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a b s t r a c t

To further characterize the structure and function of calcitonin gene-related peptide (CGRP)

related peptides in fish, we have cloned cDNA sequences for CGRP, amylin, adrenomedullin

(AM) and adrenomedullin-2/intermedin (IMD) in goldfish (Carassius auratus) and examined

their tissue distribution. CGRP, amylin, AM and IMD cDNAs were isolated by reverse tran-

scription (RT) and rapid amplification of cDNA ends (RACE). The cloned sequences contain the

complete four mature peptides, which present a high degree of identity with mature peptide

sequences from other fish. Phylogenetic analyses show that goldfish AM and IMD form a sub-

familywithin the CGRP-related peptides that is distinct from theCGRP/amylin sub-family. The

distribution of goldfish CGRP-like peptides mRNA expression in different tissues and within

the brain was studied by RT-PCR. CGRP, IMD and AM are detected throughout the brain, in

pituitary and in most peripheral tissues examined. Amylin mRNA is mostly expressed in the

brain, in particular posterior brain, optic tectum and hypothalamus, but is also present in

pituitary, gonad, kidney and muscle. Our results suggest that goldfish CGRP, amylin, AM and

IMD are conserved peptides that show the typical structure characteristics present in their

mammalian counterparts. The widespread distributions of CGRP, AM and IMD suggest that

these peptides could be involved in the regulation of many diverse physiological functions in

fish. Amylin mRNA distribution suggests possible new roles for this peptide in teleosts,

including the control of reproduction.
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. Introduction
1

The calcitonin/calcitonin gene-related peptide (CGRP) family

consists of calcitonin, calcitonin gene-related peptide, adre-

nomedullin (AM), adrenomedullin-2 (or intermedin, IMD),

amylin (or islet amyloid polypeptide, IAPP) and the recently
* Corresponding author at: Dpto. Biologı́a, Fac. Ciencias del Mar y Am
el.: +34 956 016023; fax: +34 956 016019.

E-mail address: rosa.martinez@uca.es (R.M. Martı́nez-Álvarez).
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identified calcitonin receptor-stimulating peptide (CRSP)

[30,38]. Peptides of this family all have a six-amino acid ring

structure (seven for calcitonin) close to their N-termini,

formed by an intramolecular disulfide bond, which consists

of the biologically active region of the peptides [32]. They all act

through a calcitonin receptor-like receptor (CLR) complexed to
bientales, Univ. Cádiz, E-11510, Puerto Real, Cádiz, Spain.
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a specific receptor-activity-modifying proteins (RAMPs)

[5,13,27,28,31] and have diverse and sometimes overlapping

physiological actions.

CGRP is a 37-amino acid neuropeptide derived from the

tissue-specific alternative splicing of the calcitonin gene [51],

which is processed to produce either calcitonin or CGRP. In

mammals, CGRP is expressed in a number of tissues and

exerts a wide range of biological effects including neuromo-

dulation, vasodilatation and food intake and gastrointestinal

regulation [23,33]. In fish, cDNAS encoding for CGRP have been

isolated in a number of species including flounder (Paralichthys

olivaceus) [39], medaka (Oryzias latipes) and pufferfish [30]. In

fish, as in mammals, the calcitonin gene encodes both the

calcitonin peptide and a CGRP peptide [4,30]. The calcitonin

gene and CGRP-like molecules are highly expressed in the

brain but also in other tissues such as the ultimobranchial and

the pituitary glands [4,20].

Amylin is a 37-amino acid peptide hormone originally

isolated from amyloid deposits from the pancreas of type II

diabetic humans. In mammals, amylin is co-secreted with

insulin from pancreatic beta cells in response to meals [53,54],

binds to specific amylin receptors in the central nervous

system (CNS) and exert various effects including suppressing

glucagon secretion and slowing gastric emptying [54] and

decreasing food intake and body weight [24,53]. In fish, IAPP

has been identified in four species of teleosts, i.e. Danio rerio

(zebrafish), Salmo salar (Atlantic salmon),Myoxocephalus (cottus)

scorpius (daddy sculpin) [50] and pufferfish (Fugu rubripes) [3].

Amylin has been localized in fish endocrine pancreas,

suggesting that it is produced in the periphery and perhaps

transported to the brain where it has central actions [50].

