolactin-, or luteinizing hormone-releasing
activity (Kaiya et al., 2003a,b,c; Kaiya et al., 2005; Riley et al., 2002;
Unniappan and Peter, 2005).

Kaiya et al. (2005) isolated the ghrelin peptide and cDNA encoding
precursor protein from the stomach of a channel catfish, Ictalurus
punctatus, an important food-fish species in North America and Asia.
Catfish ghrelin is a 22-amino acid peptide with an amide structure at
the carboxyl end of the peptide, which is a structure specific to teleost
ghrelins and is not found in any tetrapod ghrelins (Kaiya et al., 2008).
+1 662 686 3567.
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To understand what affect the amide structure has on receptor
binding and activity, Kaiya et al. (2002) compared eel and rat ghrelin
GH-releasing potential in vivo in rats and found no difference,
suggesting the amide structure does not affect the receptor binding
and activity, at least in the rat GHS-R. In addition to the amidated
ghrelin peptide, a Gly-extended non-amidated 23-amino acid ghrelin
(ghrelin-Gly) was also isolated from the channel catfish stomach
(Kaiya et al., 2005). Comparison of the two catfish ghrelin peptides
showed the effect of catfish ghrelin-Gly on GH release was more
potent than that of the amidated ghrelin. These results suggest C-
terminal modification alters the biological activity of ghrelin in the
channel catfish. Such an effect of C-terminal modification had not
been previously described for any vertebrate.

Ghrelin was identified as the endogenous ligand for the GHS-R
(Kojima et al., 1999) 3 years after Howard et al. first identified the
GHS-R in human and pig (Howard et al., 1996). It is now generally
accepted that there are at least two forms of GHS-R, GHS-R1a and
GHS-R1b, with GHS-R1a being recognized as the active ghrelin receptor
and GHS-R1b being an inactive, alternative splice variant (Davenport
et al., 2005). In non-mammalian vertebrates, GHS-Rs have only been
identified in a few species, including the chicken and fish species. In
pufferfish Spheroides nephelus, Palyha et al. (2000) identified a GHS-R
ortholog, namely 78B7 (373 amino acids (aa)),which responds toGHSs.
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Chan and Cheng (2004) identified GHS-R1a (385 aa) and GHS-R1b
(295 aa) in black seabream Acanthopagrus schlegeli. Orthologs of both
GHS-R1a and GHS-R1b have also been identified in rainbow trout On-
corhynchus mykiss (Kaiya et al., 2009-a,b); two variants namely DQTA/
LN-type and ERAT/IS-type GHS-R1a-like receptor (GHSR1a-LR, 387 aa)
based on the variation of amino acid sequence, and three variants of
GHSR1b-LRs composed of 300 aa or 297 aa. In zebrafish, Olsson et al.
(2008) reported a 360-aa protein similar to GHS-R1a. Using the
commercial zebrafish genomic database, Kaiya et al. (2008) reported
another GHS-R paralogous sequence, which has 365 aa and shows 74%
amino acid homology with the 360 aa zebrafish GHS-R reported by
Olsson et al. (2008). Kaiya et al. (2008) proposed the nomenclature of
the second, 365-aa protein to beGHS-R2a. Functional assays of zebrafish
GHS-R2a have not been conducted.

The present study was conducted to further characterize the two
channel catfish ghrelins, the amidated and Gly-extended forms
(ghrelin-amide and ghrelin-Gly, respectively), through the identifi-
cation and partial characterization of channel catfish ghrelin receptor.
As such, the objectives were to isolate cDNA encoding channel catfish
ghrelin receptor, to examine tissue distribution and ontogeny of the
receptor mRNA expression, and effects of intraperitoneal injection of
homologous, channel catfish ghrelin-amide and ghrelin-Gly admin-
istration on tissue-specific receptor mRNA expression using quanti-
tative real-time PCR.

2. Materials and methods

2.1. Channel catfish

All channel catfish (Ictalurus punctatus, Actinopterygii, Siluri-
formes, Ictaluridae) described in the following experiments were of
the NWAC103 commercial strain maintained under standard condi-
tions at the USDA-ARS Catfish Genetics Research Unit, Stoneville, MS
following accepted standards of animal care and use approved by the
Institutional Animal Care and Use Committee (IACUC) according to
USDA-ARS policies and procedures.

2.2. Cloning GHS-R1

Two degenerate primers were designed from consensus amino
acid sequence to amplify a short fragment of approximately 220 bp.
The two primers, GHSR-FK (5'-ACCACYAAYCTBTACYTRTGYAGC-3';
corresponding to position TTNLYLCS) and GHSR-RK (5'-GGCRCGMT-
RYGGGAARCAGATSCC-3'; corresponding to position AICFPLRA) were
used to amplify cDNA synthesized from pituitary total RNA. First-
strand cDNAs were synthesized from 5 µg total RNA using the iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) according to
manufacturer's instructions. PCR conditions were as follows: 5 µL
pituitary cDNA; 10× PCR buffer, 2.5 U Taq DNA Polymerase (New
England Biolabs, Ipswich, MA), 200 µM dNTPs, 1 mM MgCl2, 4 µM
sense and antisense primers, and 200 nM of the gene specific primer
(GSP) in a final reaction volume of 25 µL. The PCR cycling parameters
were denaturation for 1 min at 94 °C; 35 cycles of 94 °C for 15 s, 56 °C
for 30 s, and 72 °C for 1 min; and a final extension for 3 min at 72 °C.
Resultant products were electrophoresed in a 1.2% agarose gel
containing ethidium bromide. Amplification products were purified
using QIAquick gel extraction kit (QIAGEN GmbH, Valencia, CA, USA),
subcloned into pCR4-TOPO vector (Invitrogen, Carlsbad, CA, USA) and
E. coli (strain) were grown overnight in 5 mL of LB/ampicillin (100 µg/
mL) at 37 °C. Recombinant plasmids were purified using a standard
alkaline lysis protocol. Plasmid DNA sequencing reactions were
conducted using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems). DNA sequencing was performed using an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems).

