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cDNAs encoding for neuropeptide Y (NPY), cocaine- and amphetamine-regulated transcript (CART) and
cholecystokinin (CCK) were cloned in an elasmobranch fish, the winter skate. mRNA tissue distribution
was examined for the three peptides as well as the effects of two weeks of fasting on their expression.
Skate NPY, CART and CCK sequences display similarities with sequences for teleost fish but in general
the degree of identity is relatively low (50%). All three peptides are present in brain and in several periph-
eral tissues, including gut and gonads. Within the brain, the three peptides are expressed in the hypothal-

ﬁfrrrgrrisliate amus, telencephalon, optic tectum and cerebellum. Two weeks of fasting induced an increase in
NPY telencephalon NPY and an increase in CCK in the gut but had no effects on hypothalamic NPY, CART
CART and CCK, or on telencephalon CART. Our results provide basis for further investigation into the regulation
CCK of feeding in winter skate.

Fasting © 2009 Elsevier Inc. All rights reserved.
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1. Introduction

In fish as in all vertebrates, appetite is regulated by central and
peripheral appetite-stimulating (orexigenic) or appetite-inhibiting
(anorexigenic) factors. Neuropeptide Y (NPY) and cocaine- and
amphetamine-regulated transcript (CART) are examples of central
orexigenic and anorexigenic factors, respectively, whereas chole-
cystokinin (CCK), although also produced by the brain, is mostly
synthesized in the gut and acts as a peripheral satiety factor (Volk-
off et al., 2005).

Neuropeptide Y is a 36 amino acid peptide, member of a peptide
family that also includes pancreatic polypeptide and peptide YY. In
mammals, NPY is one of the most potent orexigenic factors known
to date (Chee and Colmers, 2008). NPY has been isolated and char-
acterized in a number of fish species, including goldfish, Carassius
auratus (Blomqvist et al., 1992), perch, Siniperca chuatsi (Liang
et al., 2007), trout, Oncorhynchus mykiss (Doyon et al., 2003), and
cod, Gadus morhua (Kehoe and Volkoff, 2007). In fish as in other
vertebrates, NPY appears to be involved in the regulation of feed-
ing. Intracerebroventricular (ICV) injections of NPY in channel cat-
fish (Ictalurus punctatus) (Silverstein et al., 2001) and goldfish
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(Lopez-Patino et al., 1999) cause an increase in food intake
whereas ICV injections of NPY antagonists decrease feeding in
goldfish (Lopez-Patino et al., 1999). In addition, increases in brain
NPY mRNA expression levels are seen in food restricted Pacific sal-
mon (Oncorhyncus sp.) (Silverstein et al., 1998) and goldfish (Nar-
naware and Peter, 2002).

Cocaine- and amphetamine-regulated transcript (CART) was
first discovered in rats as the transcript of a brain mRNA up-regu-
lated following administration of cocaine and amphetamine and
later shown to have a role in the regulation of feeding, as centrally
injected CART dose-dependently inhibit food intake in rats (Goris-
sen et al., 2006). To date, CART has been cloned from mammals
(Adams et al., 1999; Douglass and Daoud, 1996; Douglass et al.,
1995), amphibians (Lazar et al., 2004) and fish, including goldfish
(Volkoff and Peter, 2001), Atlantic cod (Kehoe and Volkoff, 2007)
and catfish (Kobayashi et al., 2008). ICV injections of CART decrease
food intake in goldfish (Volkoff and Peter, 2000) and fasting in-
duces decreases in CART mRNA in goldfish (Volkoff and Peter,
2001), cod (Kehoe and Volkoff, 2007) and catfish (Kobayashi
et al., 2008), suggesting that CART regulates feeding in fish.