AM is a 52-amino acid peptide initially isolated from

porcine adrenal medulla [16]. The AM gene encodes for two

bioactive peptides, AM and proAM N-terminal 20 peptide

(PAMP) both generated by the post-translational enzymatic

processing of preproAM [17]. In mammals, AM is produced by

different cell types, in all tissues of the body, with the possible

exception of the thyroid and thymus [14]. AM has a role in the

regulation of nervous, endocrine, cardiovascular, renal and

respiratory systems [22]. In mammals, AM is also involved in

the control of feeding, acting as an anorexigenic signal

[25,35,43]. To date, AM has been identified in two pufferfish

species and zebrafish [29], rainbow trout [41], common carp

(Cyprinus carpio) [19] and medaka [30]. In fish, AM mRNA is

expressed in brain and several peripheral tissues [19,29] and

AM immunoreactivity has been detected in the endocrine

pancreas [21].

IMD/AM2 is a 47-amino acid peptide initially isolated in fish

[29] and subsequently cloned by two independent groups in

mammals [34,41]. In mammals, IMD is expressed in brain,

pituitary and most peripheral tissues [40] and is involved in

several physiological functions including cardiovascular and

body fluid regulation [11,41], activation of the hypothalamic–

pituitary–adrenal axis and central regulation of food and water

intake [10,45]. In fish, IMD has been characterized in pufferfish

and zebrafish [29], rainbow trout [41] and medaka [30]. In

pufferfish, IMD is expressed in the brain and in the vascular-

rich mesentery [29].

Little is known about the physiological roles of four

peptides of the calcitonin/CGRP peptide family in fish. It has
been suggested that CGRP might have a role in osmoregulation

[20] and regulation of gut motility [49]. Amylin has a role in the

regulation of feeding [47] and AM might be involved in

cardiovascular regulation [1] in teleosts.

In order to further characterize the structure and putative

function of calcitonin gene related-related peptides in fish, we

have cloned cDNAs encoding for CGRP, amylin, adrenome-

dullin and intermedin complete mature peptides in goldfish

and examined their tissue distribution in central and

peripheral tissues.
2. Methods

2.1. Animals

Adult goldfish (Carassius auratus) of 12–27 g in weight were

obtained from a commercial supplier (Ozark Fisheries, Stout-

land, MO, USA) and were maintained (in St John’s, NL, Canada)

under a simulated photoperiod of 16L:8D in 60 l glass tanks,

with constantly aerated and filtered water at 20 8C. Fish were

fed a 1% wet body weight (bw) ration once a day with

commercially prepared 2.5 mm � 1 cm cylindrical trout pel-

lets (Corey Aquafeeds, Fredericton, NB, Canada). Fish were

anesthetized before decapitation and dissection of different

tissues. All experiments were carried out in accordance with

the principles published in the Canadian Council on Animal

Care’s guide to the care and use of experimental animals.

2.2. Preparation of RNA

Goldfish were anesthetized in 0.05% tricaine methanesulfo-

nate (MS-222; Syndel Laboratories, Vancouver, BC, Canada)

and quickly killed by severing the spinal cord. Brain and

peripheral tissues were dissected and placed in RNA later

stabilizing solution (Qiagen, CA, USA) and stored at �20 8C.

Total RNA from whole brain, pituitary, gill, heart, gut, liver,

spleen, kidney, muscle, skin and gonads, and various brain

areas, including olfactory bulbs, telencephalon and the

preoptic region, hypothalamus, optic tectum-thalamus, cer-

ebellum, posterior brain and spinal cord, were extracted from

fresh tissues using TRIsure RNA isolation reagent (Bioline,

London, UK) according to the manufacturer’s protocol. Final

RNA concentrations were determined by optical density

reading at 260 nm.

2.3. Cloning of cDNAs by reverse transcription (RT) and
rapid amplification of cDNA ends (RACE)

Primers used are listed in Table 1. To isolate CGRP, amylin and

AM sequences, total RNA from brain was used. IMD cDNA was

isolated from pituitary tissue. Extracted RNA was reverse

transcribed at 42 8C for 1 h in a total volume of 20 ml consisting

of 2 mg total RNA, 1 ml M-MLV RT buffer, 0.5 mM each dNTP,

0.5 mg oligo-dT-adaptor primer (dT-AP) and 200 U M-MLV

Reverse Transcriptase (New England Biolabs, Pickering, ON,

Canada).