5'-RACE PCRwas conducted using the GeneRacer™ Kit (Invitrogen),
based on the sequence information of the 221-bp fragment obtained
with degenerate primers. Total RNA isolated from channel catfish
pituitary was used to produce 5'-RACE cDNA according to the
manufacturer's protocol. One microliter of the 5'-RACE cDNA served
as template in the first-round PCR, along with 10× High Fidelity PCR
buffer, 2.5 U Platinum® Taq DNA Polymerase High Fidelity (Invitrogen),
200 µM dNTPs, 2 mM MgSO4, 600 nM GeneRacer™ 5′ primer, and
200 nMof the GSP (GHSR-R5'-6/7: 5'-GCCACATCCGGTACAGGTCC-3') in
a final reaction volume of 50 µL. The PCR parameters were 1 cycle 94 °C
for 2 min; 5 cycles of 94 °C for 30 s and 72 °C for 2 min; 5 cycles of 94 °C
for 30 s and 70 °C for 2min; 20 cycles of 94 °C for 30 s, 65 °C for 30 s and
68 °C for 2min; and afinal extension at 68 °C for 10min. For the second-
round nested PCR, 1 µL of the first-round PCR was used as a template,
along with 200 nM of the GSP (GHSR-R (5'N-6/7): 5'-GCACAGGAA-
GATCAGCAGGTC-3'), and 200 nM of the GeneRacer™ 5′-nested primer
with the remaining PCR conditions being identical to those listed for the
first-round of PCR. Cycling parameters were 1 cycle of 94 °C for 2 min;
25 cycles of 94 °C for 30 s, 65 °C for 30 s and 68 °C for 2 min; and a final
extension at 68 °C for 10 min. An approximately 825-bp cDNA was
subcloned into pCR4 Blunt II-TOPO vector (Invitrogen, Carlsbad, CA) and
the nucleotide sequence was determined.

Adjacent DNA sequence for GHS-R1 was obtained using the
GenomeWalkerTM Universal Kit (Clontech Laboratories Inc., Moun-
tain View, CA) according to the manufacturer's protocol. Briefly, four
GenomeWalkerTM libraries were built with DraI, EcorV, PvuII and StuI
restriction enzymes. One microliter of each DNA library served as
template in specific PCRs, along with 200 nM GSP (GHSR 722F: 5'-
ATCATGGTGGTGTTCAAGTACAAAGAG-3'), 200 nM of the adapter
primer (AP1), and 2× iProof HF Master Mix (BioRad) in a final reaction
volume of 50 µL. The PCR parameters were 98 °C for 2 min; 6 cycles of
98 °C for 10 s and 72 °C for 3min; 42 cycles of 98 °C for 10 s and 68 °C for
3 min; and a final extension at 68 °C for 7 min. An amplicon from the
PvuII library of approximately 1600 bp was subcloned into pCR4 Blunt
II-TOPO vector (Invitrogen) and the nucleotide sequence was
determined.

The SMART™ RACE cDNA Amplification Kit (Clontech) was used
for amplification of the 3'-untranslated regions of channel catfish
GHS-R1a and GHS-R1b using primers based on sequence obtained
from the Pvu II GenomeWalker™ library. Total RNA isolated from
channel catfish pituitary was used to produce 3'-RACE cDNA
according to the manufacturer's protocol. 3'-RACE cDNA (2.5 µL)
served as template in the first-round PCR, alongwith 10× Advantage 2
PCR Buffer (Clontech), 200 µM dNTPs, 50× Advantage 2 Polymerase
Mix (Clontech), 10× Universal Primer Mix (supplied by the manu-
facturer), and 200 nM of the GSP (3'RaceN1-052908: 5'-TGCTGCCCG-
TCTTCTGTCTG-3') in a final reaction volume of 50 µL. The PCR
parameters were 5 cycles of 94 °C for 30 s and 72 °C for 3 min; 5 cycles
of 94 °C for 30 s, 70 °C for 30 s and 72 °C for 3 min; 25 cycles of 94 °C
for 30 s, 68 °C for 30 s and 72 °C for 3 min; and a final extension at
72 °C for 5 min. For the second-round nested PCR, 5 µL of a 1/50
dilution of the first-round PCR product was used as template, along
with 200 nM of the GSP (3'RaceN2-052908: 5'-AGCAACAGGCAG-
ACCATCAAG-3') and the Nested Universal Primer Mix (supplied by
the manufacturer). The remaining PCR conditions were identical to
those listed for the first round of PCR. Cycling parameters were 1 cycle
of 94 °C for 2 min; 35 cycles of 94 °C for 30 s, 68 °C for 30 s and 72 °C
for 3 min; and a final extension at 72 °C for 5 min. PCR products of
approximately 730 bp and 630 bp were subcloned into pCR4 Blunt II-
TOPO vector and the nucleotide sequences were determined.

2.3. Cloning GHS-R2

While looking for a BAC clone containing GHS-R1, a BAC clone
containing another GHS-Rwas pulled out of the CHORI-212 BAC library
(http://bacpac.chori.org/catfish212.htm). The CHORI BAC library was
screened by hybridization in Rapid-hyb buffer (Amersham Pharmacia
Biotech) at 65 °C and BAC library filters were washed at high stringency

http://bacpac.chori.org/catfish212.htm


Table 1
Nucleotide sequences of PCR primers and probes used to assay gene expression by real-
time PCR.