Cholecystokinin (CCK) is synthesized by intestinal endocrine
cells as a 115 amino acid prepro-CCK polypeptide that is cleaved
post-translationally to generate gastrin/CCK-like peptides that
share similar carboxy-terminal ends (Chandra and Liddle, 2007;
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Vishnuvardhan and Beinfeld, 2002). In mammals, CCK-8, the most
abundant form of CCK (Moran and Kinzig, 2004), acts via vagal
afferent pathways to stimulate gallbladder contractions and pan-
creatic and gastric secretions and to decrease food intake (Chandra
and Liddle, 2007; Rehfeld et al., 2007). CCK/gastrin-like immunore-
activity has been shown in the nervous system and gut of several
fish species including Atlantic cod (Jonsson et al., 1987), goldfish
(Himick and Peter, 1994) and halibut (Hippoglossus hippoglossus)
(Kamisaka et al., 2001). mRNA sequences have also been deter-
mined for a number of fish species including goldfish (Peyon
et al., 1998), dogfish (Squalus acanthias) (Johnsen et al., 1997), puf-
ferfish (Kurokawa et al., 2003) and Japanese flounder (Paralichthys
olivaceus) (Kurokawa et al., 2003). Various forms of CCK, including
CCK-8, are present in fish and have been shown to influence diges-
tion and appetite. In teleosts, CCK induces contractions of the gall
bladder (Aldman and Holmgren, 1995), a decrease in gastric emp-
tying (Olsson et al., 1999) and an increase in gut motility (Forgan
and Forster, 2007). Both central and peripheral injections of CCK
cause a decrease in food intake in goldfish (Himick and Peter,
1994; Volkoff et al., 2003), oral administration of CCK decreases
food intake in sea bass (Rubio et al., 2008) and oral administration
of a CCK antagonists causes an increase in food consumption in
both trout and sea bass (Gelineau and Boujard, 2001; Rubio
et al., 2008), suggesting that CCK also influences appetite regula-
tion in fish. In addition, CCK mRNA levels increase following a meal
in goldfish brain (Peyon et al., 1999) and in the pyloric caeca of yel-
lowtail (Murashita et al., 2007).

The winter skate is an oviparous elasmobranch benthic species
of the family Rajidae, which range extends from the Gulf of St. Law-
rence to the south coast of Newfoundland (Scott et al., 1988).
Although winter skates have recently become the object of specific
fisheries (Frisk and Miller, 2006), little is currently known about
their life cycle and physiology, in particular their feeding physiol-
ogy. To date, most research on winter skates has focused on osmo-
regulation, as they are well-adapted to exposure to different
salinities (Sulikowski et al., 2004; Treberg and Driedzic, 2006).

In order to provide new information on the mechanisms regu-
lating appetite in winter skate, we cloned cDNAs encoding three
appetite-regulating hormones (NPY, CART and CCK), examined
their mRNA tissue distribution and assessed the effects of fasting
on their gene expression.

2. Material and methods
2.1. Animals

Twenty winter skates (average weight of 1.86 + 0.32 kg) were
collected by scubadivers off the shore of St. John’s (NL, Canada)
in September. Fish were divided into four tanks and acclimated
for two weeks in 4 m x 4 m flow through water tanks at an average
temperature of 11.4°C at the Ocean Sciences Centre (Memorial
University of Newfoundland, St. John’s, NL, Canada). Fish consisted
of both males and females. Males were recognized by the presence
of claspers. All fish except two appeared mature after examination
of the gonads (Sulikowski et al., 2005). The sex ratio was approxi-
mately 50:50 in all tanks. Skates were fed chopped frozen herring
three times a week to satiety at the same time each day (10:00).
Skates consumed an average of 59.2 £6.1 g of food per fish per
feeding (or 31.6 g/kg fish/day). Following the acclimation period,
two tanks were food deprived for two weeks and two tanks were
maintained on the regular feeding schedule. The experiment ran
from the 19th of September 2007 to the 3rd of October 2007. Sam-
ples were collected two weeks after the start of the fasting period.
Prior to the fasting experiments, three to four acclimated fed fish
were sampled for cloning purposes (see below). During all sam-

plings, the weights of fish were measured and the sex and sexual
maturity were noted.

2.2. RNA extraction

For cloning and tissue distribution studies, four fed fish were
dissected to obtain samples of brain and peripheral tissues (gill,
heart, stomach, gut, spleen, liver, kidney, muscle and gonad).
For brain tissue distribution, individual brains were further dis-
sected into hypothalamus, telencephalon, optic tectum, and cer-
ebellum according to a previously established brain morphology
for elasmobranchs (Northcutt, 2002). For gene expression stud-
ies experimental fish were dissected to obtain hypothalamus,
telencephalon and gut (adjacent to the pyloric caeca) tissue.
Fish were anesthetized by immersion in 0.05% tricaine meth-
anesulfonate (Syndel Laboratories, Vancouver, BC, Canada) and
killed by spinal section. Tissues were dissected and immediately
placed on ice in RNAlater (Qiagen Inc., Mississauga, Ont., Can-
ada) and stored at —-20°C until RNA extractions were
performed.

Total RNA was isolated using a trizol/chloroform extraction
with Tri-reagent (BioShop, Mississauga, Ont., Canada) following
the manufacturers’ protocol. Final RNA concentrations were deter-
mined by optical density reading at 260 nm using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc., Wilming-
ton, USA). The quality of RNA samples was assessed by measuring
the ratio of sample absorbance at 260 and 280 nm. Only RNA sam-
ples with a ratio between 1.8 and 2.1 were used.