In order to isolate cDNAs encoding CGRP and amylin

homologs, primers were designed based on conserved regions

in the sequences of CGRP and amylin in mammals and fish



Table 1 – Sequences of primers used for cDNA cloning and tissue distribution analysis

Primer Sequence

CGRP

Cloning primers

CGRP1 50-TACGACACAGAAGAGAGCCTGTA-30

CGRP2 50-CACAAATTTGCTGCTTCCAA-30

Specific primers for 30- and 50-RACE

30-RC CGRP1 50-GACTTCCTGAGCCGCTCAGG-30

30-RC CGRP2 50-GCTCAGGGGGAATTGGAAGC-30

50-RC CGRP1 50-CAGCAACCAAAGAAGAACTG-30

50-RC CGRP2 50-CAAACGCCTGGGAGCCCACG-30

50-RC CGRP3 50-GAGCCCACGTTTGTGGGGAC-30

Specific primers for RT-PCR

CGRPTD1 50-CTTACTGGAATGGTCAGCAG-30

CGRPTD2 50-CGATCAGTGCTATCAACTGG-30

Amylin

Cloning primers

Amyl 1 50-GAAGTGCAACACAGCCACCT-30

Amyl 2 50-GTGGATCCTACGTTGGTTGG-30

Specific primers for 30- and 50-RACE

30-RC-Amyl 1 50-TGCGTGACTCAGAGATTAGC-30

30-RC-Amyl 2 50-GACTTTCTCGTCCGCTCCAG-30

50-RC-Amyl 1 50-TGTCTGCATTTGAACTATAG-30

50-RC-Amyl 2 50-GGTGTTGGCTCCCACGTTGG-30

50-RC-Amyl 3 50-GTTGGTCGGTGCGTAGACG-30

Specific primers for RT-PCR

AmyTD1 50-ATACAAGCATTCCTGCCTGC-30

AmyTD2 50-CGACTGCAGCAAGTCTCTCT-30

Adrenomedullin

Cloning primers

AM1 50-GCCACATTCCAGCACTGACA-30

AM2 50-AGCAGCTCTTCCAGCTTGTG-30

Specific primers for 50-RACE

50-RC-AM1 50-GTGACCCGTAGGGATTGATCT-30

50-RC-AM2 50-GAGATCATGGAGACGGTGTGC-30

50-RC-AM3 50-GTGTGCCAGCACATGCACCG-30

Specific primers for RT-PCR

AMTD1 50-AGGGATTTGAGCCTTGCTGC-30

AMTD2 50-TCTCTGGAACGGACCTTCGC-30

Intermedin

Primers for 30-based in other fish IMDs

30-RC-IMD1 50-AGGTACAAAACCTCAGC-30

30-RC-IMD2 50-TCAGCCATCGCCTCTACCAG-30

Specific primers for 50-RACE

50-RC-IMD1 50-ACGCCTGTAAATTGTTAATTG-30

50-RC-IMD2 50-CTTCTGGGATTGATTGGTGC-30

50-RC-IMD3 50-GATTGGTGCGTCTTGCCGTC-30

Specific primers for RT-PCR

IMDTD1 50-GGAACATTTCCGAGAACGTCGC-30

IMDTD2 50-TCTCGTGACAGGACGCCTGT-30

Adaptor primers

dT-AP 50-GGCCACGCGTCGACTAGTAC(T17)-30

AP 50-GGCCACGCGTCGACTAGTAC-30

Primers for internal control of RT-PCR

EF1 50-ATCACCAAGGAAGTCAGCGC-30

EF2 50-ACTCATGGTGCATCTCAACG-30
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(Table 1). PCR was carried out on first strand cDNA and PCR