Gene Primer Sequence

GHS-R1a Sense CTGGAGGAGGAAGAGGAGGAG
Anti-sense CAAACACCATCATGGCAAGCAT
Probea CTGCCTGTTGCTGCTGTCCCTGCT

GHS-R1b Sense GCTGGAGTGGTCCGACATTT
Anti-sense CTGGATGTAGCCGCTTGAGT
Probea CCCCGCCCACGATATTAGTTCCGC

GHS-R2 Sense AGATGGAGATGGGTTCCTGAAAC
Anti-sense AAAGTCCCAGTCCAGGTCTGT
Probea TTGTGCTGTCCGGCGCGTCACC

a Probes were dual labeled with a reporter dye (FAM, 6-carboxyfluorescein) at the 5′
end and a quencher dye (BHQ-1, Black Hole quencher-1) at the 3′ end (Biosearch
Technologies, Novato, CA, USA).
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(70 °C with 0.1× saline-sodium citrate, 0.1% sodium dodecyl sulfate). A
GHS-R1 specific probe was amplified by PCR using Taq DNA polymerase
(Promega) according to the manufacturer's recommended protocol with
the following primers: 5'-CTGCTGATCTTCCTGTGCCTG-3' and 5'-CACGGT-
CAGACAGAAGACG-3'. The cycling parameters were 1 cycle of 95 °C for
3min; 44 cycles of 95 °C15 s, 55 °C20 s, 72 °C30 s; andafinal extension at
72 °C for 5 min. Probes were random primed labeled with [32P] 2'-
deoxycytidine5'-triphosphateusingaMegaprime labelingkit (Amersham
Pharmacia Biotech). The screening resulted in the identification of a
GHS-R2-like product, and no BAC clone was identified for GHS-R1. he
GHS-R2-like gene was sequenced on the BAC using the following
primers: GHSR-PCR-F (5′-CTGCTGATCTTCCTGTGCCTG-3′); GHSR2-R1
(5′-GCATCTCACTCCAAACAGCC-3'); GHSR2-;R2 (5′-GCACAGAGCCAC-
TAGCCAAAG-3′); GHSR2-R3 (5′-GCAGAACCACAAGACCCTC-3′); GHSR2-
F3 (5′-GGTGAGAGATCCACTTACAC-3'); GHSR2-F4 (5′-TTGGGTGAAGG-
TCTGGTGATTG- GHSR2R5 (5′-ATTCAGAAGTTTACAGGAAC-3′) and 1438F
(5-ATCTCTCAGTACTGCAGCCTCATCTC-3′).

DNA sequence information for theGHS-R2-like product obtained from
the BAC clone was used to design primers for 5'- and 3'-RACE PCR. The
SMART™ RACE cDNA Amplification Kit was used to determine the
transcriptional boundaries. 5′- and 3′-RACE cDNA synthesized from
channel catfish pituitary according to the manufacturer's protocol was
used in the respective reactions with PCR conditions and cycling
parameters identical to those used for 3'-RACE PCR of GHS-R1. Gene
specific primers for nested 5'-RACE PCR were GHSR2-5N1 (5'-CAGGAG-
CGAGCAGGTCACAGTG-3') and GHSR2-5N2 (5'-CGCGTTCGTCCGGTT-
AGTCATA-3'), and yielded an approximately 190-bp product. Primers
for 3'-RACE PCRwere GHSR2-3' (5'-CCGCTATCTGTTCTCCAAGTCATCA-3')
and GHSR2-3'N (5'-CCTCGTCTCCTTAGTTCTGTTTTATT-3'), and yielded an
approximately 440-bp product. The resultant products were subcloned
into pCR4 Blunt II-TOPO vector and sequenced to determine the nucleo-
tide sequences.

2.4. Gene expression analysis by quantitative real-time PCR

Tissue specimens for total RNA extraction were rapidly excised from
fish and egg masses, flash frozen in liquid nitrogen, and stored at−80 °C
until RNA isolation. Total RNAwas isolated from specific tissues using TRI-
reagent (Molecular Research Center, Cincinatti, OH) according to the
manufacturer's protocol. Total RNA was quantified on a Nanodrop ND-
1000 spectrophotometer (Nanodrop Technologies, Rockland, DE), and
1 µg of total RNA was used for cDNA synthesis. First-strand cDNA was
synthesized using the iScript cDNA synthesis kit. The synthesized cDNA
was then quantified and diluted to 200 ng/μL for all samples. A total of
400 ng of cDNA was used in expression analyses. Gene expression was
determinedby real-timequantitative PCRusing the iCycler iQ™Real Time
PCR Detection System (Bio-Rad Laboratories) to measure mRNA
abundance. Standards were developed by generating PCR fragments
using the GSPs listed in Table 1, and then cloning them into the pCR4-
TOPO vector (Invitrogen). Cloned inserts were sequenced to confirm
sequence identity. Concentration of each resulting plasmidwasmeasured
spectrophotometrically, and serial dilutions of each plasmidwere used to
make the standard curves for quantification. Primer and probe sequences
for the target genes are listed in Table 1. The standard curve showed a
linear relationship between cycle threshold values and the logarithm of
input genecopynumber. All real-timePCRamplificationswereperformed
in triplicate, and specific quantities were normalized as copy number
against total RNA to avoid standardized concentrations across tissues
(Bustin, 2002). Each PCRmixture (12.5 µL) contained 400 ng of cDNA; 1×
iQ Supermix (Bio-Rad Laboratories)which consisted of 10mMKCl, 4mM
Tris–HCl (pH 8.4), 0.16 mM dNTPs, 5 U/mL iTaq polymerase, 0.6 mM
MgCl2, 10 nM of each GSP and 20 nM dual-labeled probe. The am-
plificationprofilewas95 °C for3min followedby40cyclesof95 °C for15 s
and 55 °C for 60 s. Amplification products were quantified by comparison
of experimental Ct (threshold cycle— defined as the PCR cycle where an
increase influorescence over background levelsfirst occurred) levelswith
those of the standard curve. The standard curve for each gene was
generated from 2 replicates of serial dilutions of recombinant plasmid.