2.3. Cloning of cDNA

Two micrograms of total RNA was subjected to reverse tran-
scription into cDNA with a dT-adapter primer (Table 1) using M-
MLV Reverse Transcriptase (New England Biolabs, Pickering, Ont.,
Canada). cDNA (0.5 pg) were then submitted to PCR amplifications
using degenerate primers designed in regions of high identity
among fish and various vertebrate sequences. The annealing tem-
perature was optimized for each primer set. All PCR reactions were
carried out in a volume of 25 pl using JumpStart Taq DNA polymer-
ase (Sigma, St. Louis, MO, USA). PCR products were electrophoresed
in a 1% agarose gel, and visualized using an Epichemi Darkroom
Biolmaging System (UVP, Upland, CA, USA) equipped with a 12-
bit cooled camera. Image processing and analysis were performed
using LabWorks 4.0 software (UVP). Bands of predicted size were
isolated and purified with the GenElute Gel Extraction Kit (Sigma,
Oakville, Ont., Canada), cloned using a pGEM-T easy vector system
(Promega, Madison, WI, USA) and sequenced by the MOBIX Lab
(McMaster University, Ont., Canada).

In order to isolate winter skate NPY, an initial fragment was ob-
tained using 3’ Rapid Amplification of cDNA Ends (3'RACE) and
degenerate primers. Briefly, brain mRNA was subjected to reverse
transcription and the cDNA submitted to two rounds of PCRs, using
3'RC-NPY1 and dT-AP, and 3'RC-NPY2 and AP (Table 1). The PCR
products were electrophoresed, and the bands of expected size
were isolated, purified, cloned, and sequenced as described above.
To isolate the 5’ portion of the cDNA, 5RACE was used. The first
strand of cDNA was generated from mRNA with reverse transcrip-
tion reaction with 5'RC-NPY, purified using a Montage PCR Milli-
pore kit (Bedford, MA, USA) and polyA-tailed using Terminal
Deoxynucleotidyl Transferase (Invitrogen, Burlington, Ont., Can-
ada). The product was then amplified using two rounds of nested
PCR using 5’RC-NPY2 and dT-AP and 5'RC-NPY3 and AP. PCR prod-
ucts were then purified, cloned and sequenced as described previ-
ously. Skate CART was cloned using the same procedures as for
NPY but using CART-specific primers (3'RC-CART 1 and 2 and
5'RC-CART 1, 2 and 3, Table 1).
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Table 1
Primers used in the cDNA cloning, tissue distribution and qPCR analysis in winter
skate (Raja ocellata).

Primer Sequence

NPY

Primers for 3’ and 5'RACE
3’R-NPY1 5" GAGATTTGGCCAAGTATTAYTC 3’
3’R-NPY2 5" TACAAGGCAGAGGTATGG 3’
5'R-NPY1 5" TCACATTAAAGAAACTGCAG 3'
5'R-NPY2 5'ATCTCTCAGCATCAGTTCAG 3’
5'R-NPY3 5" TAGTGCTTCGGGGTTGGATC 3’

Specific primers for RT-PCR
NPYF 5" AACATGAAGTCTTGGCTGGG 3’
NPYR 5" CCACATGGAAGGTTCATCAT 3’

CART

Primers for 3’ and 5'RACE
3'R-CART 1 5" CTCGGGGCTTTACATGANGT 3’
3'R-CART 2 5" GANGTTCTGGAGAAACTGCA 3’
5'R-CART 1 5" GGGTCCTTTTCTCACTGCAC 3’
5'R-CART 2 5" TCCTCCAAATCCTGGGTCCT 3’
5'R-CART 3 5" TCAGGCAGTTACAGGTCCTC 3’

Specific primers for RT-PCR

CART gF 5’ GCAGCGAGAAGGAACTGCT 3’
CART gR 5" GCACACATGTCTCGGATGTT 3/
CCK
Degenerate primers
dCCK-F 5’ GTGGGATCTGTGTGTGYGT 3’
dCCK-R 5’ CGTCGGCCRAARTCCATCCA 3’
Primers for 3’ and 5'RACE
3’RC-CCK1 5’ CAGGCTGAACAGTGAGCAG 3’
3’RC-CCK2 5’ AGCAGGGACCCGGCCTAGTG 3’
5'RC-CCK1 5" GTAGTAAGGTGCTTCTCTC 3’
5'R-CCK2 5’ GCTGGTGCAGGGGTCCGTGC 3/
5'R-CCK3 5’ TCCCTCTCGGTCCGTCCGTC 3/

Specific primers for RT-PCR

CCK gF 5" CACCTACCTGCACAAAGACAA 3’

CCK qR 5" CCATGTAGTCCCTGTTGGTG 3’
Adaptor primers

dT-AP 5" GGCCACGCGTCGACTAGTAC(T17) 3’

AP 5" GGCCACGCGTCGACTAGTAC 3’
Primers for internal control of RT-PCR

EF1 5" AAGGAAGCTGCTGAGATGGG 3’