products were analyzed on a 2% agarose gel. The band of

desired size was excised and purified and subcloned (see

description below). Specific primers were then designed based

on the cDNA fragments obtained above. For 30-RACE, total RNA

was reverse transcribed with dT-AP and the cDNA was

amplified by two rounds of PCR, with dT-adaptor primer

(dT-AP) and either 30-RC-CGRP1 or 30-RC-Amyl1, and adaptor

primer AP and either 30-RC-CGRP2 or 30-RC-Amyl2 (Table 1),

respectively. PCR products were then purified and cloned. For

50-RACE, cDNA was synthesized by reverse transcription of

brain total RNA with a specific primers (50-RC-CGRP1 or 50-RC-

Amyl1) and tailed with poly(A) using terminal transferase

(Invitrogen, Burlington, ON, Canada). Products were amplified

by two rounds of PCR using dT-adapter primer and either 50-RC

CGRP2 or 50-RC Amyl2 and AP and either 50-RC-CGRP3 or 50-RC-

Amyl3, respectively. PCR products were then purified, cloned,

and sequenced.

A small fragment of AM sequence was amplified using

primers (AM1 and AM2) designed based on AM sequences

from common carp, zebrafish and takifugu. For 50-RACE, cDNA

was synthesized by reverse transcription of brain total RNA

with specific primers (50-RC-ADM1) and tailed with poly(A)

using terminal transferase (Invitrogen). Products were ampli-

fied by two rounds of PCR using dT-AP and 50-RC-ADM2 and AP

and 50-RC-ADM3, respectively. PCR products were then

purified, cloned, and sequenced.

To isolate the 30-end of IMD cDNA, two primers, 30-RC-IM1

and 30-RC-IM2 were designed on the basis of regions of high

identity among pufferfish, zebrafish, medaka and tetraodon

sequences. For 50-RACE IM cDNA was synthesized by reverse

transcription of pituitary total RNA with a specific primers (50-

RC-IM1) and tailed with poly(A) using terminal transferase

(Invitrogen). Products were amplified by two rounds of PCR

using dT-AP and 50-RC-IM2 and AP and 50-RC-IM3, respec-

tively. PCR products were then purified, cloned, and

sequenced.

In all cases, the PCR reaction mixture was carried out in a

total volume of 25 ml consisting of 1 ml PCR buffer, 0.2 mM each

dNTP, 0.2 mM each primer, and 1 U of Taq polymerase (New

England Biolabs). PCR products were separated by agarose gel

electrophoresis, and the band of desired size was excised and

purified using a GenEluteTM gel purification kit (Sigma, Saint

Louis, MI, USA). The desired PCR products were then

subcloned using the pGEM-T vector system (Promega Corp.,

Madison, WI, USA). Plasmid DNA containing the DNA insert

was purified by GenEluteTM Plasmid Miniprep Kit (Sigma) and

sequenced by the MOBIX Lab (McMaster University, Ontario,

Canada).

2.4. Sequence analysis

DNA and deduced protein sequences were analyzed by the

Basic Local Alignment Search Tool (BLAST) available from the

National Center for Biotechnology Information (NCBI) website

(www.ncbi.nlm.nih.gov). Multiple alignments of amino acid

sequences were performed using ClustalW software (www.e-

bi.ac.uk/clustalw/). Phylogenetic tree was obtained by Neigh-

bor Joining method with 1000 replications using Phylo Win

software.
2.5. Detection of mRNA expression in goldfish brain
regions and tissues

The distribution of CGRP, amylin, AM and IMD mRNA

expression in different tissues and in discrete brain regions

was studied by RT-PCR using goldfish elongation factor-1 a

(EF-1a) as a control gene. Total RNA from brain, pituitary, gills,

heart, gut, liver, spleen, kidney, muscle, skin and gonads and

from distinct brain regions (olfactory bulbs, telencephalon,

optic tectum-thalamus, hypothalamus, cerebellum, posterior

brain and spinal cord) were isolated as described above. To

ensure non-contamination with genomic DNA, 1 mg total RNA

was reverse transcribed into cDNA using QuantiTect1 Reverse

Transcription kit (Qiagen, Crawley, UK) with integrated

removal of genomic DNA contamination. PCR amplifications

was carried out for 40 cycles with the pairs of specific primers

CGRPTD1 and CGRPTD2, AmyTD1 and AmyTD2, AMTD1 and

AMTD2, IMDTD1 and IMDTD2 (Table 1) for CGRP, amylin, AM

and IMD, respectively. EF1 and EF2 were used as primers for

the reference gene (Table 1). Primers were designed based on

our sequences for each peptide and on goldfish elongation

factor-1 a sequence (EF-1a, GenBank accession number

AB056104). PCR products were run on agarose gels and

visualized using the Epichemi Darkroom BioImaging System

(UVP, Upland, CA, USA) equipped with a 12-bit cooled camera.