2.5. Tissue expression and gene ontogeny

Total RNA of the pituitary, hypothalamus, heart, stomach, anterior
intestine, posterior intestine, liver, Brockmann bodies, gall bladder,
spleen, head kidney, trunk kidney, muscle, and gill was extracted
separately from four ~100 g fish and these cDNAs were synthesized as
previously described. Quantitative real-time PCR was performed to
examine distribution and variation in mRNA levels of receptor cDNA in
these tissues. Ontogeny ofGHS-R1a andGHS-R2amRNA expressionwas
examined by separately extracting total RNA from 1 mL of ovulated,
unfertilized (0 h) channel catfish eggs from three females and 1 mL of
fertilized eggs and developing embryos at different ontogenetic stages
from the same three females. Developingembryoswere sampledduring
the following stages according to Makeeva and Emel'yanova (1993):
activation (1 h post fertilization (hpf)), cleavage (4 hpf), blastulation
(10 hpf), gastrulation (26 hpf), organogenesis (34 hpf), embryonic
mobility (56 hpf), vascularization (126 hpf), hatch (174 hpf), and
verified microscopically. Quantitative real-time PCR was performed to
determine ghrelin receptormRNAexpression at each ontogenetic stage.

2.6. Gene expression following intraperitoneal injection with
exogenous ghrelin

Invivoeffectsof catfishghrelinonpituitary andBrockmannbodyGHS-
R1a and GHS-R2a mRNA expression were evaluated. Immature channel
catfish weighing approximately 75 g were anesthetized in a solution of
tricainemethane sulfonate (0.1 g/L; Finquil; Argent Chemical Laborato-
ries, Richmond, WA) and intraperitoneally injected with 250 ng/g body
mass (BW) of either amidated catfish ghrelin (ghrelin-amide) or Gly-
extended catfish ghrelin (ghrelin-Gly) (Kaiya et al., 2005). Control fish
received 0.9% NaCl solution only (1 µL/g body mass). Three fish per
treatment were euthanized in a solution of tricainemethane sulfonate
(0.2 g/L) at 1, 2, 4, and6h after injection, andpituitarywas rapidly excised
from each fish, flash frozen in liquid nitrogen, and stored at−80 °C until
RNA isolation and successive expression analysis.

2.7. Sequence and statistical analyses

DNA and translated protein sequence homologies were identified
using BLASTN and BLASTX (http://www.ncbi.nlm.nih.gov). Significant
identities were assumed at a level of P<0.0001. Multiple alignments of
cDNA and amino acid sequences were performed using CLUSTALW
(http://workbench.sdsc.edu). Phylogenetic analysis was conducted using
the neighbor-joining (NJ) method and MEGA 3.1 software (Kumar et al.,
2004). Quantitative results are presented as the means±standard error
(S.E.). Changes in receptor mRNA expression in channel catfish tissues
after injection of saline, ghrelin-amide, or ghrelin-Gly were log
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transformed then subjected to analysis of variance (ANOVA) mixed-
model procedures using SAS software system version 8.00 (SAS Institute,
Cary, NC). When significant differences were found using ANOVA, pair-
wise contrasts were made using Fisher's LSD test to identify significant
differences at P<0.05.

3. Results

3.1. Ghrelin receptor sequence determination and characterization

3.1.1. GHS-R1 sequence
Two GHS-R1 cDNAs were isolated from channel catfish pituitary.

The first, a GHS-R1a-like cDNA, was 1632 bp in length, contained a
Fig. 1. Genomic nucleotide sequence of the GHS-R1 gene and deduced amino acid sequence o
(ATG). The stop codon (TGA) is indicated by an asterisk (⁎). Exon sequence is denoted by cap
potential polyadenylation signal (AATAAA) is in bold font. The complete cDNA sequence h
FJ707319.
534-bp 5'-untranslated region (UTR), a 1035-bp open reading frame
(ORF) encoding a 344 aa protein, and a 63-bp 3'UTR (Fig. 1, accession
no. FJ707319). The genomic DNA sequence of GHS-R1a revealed
presence of a 749-bp intron and demonstrated an exon-intron
boundary consistent with the GT-AG rule for splicing (Fig. 1). The
second GHS-R1 cDNA, similar to GHS-R1b, was 1877 bp in length,
contained the same 534-bp 5'-UTR as GHS-R1a, a partially shared 924-
bp ORF and a distinct 419-bp 3'-UTR (Fig. 2, accession no. FJ707320).
The deduced amino acid sequence of catfish GHS-R1b is identical to
the GHS-R1a protein until 256 aa. Alternative splicing was indicated
by 3'-RACE PCR; the GHS-R1b ORF extends another 152 bp into the
intron sequence until reaching a stop codon (TAG), adding another 51
different amino acids.
f GHS-R1a in channel catfish. Number indicates location from adenine of the start codon
ital letter nucleotides. Intron sequence is denoted by lower case letter nucleotides. The

as been deposited in the DDBJ/EMBL/GenBank™ databases with the accession number



Fig. 2. Nucleotide and deduced amino acid sequence of the alternatively spliced, channel catfish GHS-R1b cDNA. Number indicates location from adenine of the start codon (ATG).
The stop codon (TGA) is indicated by an asterisk (⁎). The potential polyadenylation signal (GCTACA) is in bold font. The complete cDNA sequence has been deposited in the DDBJ/
EMBL/GenBank™ databases with the accession number FJ707320.
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3.1.2. GHS-R2a sequence
While attempting to isolate a clone for GHS-R1 from the CHORI-

212 BAC library, a second GHS-R gene was identified. This gene was
more similar in sequence to zebrafish GHS-R2a. Amplification of the
5'- and 3'-end of the cDNA by RACE PCR yielded a GHS-R2a-like cDNA
1490 bp in length, containing a 165-bp 5'-UTR, a 1089-bp ORF
encoding a 362-aa protein, and a 236-bp 3'UTR (Fig. 3, accession no.
FJ707321). The genomic DNA sequence of GHS-R2a revealed a 1379-
bp intron and demonstrated an exon–intron boundary consistent
with the GT-AG rule for splicing (Fig. 3).