EF2 5" CAGCTTCAAACTCACCCACA 3’

Primers for qPCR

NPY qF 5" CCCGAAGCACTAATGATGAC 3’
NPY qR 5" CATGGAAGGTTCATCATACCTAA 3’
CART gF 5" GCAGCGAGAAGGAACTGCT 3’
CART qR 5" GCACACATGTCTCGGATGTT 3’
CCK gF 5" CACCTACCTGCACAAAGACAA 3’
CCK gR 5" CCATGTAGTCCCTGTTGGTG 3’

EF qF 5" GAACATGATTACCGGCACCT 3’

EF qR 5" TTCAAACTCACCCACACCAG 3’

In order to clone winter skate CCK, a small fragment of the un-
known sequence was isolated by performing PCR amplifications
using degenerate forward and reverse primers (dCCK-F, and -R, Ta-
ble 1). Following sequencing of this short fragment, 3'RACE (using
gene specific primers 3'RC-CCK1 and 2, Table 1) and 5'RACE (using
5'RC-CCK1, 2 and 3, Table 1), were performed.

2.4. Brain and tissue distribution by RT-PCR

Total RNA from brain, gills, heart, gut, liver, spleen, kidney,
muscle, skin and gonads and from distinct brain regions (telen-
cephalon, optic tectum-thalamus, hypothalamus, cerebellum)
were isolated as described above. Two micrograms of RNA was
reverse transcribed with dT-adapter primer using M-MLV Re-
verse Transcriptase (New England Biolabs). NPY, CART and CCK

fragments were then amplified using gene specific primers (Ta-
ble 1) designed based on our cloned sequences and PCR products
were run on a 1% agarose gel. Elongation factor-1 alpha (EF-1a)
was used as a control gene. Primers were designed based on lit-
tle skate (Raja erinacea) EF-1o (GenBank Accession No. E988144)
(Table 1). Bands amplified with EF-1o. were cloned and se-
quenced in order to verify their nucleotide sequence. A negative
control was included for each primer set by omitting cDNA from
the PCR reaction.

2.5. Quantitative real-time RT-PCR

Total RNA was reverse transcribed to cDNA, using a Quanti-
Tect Reverse Transcription kit (Qiagen, Mississauga, Ont., Can-
ada), according to the manufacturer’s protocol. Briefly, 1ug of
template total RNA are submitted to genomic DNA removal
and reverse transcribed using an optimized mix of oligo-dT
and random primers, Quantiscript RT buffer, and reverse trans-
criptase Quantiscript RT buffer, and reverse transcriptase. Re-
verse transcription products were then diluted 1:3 in water
and subjected to qPCR using specific primers (Table 1). For all
primer pairs, at least one primer was designed to lie across an
exon/exon boundary, to avoid risks of amplification of genomic
DNA. The primers were designed to have similar melting tem-
peratures and to give similar amplicon sizes. All PCR reactions
were prepared using an epMotion® 5070 automated pipetting
system (Eppendorf) in a final volume of 10 pl containing 2 pl
of cDNA, 1 uM of each sense and antisense primer, and 5 pl of
the QuantiFast SYBR Green PCR Kit master mix (Qiagen). SYBR
Green real-time quantitative RT-PCR amplifications were per-
formed using the Mastercycler® ep realplex 2S system (Eppen-
dorf). Reactions were conducted in 96-well plates. Samples
were analyzed in duplicate. In all cases, a “no template” negative
control in which cDNAs were replaced by water was included. In
addition, a melting curve was conducted at the end of each qPCR
experiment to ensure amplification of only one product. Initial
validation experiments were conducted to determine optimal
primer annealing temperatures and to ensure that PCRs were
reproducible (0.98 >R? >1.02) and that all primer pairs had
equivalent PCR efficiencies. The genes of interest were normal-
ized to the reference gene (EF-1a) and expression levels were
compared using the ACt method. Amplification, dissociation
curves and gene expression analysis were performed using the
Realplex1.5 software (Eppendorf). The reference gene EF-1a
was tested to verify that fasting did not affect its expression lev-
els in either hypothalamus or gut, as demonstrated by similar Ct
(cycle threshold) values between fed and starved fish.

2.6. 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.ebi.ac.uk/clu-
stalw/). Signal peptides were predicted using Signal P 3.0 software
(www.cbs.dtu.dk/services/SignalP/).

2.7. Statistics

Gene expression levels between fasted and fed animals were
compared using Student’s t tests. Expression levels were expressed
as a percentage relative to a control group, which was set at 100%.
Unless specified otherwise, significance was set at p < 0.05. All tests
were conducted using InStat 3.0 (GraphPad Software, San Diego,
CA).
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3. Results
3.1. Structure of winter flounder NPY, CART and CCK

In all cloning experiments using degenerate primers, multiple
bands were generated. All bands within the range of the expected
size were cloned and sequenced. For each peptide, only one se-
quence consisted of the expected peptide sequence.