Image processing and analysis were performed using Lab-

Works 4.0 software (UVP).
3. Results

3.1. Structure of the goldfish CGRP, amylin, AM and IMD

A 159-bp cDNA fragment of the goldfish CGRP gene (GenBank

accession number EU000531) encoding a 38-aa CGRP putative

mature peptide was cloned (Fig. 1A). The amino acid sequence

of goldfish CGRP is identical to that of zebrafish CGRP and

shares 78–100% identity with CGRPs from other fish species

and 76–81% identity with human CGRP. Similar to CGRPs from

other fish and mammals, goldfish CGRP presents a single

disulfide bridge linking six amino acid residues and an

amidation signal (glycine, G) at the C-terminus.

We have cloned a 500-bp cDNA sequence encoding for

goldfish amylin (GenBank accession number EU000530), which

includes a 380-bp open reading frame encoding for a putative

proamylin of 126 aa that contains the complete putative

mature peptide. Similar to other vertebrates, the mature

goldfish amylin peptide is 38 aa (Fig. 1B). The goldfish peptide

presents a 71, 78, 89 and 91% degree of identity with human,

rat, salmon and pufferfish amylins, respectively. The mature

goldfish amylin displays a six-amino acid ring structure close

to the N-terminus formed by an intramolecular disulfide bond

between two cysteine residues. A C-terminal composed of

threonine–tyrosin–glycine (TYG), present in the other verte-

brate amylins is also seen in goldfish.

Our 557 bp cloned AM cDNA (GenBank accession number

EU000533) contains an open reading frame of 466 bp encoding

a 50-aa complete putative mature protein (Fig. 1C). Goldfish

AM shows identities of 65–95% and 44–46% with teleosts and

mammals AM sequences, respectively. The mature goldfish

http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/


Fig. 1 – Sequence alignments for CGRP (A), amylin (B), adrenomedullin (C) and intermedin (D) putative mature peptides.

Goldfish CGRP (GenBank accession no. EU000531) was compared to zebrafish (NP 001002471), medaka (GenBank accession

no. 1-CGRP: AB257079; 2-CGRP: AB257080), takifugu (1-CGRP: Scaffold 2458; 2-CGRP: Scaffold 125), salmon (GenBank

accession no. U71287), halibut (GenBank accession no. AB052782) and human (GenBank accession no. a-CGRP: X02330; b-

CGRP: X02404). Goldfish amylin (GenBank accession no. EU000530) was compared to takifugu (Scaffold 662), salmon [50],

human and rat (GenBank accession no. DQ516082 and NP 036718, respectively). Goldfish adrenomedullin (GenBank

accession no. EU000533) was compared to carp (GenBank accession no. AB120940), zebrafish (GenBank accession no.

XM693535), medaka (GenBank accession no. AB257074), takifugu (GenBank accession no. AB120295), human (GenBank

accession no. D43639) and rat (GenBank accession no. D15069). Goldfish intermedin (GenBank accession no. EU000532) was

compared to medaka (GenBank accession no. IM1: AB257075; IM2: AB257076), zebrafish (GenBank accession no. IM1:

CK694927; IM2: AW421384), takifugu (GenBank accession no. IM1: AB120296; IM2: AB120297), human (GenBank accession

no. AB121034) and rat (GenBank accession no. AB121036). The disulfide bond across cysteine residues is indicated by

bracketed boxes. The amidation signal (G; Gly) are shadowed. The putative basic cleavage sites in IMD sequence are darkly

shaded.
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AM peptide presents the amidation signal (G) at the C-

terminus and a six-amino acid ring structure close to the N-

termini, which are both conserved among vertebrate AMs. The

six-amino acid ring of teleost AMs displays two amino acid

substitutions compared to mammalian AMs, arginine and

phenylalanine (RF) residues being replaced by serine and

leucine (SL), respectively, in the fish sequence (Fig. 1C). By

examining the 50 region of our cDNA fragment encoding
goldfish preproAM and comparing it to that of zebrafish, carp,

medaka, takifugu and human (Fig. 2), an enzymatic cleavage

signal (KR), but no amidation site could be identified in the

‘‘potential PAMP-like region’’ of the goldfish sequence. This

putative region is shorter than and presents only 21% identity

with either human PAMP or takifugu PAMP-like sequences.