3.1.3. Sequence characterization
Alignment of catfish GHS-R1a and GHS-R2a deduced amino acid

sequences indicated a 67% identity between them (Fig. 4). Catfish
GHS-R1a shared the highest sequence similarity with zebrafish GHS-R1a
(72%); followed by zebrafish GHS-R2a (69%), chicken GHS-R1a (69%), rat
GHS-R1a (64%), seabream GHS-R1a (63%), pufferfish GHS-R1a (63%), and
DQTA/LN-type rainbow trout GHSR1a-LR (60%) (Fig. 5). Catfish GHS-R2a
shared the highest sequence similarity with zebrafish GHS-R2a (76%);
followed by chicken (71%), zebrafishGHS-R1a (68%), rat (66%), pufferfish
(61%), seabream (60%), and rainbow trout (59%) (Fig. 5). Both catfish
GHS-R genes encode a seven-transmembrane domain receptor in which
the second extracellular domain between TMD4 and TMD5 is similar in
size to the zebrafish, rat and chicken; being shorter than that of seabream,
pufferfish and rainbow trout (Fig. 5). Phylogenetic analysis further
demonstrated conservation and similarity of GHS-R protein sequences
(Fig. 6). The catfish GHS-R grouped with the zebrafish clades and were
more closely related to the rat and chicken than rainbow trout, seabream
and pufferfish.
3.2. Ghrelin receptor mRNA expression

3.2.1. Tissue distribution
Real-time PCR indicated that GHS-R1a and GHS-R1b were pre-

dominantly expressed in the pituitary of channel catfish at concen-
trations of 5.0×107 and 1.3×105 copies/μg total RNA, respectively
(Fig. 7). GHS-R1a mRNA was detected in all tissues analyzed with
concentrations of both GHS-R1a (4.0×106 copies/μg total RNA) and
GHS-R1b (5.5×104 copies/μg total RNA) being lowest in the stomach.
GHS-R2a mRNA expression was highest in the Brockmann bodies
(3.2×105 copies/μg total RNA), and low in the pituitary (4.3×104
copies/μg total RNA) and stomach (3.4×104 copies/μg total RNA)
(Fig. 8).



Fig. 3. Genomicnucleotide sequenceof theGHS-R2 geneanddeduced amino acid sequenceofGHS-R2a in channel catfish. Number indicates location fromadenineof the start codon (ATG).
The stop codon (TGA) is indicated by an asterisk (⁎). Exon sequence is denoted by capital letter nucleotides. Intron sequence is denoted by lower case letter nucleotides. The potential
polyadenylation signal (CATAAA) is in bold font. The complete cDNA sequence has been deposited in the DDBJ/EMBL/GenBank™ databases with the accession number FJ707321.
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3.2.2. Ontogeny
Ghrelin receptor expression was examined at different ontogenic

stages of channel catfish embryogenesis from immediately prior to
fertilization (0 h) up to the time of hatching from the egg (174 hpf).
Microscopic determinations for the specific collection times verified the
following developmental stages: 1 hpf — activation, 4 hpf — cleavage,
10 hpf — blastulation, 26 hpf — gastrulation, 34 hpf — organogenesis,
56 hpf— embryomobility, and126hpf— vascularization.GHS-R1amRNA
expression level was high in unfertilized eggs and gradually declined
throughout embryogenesis (Fig. 9). GHS-R2a mRNA expression was not
detected in unfertilized eggs, minimally detected at 10, 26 and 34 hpf,
began to increase at 56 hpf, and was highest at the time of hatch (Fig. 9).



Fig. 4. Amino acid sequence alignment of channel catfish GHS-R1a and GHS-R2a. Asterisks (⁎) indicate amino acids in that column are identical between the two receptors.
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3.3. Effects of intraperitoneal catfish ghrelin injection on ghrelin receptor
mRNA expression

As GHS-R1a and GHS-R2a mRNA expressions were high in the
pituitary and Brockmann bodies, respectively, in vivo effects of
intraperitoneal injections of either homologous catfish ghrelin-amide
or ghrelin-Gly on pituitary and Brockmann body GHS-R1a and GHS-R2a
mRNA expression was evaluated by real-time PCR, and compared to
mRNA concentrations in tissues of control fish receiving 0.9% NaCl
solution. Injectionswith ghrelin-Gly resulted in a statistically significant,
relative to saline injected fish, increase in pituitary GHS-R1a mRNA
expression 2-h post injection (Fig. 10A), whereas no significant increase
was observed in GHS-R2a mRNA expression (Fig. 10B). Ghrelin-amide
had no significant effect on expression of either pituitary GHS-R1a or
GHS-R2amRNA expression (Fig. 10A and B).

In Brockmann bodies, catfish treated with either ghrelin-Gly or
ghrelin-amide did not influence GHS-R1amRNA expression compared
to pre-injection levels; however, GHS-R1a mRNA levels 4 h post
injection decreased unexpectedly in saline injected control fish
relative to both pre-injection levels and concentrations in ghrelin-
Gly or ghrelin-amide injected fish (Fig. 11A). GHS-R2a expression in
Brockmann bodies significantly increased 4 h post injection of
ghrelin-amide and 6 h post injection of ghrelin-Gly (Fig. 11B).