The winter skate NPY cDNA sequence is a 695 bp sequence
(GenBank Accession No. EU684052) that includes a 76 bp 5'UTR
and a 325 bp 3'UTR (Fig. 1). The open reading frame (294 bp) con-
tains 98 amino acids which encode for preproNPY, which contains
a 28aa signal peptide. The NPY precursor sequence has three puta-
tive exons that are divided by two introns located after nucleotides
264 and 348.

255

The winter skate CART cDNA is 620 bp long (GenBank Accession
No. FJ379292) and includes a 50 bp 5'UTR, a 330 bp open reading
frame that encodes for a 110aa CART precursor and a 240 bp 3'UTR
(Fig. 1B). The CART precursor sequence has a 22aa signal peptide.
The CART gene has three putative exons that are divided by two in-
trons located after nucleotides 188 and 279.

Winter skate CCK is a 536 bp sequence (GenBank Accession No.
EU684054) with a 78 bp 5'UTR and a 107 bp 3'UTR (Fig. 1C). The
open reading frame contains a 20aa signal peptide and pro-CCK,
which contains the CCK-8 peptide. The CCK gene has two putative
exons that are divided by one intron located after nucleotide 299.

Winter skate proNPY has relatively low sequence similarity to
mammalian NPY (55% with mouse) and teleost fish NPY (from
53% with goldfish to 55% with trout) but shared a high degree of
similarity with the electric ray NPY (81%) (Fig. 2). Winter skate

/\ 1 ctcaaaaaggcagaggtgcacagaaccggcgacagatagacccgtgtcacacttcaaccatcaaaaaacctgtaac ATG CAA AAC AAC ATG AAG 94
1 M Q N N M K 6
95 TCT TGG CTG GGT GTG TTC ACA TTC ATA TTT AGC ATG CTG GTC TGC ATA GGG ACT TTT GCA GAC GCT TAC CCT TCC 169
7 S W L G v F T F I F S M L v C I G T F A D A Y P S 31
170 AAA CCC GAC AAC CCC GGC GAC GGT GCT TCT GCA GAG CAG GGG GCC AAG TAT TAC ACC GCA CTG AGG CAC TAC ATC 244
32 K P D N P G D G A S A E Q G A K Y Y T A L R H Y I 56
245 AAC CTC ATT ACA AGG CAG AGG TTA GGA AAG AGA TCC AAC CCC GAA GCA CTA ATG ATG ACT GAA CTG ATG CTG AGA 319
57 N L I T R Q R L G K R S N P E A L M M T E L M L R 81