A cDNA fragment of 500 bp containing the complete

putative mature IMD was also obtained (GenBank accession



Fig. 2 – Sequence alignments for goldfish (partial sequence), zebrafish, carp, medaka, pufferfish and human

preproadrenomedullin. Mature proAM N-terminal 20 peptide (PAMP) in mammal and pufferfish PAMP-like peptide are

shadowed. Boxes contain the predicted sequences for putative mature AM. Conserved amino acid sequences in the

‘‘possible PAMP-like region’’ in goldfish, zebrafish, carp and medaka are in bold letters. GenBank accession numbers are as

in Fig. 1.
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number EU000532). The amino acid sequence of the mature

goldfish IMD is 53 aa long (Fig. 1D) and shares 77–90% identity

with IMDs from other teleosts and 69–75% identity with

mammalian IMDs. IMD proteins from fish are larger (53–61 aa)

in relation to their mammalian counterparts (48 aa). Similar to

other vertebrate IMDs, the goldfish peptide presents a single

disulfide bridge with six amino acid residues formed by two

cysteines as well as an amidation signal (G) at the C-terminus.

Furthermore, goldfish IMD presents an arginine (R) residue

seven amino acids downstream of N-terminus, which is

conserved in all species.

The sequence alignments for goldfish CGRP, amylin, AM and

IMD putative mature peptides reveal a low homology (Fig. 3A).

However, the disulfide bond across cysteine residues and the

amidation signal (Gly) at the C-terminus appear conserved in

the four peptides. In goldfish, as in other vertebrates, the amino

acid sequence of CGRP is close to that of amylin, the mature

peptides sharing 57% identity. Goldfish AM and IMD share a 36%

identity but only share 18–26% identity with goldfish CGRP and

amylin mature proteins. Phylogenic analyses show that gold-

fish CGRP and amylin each groups with pufferfish and

mammalian peptides, CGRP and amylin forming a sub-branch

within this calcitonin peptide family. Similarly, goldfish AM and

IMD each groups with fish and mammalian homolog peptides

(Fig. 3B). Our data show that goldfish AM and IMD form a sub-

familywithin the CGRP-related peptides that isdistinct fromthe

CGRP/amylin sub-family.

3.2. Brain and tissue distribution of CGRP, amylin,
AM and IMD mRNA

RT-PCR was performed in order to localize mRNAs in different

tissues and brain regions.
CGRP mRNA expression was detected in all tissues

examined, i.e. brain, pituitary, gill, heart, gut, liver, spleen,

kidney, muscle, skin and gonads (Fig. 4). Within the brain,

CGRP has a wide range distribution and is expressed in all

cerebral areas, with strongest signals in the posterior brain

and spinal cord (Fig. 5).

Amylin mRNA is mostly expressed in the brain, but is also

present in gonad (testis) and displays low expression levels in

pituitary, kidney and muscle (Fig. 4). Within the brain, amylin

is expressed in posterior brain, hypothalamus and optic

tectum but not in olfactory bulbs, telencephalon, cerebellum,

or spinal cord (Fig. 5).

AM mRNA expression was detected in brain, pituitary and

all peripheral tissues examined, with the exception of gills

(Fig. 4), and in all brain regions studied, with lowest levels in

the spinal cord (Fig. 5).