4. Discussion

4.1. Catfish GHS-R genes

Two distinct genes having sequence homology with other GHS-Rs
(ghrelin receptors) were identified and sequenced from channel
catfish. Sequence analysis of complementary and genomic DNA
established that the GHS-R1 gene is composed of two exons separated
by a single intron. This gene organization is identical to that reported
for other GHS-R1 genes including those of human (Petersenn et al.,
2001), chicken (Tanaka et al., 2003) and other fishes (Palyha et al.,
2000; Chan and Cheng, 2004; Kaiya et al., 2009-a,b; Olsson et al.,
2008). The catfish gene, however, encodes a peptide with a shortened
intracellular C-terminal tail, missing as many as 15 amino acids when
compared to other species and to catfish GHS-R2a (Fig. 5). Similar to
other species is the observed existence of an alternative splice variant of
the GHS-R1 gene in channel catfish. The GHS-R1 gene encodes a full-
length ghrelin receptor, GHS-R1a, and a truncated protein, GHS-R1b,
which lacks the structure after TMD-5 resulting from an unspliced
intron and an alternative stop codon. Both variants of GHS-R1, GHS-R1a
and 1b, were first identified in human and pig (Howard et al., 1996) and
have since been reported for fish species such as black seabream (Chan
and Cheng, 2004), tilapia (Kaiya et al., 2009-a) and rainbow trout (Kaiya
et al., 2009-b). It is now generally accepted that there are at least two
forms of GHS-R1, with GHS-R1a being recognized as the active ghrelin
receptor and GHS-R1b as an inactive, alternative splice variant
(Davenport et al., 2005). There is evidence, however, that GHS-R1b
acts to suppressGHS-R1a activitywhen co-expressed in vitro (Chan and
Cheng, 2004; Leung et al., 2007), making it necessary to investigate the
potential functionality of GHS-R1b in vivo.

The gene structure of GHS-R2 is similar to the GHS-R1 gene, having
two exons separated by a single intron. GHS-R2a appears not to be
alternatively spliced though, as only one transcript was identified by 3'-
RACE PCR. Although only one GHS-R gene has been reported for
mammals, this is the third report of twopotentially functionalGHS-Rs in
fish, next to zebrafish and rainbow trout (Kaiya et al., 2008, in press-b).
Using the commercial zebrafish genomic database, Kaiya et al. (2008)
identified a second GHS-R sequence paralogous to the one reported by
Olsson et al. (2008). The second zebrafish gene, identified as GHS-R2a,
encodes a 365-aa protein and shares a 74% amino acid identity with the
360-aa zebrafish GHS-R1a. Functional assays of zebrafish and catfish
GHS-R2a have not been conducted yet, but it is likely activated by
ghrelin because both catfish and zebrafish GHS-R1a and GHS-R2a are
structurally more similar to tetrapod GHS-R1a as demonstrated by
phylogenetic analysis (Fig. 6). Furthermore, the second extracellular
loop connecting TMD-4 and TMD-5 was shorter than seabream,
rainbow trout and pufferfish GHS-R1a which have longer extracellular
loops (Fig. 5). Kaiya et al. (in press-a) proposed a structural importance
of the second extracellular loop for eliciting intracellular calcium ion
increase of GHS-R-expressing cell.

When analyzing sequence similarities and phylogeny of the 344-aa
GHS-R1a and 362-aa GHS-R2a from channel catfish, it was discovered
that both receptors share the greatest sequence identity with the
zebrafish receptors, 72% forGHS-R1a and 76% forGHS-R2a (Fig. 5).With
each other, catfishGHS-R1a andGHS-R2a share 67% amino acid identity.
This is slightly less than the 72% identity shared between the two



Fig. 5.Multiple amino acid sequence alignment of GHS-R1a and GHS-R2a. Asterisks (⁎) indicate amino acids in that column are identical across all species. Colons (:) indicate conserved substitutions have been observed. Dots (.) indicate semi-
conserved substitutions were observed. Transmembrane domains (TMD) are boxed. Bolded letters indicate the second extracellular loop between TMD4 and TMD5. Amino acid sequences are available from the DDBJ/EMBL/GenBank™
databases: catfish-1a (FJ707319), catfish-2a (FJ707321), zebrafish-1a (XM_001335981), zebrafish-2a (XM_001340372), seabream (AY151040), pufferfish (AF082209), rainbow trout (DQTA/LN-type, AB362479), rat (AB001982), chicken
(AB095995).
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Fig. 6. Phylogenetic tree of the amino acid sequences of GHS-R1a and related receptors. The phylogenetic tree was generated using neighbor-joining (NJ) method of MEGA 3.1 software
(Kumar et al., 2004). Humanmotilin receptor (MTLR) and neuromedin U receptor-1 (NMUR1) were included as a family receptor of GHS-R. Amino acid sequences are available from the
DDBJ/EMBL/GenBank™ databases: catfish-1a (FJ707319), catfish-2a (FJ707321), zebrafish-1a (XM_001335981), zebrafish-2a (XM_001340372), seabream (AY151040), pufferfish
(AF082209), rainbow trout (DQTA/LN-type, AB362479), rat (AB001982), chicken (AB095995), human NMUR1 (NM_006056) and human MTLR (NM_001507).
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zebrafish genes (Kaiya et al., 2008). The two catfish GHS-Rs also group
with the respective zebrafish clades on thephylogenetic tree (Fig. 6) and
group more closely to the rat and chicken clade than do the other fish
species (i.e., rainbow trout, seabream and pufferfish) for which GHS-R
amino acid sequence is available.