U
320 GAT AAT TCA GAA AAC TTT CCC AAA TTT AGG TAT GAT GAA CCT TCC ATG TGG TGA tgaaaatctgcagtttctttaatgtgaa 401
82 D N S E N F P K F R Y D E P S M W * 99
402 cttacattccagtcaacagatcattgcttagaaaatgaaacattctcactattcttaaagaagccaatgcatgtcecgectatcatttaaatctgtaaatgtt 501
502 ttcttttcctgcatcatatattctatataaagtttatttaaatgaattgcaggtgcattaaatatgtaatgcattgtaacgctgaaaaagaaattattct 601
602 ttgtctggtaaggacaggtttgtgctattaaaattcagtaataaaacaaaacaatctaaatggaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 695
E; 1 caatcccaaccccggtgtgtgtggttecggecccctgagtegettcagecace ATG GTC AGC GAC AGG CTC CTG CTT GCT GTC TAC TTT 86
1 M v S D R L L L A v Y E 12
87 TGC GTG TTG TTC TCC ATG GCT GTT GGA GCA GAG AAC TCG GAC CTG GAG CCA AGA GCC CTG CGA GAC TTC TAC TCC 161
13 C Vv L E S M A Vv G A E N S D L E P R A L R D F Y S 37
162 AAA AAC TAT TAT CCC GGC AGC GAG AAG GAA CTG CTC GGG GCT CTA CAC GAG GTG CTG AAG AAA CTG CAG ACT AAG 236
38 K N Y Y P G S E K E L L G A L H E v L K K L Q T K 62
U
237 CGG CTT CCA ACC TGG GAG AAG AAG TAT GGA CAG GGG CCT CAG TGT AAC ATC GGA GAC ATG TGT GCA GTG AGA AAA 311
63 R L P T w E K K Y G Q G P Q C N I G D M C A v R K 87
312 GGA CCC AGG ATT TGG AGG ACC TGT AAC TGC CTG AGT TCG AAA TGT AAT TAC TTT CTG TTT AAA TGT GTA TAG aaat 387
88 G P R I w R T C N C L S S K C N Y F L F K C \ * 111
388 cagacaaaatcatttctattttcatcggctaaatgaagacagtttaaagatctggtggatatattataaataaacaaagcattgtcaacattcctactac 487
488 atcgaacaattcctgtgcaatttatcctgttctgtgtgtatattccagtgeccccatggaaaaattcattattaaatatgctatcectatttcttctaaaaa 587
588 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 620
(: 1 acagtcccgaccagctcaacacacccggcacagcgccggcaacacagcaacacagecgggcagtcatttacctgecageg ATG AAC AGC GGA ATC 93
1 M N S G I 5
94 TGC GTG TGC GTG CTT CTG GCC GTG CTG TCC TCT GGC GGC CTG GCG CGG CCG GAC GGA GCC ACC GAG AGG GAC GGG 168
6 C v C v L L A v L IS] IS] G G L A R P D G A T E R D G 30
169 GAG CGG CCG CAC GGA CCC CTG CAC CAG CGG CCC CTG AGA GAA GCA CCT TAC TAC GGC CTC CTG AAG CCC AGG CTG 243
31 E R P H G P L H Q R P L R E A P Y Y G L L K P R L 55
244 AAC AGT GAG CAG GGA CCC GGC CTA GTG GCC TTG CTG GCC ACC TAC CTG CAC AAA GAC AAC ACT GGA TCG CGG GCT 318
56 N S E Q G P G L \Y% A L L A T Y L H K D N T G S R A 80
319 GGG ACA GTC CGC AGC GTG GAT GCC TCC CAC AGG ATC ACC AAC AGG GAC TAC ATG GGG TGG ATG GAC TTC GGG CGG 393
81 G T \% R S \% D A S H R I T N R D Y M G W M D E G R 105
394 CGC GGC GCG GAG GAT TAC GAT TAC CCC TCG TAA gaggcggccgccatccatcactcagccccggeccctgtacagaagattcagecegte 482
106 R G A B D Y D Y P S * 116
483 tgctcaaagctctccttccacacacccttcacaaaaaaaaaaaaaaaaaaaa 534

Fig. 1. Predicted amino acid sequence for winter skate NPY (A), CART (B) and CCK (C). Untranslated regions are in small case letters. Putative signal peptides are underlined.
Mature peptides are shaded. In the CCK sequence, CCK-8 is wave-underlined. Putative introns are indicated by vertical arrows. Stop codons are indicated by a star (x).
Potential polyadenylation sites are in bold letters.
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A Grouper MHPNLVSWLGTLGLLLWALLCLSALTEGYPVKPENPGDDAPAEELAKYYSALRHYINLIT 60
Halibut MHPNLVSWLGTLGLLLWALLCLSALTEGYPVKPENPGDDAPAEELAKYYSALRHYINLIT 60
Cod MHSNLATWLGALGFLLCALICLGTLTEGYPIKPENPGEDAPADELAKYYSALRHYINLIT 60
Trout MHPNLGTWLGAVTLLVWTFICIGTLAEGYPVKPENPGEDAPTEELAKYYSALRHYINLIT 60
Goldfish MHPNMKMWTGWAACAFLLFVCLGTLTEGYPTKPDNPGEGAPAEELAKYYSALRHYINLIT 60
Mouse MLGNKRMGLCGLTLALSLLVCLGILAEGYPSKPDNPGEDAPAEDMARYYSALRHYINLIT 60
Ray MQTNMKFWLGVFTFAFCMLIC IGTFADAYPSKPDNPGEGAPAEDLAKYYSALRHYINLIT 60
skate MONNMKSWLGVFTFIF SMLVCIGTFADAYPSKPDNPGDGASAEQGAKYYTALRHYINLIT 60

* * . seks . srs kk kkaskkks Kk 2 kaikkskkAkAkkAkRk KRk
Grouper RORYGKRSSPEILDTLVSELLLKESTDTLPQSRYD-PSLW 99
Halibut RORYGKRSSPEILDTLVSELLLKESTDTLPQSRYD-PSLW 99
Cod ROQRYGKRSSPEILDTLVSELVLKESANTLPQSRYD-PSLW 99
Trout RQRYGKRSSPDTLDTLISELLLKESTDTLPQSRYDEPSLW 100
Goldfish RQRYGKRSSA---DTLISDLLIGE-TESHPQTRYEDQLVW 96
Mouse RQRYGKRSSP---ETLISDLLMKESTENAPRTRLEDPSMW 97
Ray RQRYGKRSSPE--ALMMTDLMLRENAESFPKYRYDEPFMW 98
skate RORLGKRSNPE--ALMMTELMLRDNSENFPKFRYDEPSMW 98
k& kkkk, g3e3kzr g p3y, ¥p k3 -
B Goldfish
Cod
y—| ;Grouper
i ‘ IHalibut
Trout
I Ray
L Skate
Mouse