IMD mRNA expression was detected in brain, pituitary and

all peripheral tissues examined, with highest levels in brain,

pituitary and gonads and lowest levels in gills, spleen and skin

(Fig. 4). IMD is present in all brain regions tested (Fig. 5).
4. Discussion

4.1. Structure of calcitonin gene-related peptide-related
peptides in goldfish

Goldfish CGRP shows a high percentage of identity with CGRPs

from other fish and human CGRP. Mammals have two CGRP

genes: one gene expresses both alpha CGRP and calcitonin,

whereas the other expresses only beta CGRP [30]. Two CGRP

genes are also present in fish, each producing one form of

CGRP, CGRP-1 or CGRP-2 [30]. Although we only isolated one



Fig. 3 – (A) Sequence alignments for goldfish CGRP, amylin (AMYL), AM and IMD putative mature peptides. The sequences

conserved between CGRP and amylin are shadowed and sequences conserved between AM and IMD are blackened. The

disulfide bond across cysteine residues is indicated by bracketed boxes. The amidation signals (G; gly) at the C-terminus

are boxed. (B) Phylogenetic analysis of goldfish CGRP, amylin, AM and IMD putative mature peptides with CGRP-related

peptides of other teleosts and human. The phylogenetic tree was obtained using the neighbor-joining method in Phylo

Win. m, medaka; h, human; g, goldfish; p, pufferfish. The goldfish sequence is squared. GenBank accession numbers are as

in Fig. 1.
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form, it is probable that two CGRP forms exist in goldfish.

Similar to other vertebrate CGRPs, goldfish CGRP is a 38-aa

peptide. It contains two cysteine residues on positions 2 and 7,

which form an intramolecular disulfide bond that is respon-

sible for the 3D configuration of the biologically active peptide,

and an amidation signal (Gly) at the C-terminus [5]. These

same characteristics are also present in vertebrates amylins

[6], including goldfish amylin.

To date, cDNAs encoding amylin have been identified in

zebrafish (D. rerio), Atlantic salmon (S. salar), and pufferfish (F.
rubripes) [3,50]. The mature goldfish amylin protein presents a

high degree of identity with other fish amylins, as well as with

mammalian amylins, suggesting that the mature peptide is

highly conserved in vertebrates. We only found one form of

goldfish amylin, which is consistent with the fact that only a

single amylin ortholog appears to exist in fish, based on the F.

rubripes genome [3].

As the previously described CGRP-related peptides, goldfish

AM contain two cysteine residues that form a disulfide bond

and an amidation signal (G) at the C-terminus [19,29,32,40,42].



Fig. 4 – Distribution of CGRP, amylin (AMYL),

adrenomedullin (AM) and intermedin (IMD) mRNA

expression in whole brain, pituitary and peripheral

tissues of goldfish as revealed by RT-PCR assays. EF-1a

was used as reference gene. The RT-PCR products were of

expected size with 148 bp for CGRP cDNA, 381 bp for AMYL

cDNA, 295 bp for AM cDNA, 291 bp for IMD cDNA and

385 bp for EF-1a cDNA.
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The mature goldfish AM protein presents a high degree of

identity with other teleost AMs but only 46–48%, with

mammalian AMs, suggesting that AM is highly conserved

among fish but less among vertebrates. Moreover, arginine

and phenylalanine (RF) residues present in the ring structure

of mammalian AMs are substituted by serine and leucine (SL)

residues in teleosts AMs, suggesting differences in receptor

selectivity between different species. Five forms of AM, named

AM1, 2, 3, 4 and 5, were originally reported in pufferfish [29]

and later identified in zebrafish [29], rainbow trout [41] and

medaka [30]. These five AMs seem to belong to three main
Fig. 5 – Distribution of CGRP, amylin (AMYL),

adrenomedullin (AM) and intermedin (IMD) mRNA

expression in discrete brain regions of goldfish as

revealed by RT-PCR assays. EF-1a was used as reference

gene. The RT-PCR products were of expected size with

148 bp for CGRP cDNA, 381 bp for AMYL cDNA, 295 bp for

AM cDNA, 291 bp for IMD cDNA and 385 bp for EF-1a

cDNA.
subtypes, AM1/4, AM2/3, and AM5 [42]. Forms 1, 2 and 5 have

also been isolated in mammals [42] suggesting that AM3 and

AM4 could have been generated by gene duplications in fish.

Mammalian AM2 actually corresponds to intermedin [34], so

that this peptide is now referred to as AM2/IMD. Although we

only isolated AM1 and AM2 (IMD), it is possible that other

forms exist in goldfish.