4.2. Tissue distribution

Expression levels of channel catfish GHS-R1a mRNA were highest in
the pituitary (5.0×107 copies/μg total RNA; Fig. 7). This observation is
consistent with our previous result that a significant increase in plasma
GH and pituitary GH mRNA expression follows IP administration of
ghrelin to channel catfish (Kaiya et al., 2005). The predominant
Fig. 7. Tissue distribution of mRNA for channel catfish GHS-R1a and GHS-R1b. Gene expressi
individuals) as ratios to GHS-R1a expression level (5.0×107 copies/μg total RNA) and GHS-
distribution of GHS-R1a mRNA in the pituitary is consistent with
observations in seabream (Chan and Cheng, 2004), chickens and rats. In
chickens, expression levels are highest in pituitary and brain (Tanaka
et al., 2003). Rat GHS-R1a mRNA levels are highest in the pituitary,
followed by the hypothalamus and hippocampus (Katayama et al., 2000).
More recently, similar pituitary distribution of GHS-R1a-like receptor
mRNAwas reported in fish such as tilapia and rainbow trout (Kaiya et al.,
2009-a,b). It is likely that a predominant expression ofGHS-R1amRNA in
the pituitary is one characteristic of GHS-R1a in vertebrates.

GHS-R1b mRNA expression was also highest in the pituitary of
channel catfish (1.3×105 copies/μg total RNA; Fig. 7), although
expression was substantially less than that of GHS-R1a. In seabream,
GHS-R1b expression was approximately 13 times higher in the
on was analyzed by quantitative real-time PCR. Values represent the means±SE (n=4
R1b expression level (1.3×105 copies/μg total RNA), respectively, in the pituitary.



Fig. 8. Tissue distribution of channel catfish GHS-R2a mRNA. Gene expression was analyzed by quantitative real-time PCR. Values represent the means±SE (n=4 individuals) as a
ratio to GHS-R2a expression level in Brockmann bodies (3.2×105 copies/μg total RNA).
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telencephalon than the pituitary and 2.6 times higher than GHS-R1a
expression in the pituitary, the physiological significance of which
remains unknown (Chan and Cheng, 2004). Expression of GHS-R1b
mRNA in the telencephalon of channel catfish was not measured in
this study, but deserves further attention in both species.
Fig. 9. Ontogenic changes in channel catfish GHS-R1a and GHS-R2amRNA throughout embry
(174 hpf). Values represent the means±SE (n=3 individual spawns).
We detected greatest expression of GHS-R2a mRNA in the
Brockmann bodies and the expression level was of similar magnitude
to GHS-R1b (3.2×105 copies/μg total RNA, Fig. 8), although central
expression ofGHS-R2amRNAwas low,with hypothalamic and pituitary
expression being only 29.2% and 13.4% of that in the Brockmann bodies,
ogenesis from immediately prior to fertilization (0 h post fertilization (hpf)) to hatching



Fig. 10. Changes in (A) GHS-R1a and (B) GHS-R2amRNA expression in channel catfish pituitary after intraperitoneal injection of amidated and Gly-extended channel catfish ghrelin.
Amidated ghrelin (ghrelin-amide) or Gly-extended ghrelin (ghrelin-Gly) was injected at a dose of 250 ng/g body mass. Values represent the means±SE (n=3 individuals).
Significant differences (P<0.05) are expressed by an asterisk (⁎), compared with the values from saline injected catfish at each time point.
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respectively. Brockmann bodies comprise the pancreatic islet endocrine
tissue in teleosts. GHS-R2a expression has not been characterized in
other animal species, and this is the first report to detect a predominant
expression of GHS-R2a in Brockmann bodies. High ghrelin receptor
expression in Brockmann bodies is consistent with the insulinostatic
function of ghrelin observed in pancreatic islets of mammals (Dezaki
et al., 2008). The observed differential expression between GHS-R1a,
expressed primarily centrally, and GHS-R2a, expressed primarily in the
endocrine pancreas, suggests functional evolution and the potential for
differential regulation and function of these two ghrelin receptors.

4.3. Ontogeny

In this study, expression of GHS-R mRNA was determined in whole
channel catfish embryos at different ontogenic stages from immediately
prior to fertilization up to hatching, and demonstrated disparate
expression patterns between the two receptor genes: GHS-R1a mRNA
expressionwas already high in unfertilized eggs and gradually declined
during embryogenesis, suggesting a maternal contribution in addition
to early embryonic expression. Catfish GHS-R2a mRNA expression was
not detected inunfertilized eggs, andwasonlyminimally detected at10,
26 and 34 hpf, then increased significantly at 56 hpf, and was highest at
the time of hatch (Fig. 9). At 56 hpf fertilization embryonicmobility was
first observed.

Functional importance of ghrelin and GHS-R expression during
embryogenesis is not fully understood. In mouse, GHS-R mRNA was not
detected in the oocyte, but detected frommorula, blastocyst and hatched
blastocyst stage embryos (Kawamura et al., 2003). In chicken, expression
of chickenGHS-R1amRNAwasmeasured at embryonic time points, days
15 and 19 (E15 and E19) in the hypothalamus, proventriculus and liver.
Gahr et al. (2004) also reported GHS-R mRNA expression during em-
bryonic development in chicken. In fish, orange-spotted grouperGHS-R1a
mRNAwasdetected fromtheneurula stage,whereasGHSR-1bmRNAwas
expressed from the blastula stage, even earlier thanGHS-R1a (Chen et al.,
2008).

In concert withGHS-R, ghrelinmRNAexpressionwas observed from
themorula stage inmouse (Kawamura et al., 2003). Furthermore in rats,
ghrelinmRNAwasdetected at E12 (Torsello et al., 2003), and in chicken,



Fig. 11. Changes in (A) GHS-R1a and (B) GHS-R2a mRNA expression in channel catfish Brockmann bodies after intraperitoneal injection of amidated and Gly-extended channel
catfish ghrelin. Amidated ghrelin (ghrelin-amide) or Gly-extended ghrelin (ghrelin-Gly) was injected at a dose of 250 ng/g body mass. Values represent the means±SE (n=3
individuals). Significant differences (P<0.05) are expressed by an asterisk (⁎), compared with the values from saline injected catfish at each time point.
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stomach ghrelin mRNA expression was observed from E15 and later
(Chen et al., 2007; Yamato et al., 2005). In the Atlantic halibut, ghrelin
expression was seen beyond the yolk-sac stage (Manning et al., 2008).