Fig. 2. NPY amino acid sequence alignment (A) and phylogentic tree (B) for winter skate (GenBank Accession No. EU684052), Atlantic cod, Gadus morhua (GenBank Accession
No. AY822596); orange-spotted grouper, Epinephelus coioides (GenBank Accession No. AB055211); goldfish, Carassius auratus (GenBank Accession No. M87297); Rainbow
trout, Oncorhynchus mykiss (GenBank Accession No. AF203902); Bastard halibut, Paralichthys olivaceus (GenBank Accession No. AB055211); electric ray, Torpedo marmorata
(GenBank Accession No. M87296); mouse, Mus musculus (GenBank Accession No. BC043012).

A GFII MESSRLKTRMAVCALLICLL--TGAKANESEPEIEVELDARAIRDFYPKDPNLTSEKQLL 58
Zebrafish MESSSLRMRMAVCALLVCLL-~TGARANESEPEIEVELDTRAIRDFYPKDPNLNSEKQLL 58
Catfish MESSSIASRALLLLLLLVLR--SCARADNE--DTEVDLDTRAIRDFYPKDPNLTSEKQLL 56
GFI MESSKLWTTAMACAVLVSCI--QGAEM-DF-~DNESDLETRALREFYPKDPNLTNEKQLL 55
Cod MESSRVWTRALVCAVLLSVV--HGADLYNS--ESEEDLSTRALRDFYPKGPNLTNERQLL 56
skate MVSDRLLLAVYFC-VLFSMA--VGAEN-——————— SDLEPRALRDFYSKNYYPGSEKELL 49
Mouse MESSRLRLLPLLGAALLLLLPLLGARAQED===—~— AELQPRAL-DIYSAVDDASHEKELP 54

* ok, 3 *, * sk, kky aak, *yak
GFII Cmmmm—mm——————— ALQEVLEKLQTKRIPPWEKKFGQVPMCDLGEQCATRKGSRIGKMCD 105
Zebrafish G ALQEVLEKLOTKRIPPWEKKFGQVPMCDLGEQCATIRKGSRIGKMCD 105
catfish G ——————— ALHEVLEKLQMKRIPPWEKKFGQVPMCDVGEQCAIRKGSRIGKMCD 103
GFI (& e ittt ALHDVLEKLOSKRISLWEKKFGRVPTCDVGEQCATIRKGSRIGKMCD 102
Cod G ——————— ALHEVLEKLQTRKMPLWEKKFGQVPTCDIGEQCAIRKGARIGKMCD 103
skate G ALHEVLKKLOTKRLPTWEKKYGQGPQCNIGDMCAVRKGPRIWRTCN 96
Mouse RRQLRAPGAMLQIEALQEVLKKLKSKRIPIYEKKYGQVPMCDAGEQCAVRKGARIGKLCD 114
KK REk RN £, sRkEREk Ry ok kg kp KRRk gRERK Kk K

GFII CPRGAFCNFFLLKCL 120

Zebrafish CPRGALCNFFLLKCL 120

catfish CPRGAFCNFFLLKCL 118

GFI CPRGAFCNYFLLKCL 117

Cod CPRGSFCNFFLLKCL 117

skate CLS-SKCNYFLFKCV 110

Mcouse CPRGTSCNSFLLKCL 129
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_? GFI
Cod
b
Zebrafish
Catfish

Fig. 3. CART amino acid sequence alignment (A) and phylogentic tree (B) for winter skate (GenBank Accession No. FJ379292), cod, Gadus morhua (GenBank Accession No.
DQ167210); goldfish CART I and II, Carrasius auratus (GenBank Accession Nos. AF288810 and AF288811); mouse, Mus musculus (GenBank Accession No. BC056431); zebrafish,
Danio rerio (GenBank Accession No. XM_680337); catfish, Ictalurus punctatus (Kobayashi et al., 2008).