In mammals, proadrenomedullin contains proadrenome-

dullin N-terminal 20 peptide, a 20-residue sequence located

upstream of the AM sequence. PAMP contains an amidation

motif (RG) at the carboxy end and is followed by a proteolytic

site (KR) [18,22]. PAMP and AM have similar physiological

functions and both act as vasodilators, bronchodilators and

regulators of hormonal secretion [37]. It has been suggested

that a PAMP-like sequence exists just after the signal sequence

of AM-1 in takifugu. This PAMP-like peptide displays a

proteolytic site, but lacks the amidation motif at the carboxy

end [29]. The putative PAMP-like region of the goldfish

sequence displays a very low degree of identity with either

human PAMP or takifugu PAMP-like sequence. As in carp [19],

the goldfish sequence presents an enzymatic cleavage signal

(KR) but no amidation site. Further studies will thus be

required to determine if this sequence corresponds to a

biologically active PAMP-like peptide.

Goldfish IMD presents a high degree of identity not only

with other fish IMDs, but also with mammalian IMDs,

suggesting that the mature peptide is highly conserved

throughout phylogeny. In addition to the amidation donor

residue (glycine, G) in the C-terminus, goldfish IMD also shows

an arginine (R) residue close to the disulfide bond at the N-

terminus, which is conserved among fish and mammals [3]. To

date, IMD has been identified in five fish species (pufferfish,

medaka, tetraodon, zebrafish and rainbow trout). Pufferfish,

medaka and zebrafish have been shown to possess two IMD

genes, IMD1 and 2 [29,30,41]. In mammals, two IMDs peptides,

generated by proteolytic cleavage of the same preprohormone,

have also been reported [34]. It is thus probable that a second

IMD form exists in goldfish.

When comparing sequences of goldfish calcitonin-related

peptides, the percentage of identity and phylogenetic analysis

reveals that AM and IMD form a sub-family of peptides that is

distinct from the CGRP/amylin sub-family, which is consistent

with the previous studies by Ogoshi et al. on pufferfish [29].

4.2. Tissue distribution of CGRP-related peptides in
goldfish

CGRP mRNA expression distribution in goldfish are in

agreement with studies in mammals [48] and fish [2,7,9,12]

showing that CGRP is expressed in many central and

peripheral tissues and suggesting that this peptide could act

as central neuropeptide and as neurotransmitter in the

periphery. In mammals, amylin is synthesized from pancrea-

tic beta cells, gastrointestinal tract, spinal cord and developing

kidney [52,54]. In fish, amylin is present in the insulin-

producing pancreatic cells (Brockmann bodies) of sculpin, and

in salmon endocrine pancreas [50]. In goldfish, pancreatic

tissue is scattered around the gut and the liver [8], but,

interestingly, we found no amylin expression in either of these

tissues. To our knowledge, this is the first report of the
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presence of amylin in gonads of any vertebrate. The expres-

sion of amylin along the hypothalamic–pituitary–gonadal axis

observed in goldfish might indicate a role of this peptide in the

regulation of reproductive events. AM is present in the brain

and most peripheral tissues of goldfish (this study), pufferfish

[29] and common carp [19] as well as in pancreas of brown

shark and rainbow trout [21]. The ubiquitous distribution of

AM in fish, birds [55] and mammals [14] indicates that AM

could act as a multifunctional regulatory peptide in verte-

brates. The wide distribution of AM in goldfish brain is similar

to that found in other vertebrate species [15,26,49] and

suggests that AM also exerts central actions in fish as

described in mammals [36,43,44]. The wide distribution of

goldfish IMD contrasts with the IMD expression in pufferfish

that is almost exclusively detected in the brain [29] and is

consistent with the widespread distribution in mammals

[34,41,45]. The high expression levels of IMD in goldfish brain

and pituitary suggest that IMD might be involved in the central

regulation of physiological functions and in the control of

pituitary secretion in fish as reported in rodents [42,45,46].

In conclusion, cDNAs encoding four mature peptides from

the calcitonin gene related family, CGRP, amylin, adrenome-

dullin and intermedin have been isolated in goldfish.

Phylogenetic analyses show that these peptides are relatively

well conserved among vertebrates but display species-specific

differences in their tissue distribution. This study is a first step

towards the characterization of these peptides whose phy-

siological functions in fish remain for the most part unknown.
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