Treatment of ghrelin from the two-cell stage to hatched blastocytes
inhibits embryonic development in mouse (Kawamura et al., 2003).
Ghrelin affects cell proliferation in mammals (Cassoni et al., 2001; Jeffery
et al., 2002; Pettersson et al., 2002). However, immunoneutralization at
E16hadnoeffect on survival or development in rats (Torsello et al., 2003).

The disparate expression between GHS-R1a and GHS-R2a and
relationship between ghrelin and the GHS-Rs during embryogenesis
in channel catfish cannot be adequately explained without further
investigation, but does add support for the differential regulation and
function of these two ghrelin receptors in catfish.

4.4. Response of GHS-R expression to exogenous ghrelin

The injected dose of homologous channel catfish ghrelin-amide
and ghrelin-Gly (250 ng/g body mass) in this study was the same as
that used in our previous study, with which the greatest increase in
circulating GH was observed 1 h post injection (Kaiya et al., 2005). It
revealed that ghrelin-Gly is a more potent GH secretagogue than
ghrelin-amide. Because of ghrelin's known function in GH release
from the pituitary into circulation and the high level of basal GHS-R1a
mRNA expression in the pituitary of channel catfish, expression of
GHS-R1a, which is accepted to be the active receptor in vertebrates,
and function-unknown GHS-R2a were both measured in the pituitary
in response to ghrelin injection. Similarly, since basal mRNA
expression of GHS-R2a was highest in the Brockmann bodies and
GHS-R1a expression in the Brockmann bodies was relatively high
among the tissues examined, both genes were measured in
Brockmann bodies following ghrelin injection.

Little is known about the regulation of ghrelin receptor expression
by the ligand. During in vitro receptor binding assays using GHS-R1a-
transfected mammalian cell lines, an increase in intracellular Ca2+

concentrations has been observed following ghrelin or GHS admin-
istration (Howard et al., 1996; Kojima et al., 1999). Increases in
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intracellular Ca2+ concentrations or extracellular acidification rates
have also been observed in seabream and pufferfish GHS-R1a in vitro
(Chan and Cheng, 2004, Palyha et al., 2000), indicating that these
GHS-R1a are functional in these fish species. At this time, receptor-
binding assays have not been done for the channel catfish receptors,
but expression experiments conducted in the present study illumi-
nated some apparent differences between species.

Channel catfish GHS-R1a mRNA expression increased 364% in the
pituitary in vivo 2 h after IP injection of ghrelin-Gly. However, GHS-R2a
mRNA expression was not significantly altered. Ghrelin-amide had no
effect on both receptor expressions in the pituitary. These results support
ghrelin-Gly as a more potent mediator of GH release from the catfish
pituitary than ghrelin-amide as previously observed by Kaiya et al.
(2005). It is worthy to note that structural differences of the ghrelin
molecule affect peptide function and regulation of receptor expression. In
the chicken, administration of 1 µMghrelin to pituitaries in vitro caused a
down-regulation of GHS-R1a mRNA within 15 min (Geelissen et al.,
2003). This result conflicts with the present study and with observations
of GHS-R expression in the arcuate nuclei of rats (Nogueiras et al., 2004).
In their study, a nearly 300% increase in GHS-RmRNA expression relative
to controlswasobserved2hafter intracerebroventricular injectionof5µg
ghrelin. These results suggest species-specific or tissue-dependent effects
of ghrelin on GHS-R expression. Further study is required to clarify the
integrative regulation of the ghrelin-GHS-R system in catfish.

Both channel catfishGHS-R1a andGHS-R2awere found in Brockmann
bodies (pancreatic islets) of channel catfish. This is different from that of
chicken, in which GHS-RmRNA could not be detected or detected with a
small amount in the pancreas (Tanaka et al., 2003, Geelissen et al., 2003,
Richards et al., 2006). The regulatory effect of ghrelin on GHS-R
expression in islets has been previously unknown. Results of IP ghrelin
injection in the present study suggest an up-regulation of ghrelin
receptors in the Brockmann bodies; however, the timing, magnitude
and ghrelin specificity were different from that observed in the pituitary.
In Brockmann bodies, injection of ghrelin-amide resulted in a robust
2413% increase inGHS-R2amRNA4h after IP administration. Ghrelin-Gly
also led to increasedGHS-R2a expressionwith levels 624% above baseline
6 h post injection. These results demonstrate that a specific regulatory
pathway for GHS-R2a expression by ghrelin-amide is present in channel
catfish Brockmann bodies. In the rat, ghrelin,whichmay be secreted from
α-cell of pancreatic islets, stimulates insulin secretion through binding to
theGHS-R1a in pancreatic isletsβ-cells (Date et al., 2002, Kageyama et al.,
2005). The result observed in channel catfish suggests a biological role of
GHS-R2a and ghrelin-amide in the regulation of pancreatic endocrine
function. Future research should be directed toward understanding the
regulatory mechanisms for differential expression of the two ghrelin
receptors and the effects of ghrelin on insulin release in catfish.

5. Conclusion

Two geneswith high sequence homology to ghrelin receptor (GHS-R)
were identified in channel catfish. Deduced amino acid sequence and
gene organization suggest that the two genes are GHS-R1 and GHS-R2,
and transcribe GHS-R1a and 1b, and GHS-R2a mRNAs, respectively.
Ontogenic changes in expression of GHS-R1a and 2a during embryogen-
esis were demonstrated and suggest functional differences between the
two receptors. Furthermore, ghrelin-amide and ghrelin-Gly are involved
in the disparate regulation ofGHS-R1a andGHS-R2amRNA expression in
the pituitary or Brockmann bodies. Together, these results suggest
complex regulatory mechanisms and functions of the two ghrelin
proteins and the two described receptors.
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