proCART displayed a very low degree of similarity with other ver- amino acid similarity with mammalian CCK (43% with mouse) or
tebrate CART ranging from 40% with mouse to 50% with goldfish teleosts CCKs (ranging from 38% with trout to 44% with goldfish)
catfish and cod (Fig. 3). Winter skate pro-CCK displayed very low (Fig. 4). The highest similarity was with dogfish CCK (46%).
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l\‘Mouse MKSGVCLCVVMAVLAAG-ALAQPVVP-—-AEATDPV—=———— e m EQRAQEAPR 41
Squalus MNSGICVCVFLAVLSSG-CMGKLATG---SDDGGPTGS ————————————— ELKQSVAMR 43
skate MNSGICVCVLLAVLSSG-GLARPDGA---TERDGERPH-—-——————————— GPLHQRPLR 43
Zebrafish MNAGLCVCALLAALSTSSCLSLPVHS---EDGVQSNVG———————————— SATGHTRHTR 45
Goldfish MNAGICVCVLLAALSTSSCLSLPAVS---EDGGQSDLG————————=———— IVMEHTRHTR 45
Halibut MTAGLCVCVLLAVLCTS-CLGHPISSQHLDEGQRSISTPSEALLEADTHSLGEPHLRQSR 59
Trout MTAGLCVCVLLVVLSTS-CLGRPQSSPPLQEGGPAMPPSSEARLEAYAHFLSKPRLRQTR 59
ookpkok, pLu%00. H : *
Mouse -ROLRAVLRT—————— DGEPRARLGALLARYIQQVRKAPSGR-MSVLKNLQSLDPSHRIS 93
squalus QROIRETQSIDLKPLODSEQRANLGALLTRYLQQVRKGPLGRGTLVGTKLONMDPSHRIA 103
Skate EAPYYGLLKPR----LNSEQGPGLVALLATYLHKDNTGSRAG-———-——— TVRSVDASHRIT 93
Zebrafish AAPPAGQINLLTKPEDDEEPRSSLTELLARIIST--KGSYRRSPAANS--RTMGASHRIK 101
Goldfish AAPSSGQLSLLSKAEDDEEPRSSLTELLARIIST--KGTYRRSPSPKS~--KSMGNNHRIK 101
Halibut SAPQLK--SLP-VAEEDGDSRANLSELLARLISSR-KGSVRRNSTAYS--KGLSPNHRIA 113
Trout SAPLDN--TVPYTAEEDGDSRANLSELLARLISSR-KGSLRKNSTVNSRASGLSANHRIK 116
. * * kg : PR . R
Mouse DRDYMGWMDFGRRSAEDYEYPS 115
Squalus DRDYMGWMDFGRRSAEEYEYAS 125
skate NRDYMGWMDFGRRGAEDYDYPS 115
Zebrafish DRDYLGWMDFGRRSAEEYEYSS 123
Goldfish DRDYLGWMDFGRRSAEEYEYSS 123
Halibut DRDYLGWMDFGRRSAEEYEYSS 135
Trout DRDYNGWMDFGRRSAEEYEYSL 138
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I Zebrafish
L Goldfish
r Halibut
L Trout
Skate
Squalus

Fig. 4. CCK amino acid sequence alignment (A) and phylogentic tree (B) of winter skate (GenBank Accession No. EU684054), spiny dogfish, Squalus acanthias (GenBank
Accession No. Z97375); Bastard halibut, Paralichthys olivaceus (GenBank Accession No. AB009281); mouse, Mus musculus (GenBank Accession No. NM_031161); Rainbow
trout, Oncorhynchus mykiss (GenBank Accession No. NM_001124345); Zebrafish, Danio rerio (GenBank Accession No. XM_001346104).

CART

CCK

EFla

Fig. 5. RT-PCR distribution of NPY (285 bp), CART (92 bp), CCK (120 bp) and EF
(247 bp) in different brain regions (A) and different peripheral tissues (B) of the
winter skate. Samples were visualized by electrophoresis on a 1% agarose gel
stained with ethidium bromide. In (A): L, ladder; 1, hypothalamus; 2, telenceph-
alon; 3, optic tectum; 4, cerebellum. In (B): L, ladder; 1, gill; 2, heart; 3, stomach; 4,
gut; 5, spleen; 6, liver; 7, kidney; 8, muscle; 9, gonad.

3.2. Tissue distribution

Reverse transcription PCR (RT-PCR) was used to amplify NPY,
CART and CCK in different brain regions as well as several periph-
eral tissues (Fig. 5). A 285 bp fragment was amplified for NPY, a
92 bp fragment for CART, and a 120 bp fragment for CCK. No
expression was detected in any negative control samples. A
247 bp fragment of similar intensity was amplified in all samples
using the control gene EF-1a.

Within the brain, NPY, CART and CCK expressions were detected
in all regions examined (Fig. 5A). On the basis of visual inspection,
NPY and CCK expression appeared similar in all brain regions,
whereas CART expression appeared to be highest in the hypothal-
amus and the telencephalon.

CART, NPY and CCK expression were detected in all peripheral
tissues examined (Fig. 5B). NPY expression appeared to be higher
in the heart, gut, liver, muscle and gonad. Both CART and CCK dis-
played relatively constant expression levels, with potentially
slightly higher expression levels in the gut, liver and kidney.

3.3. Effects of fasting on gene expression

There were no significant changes in either NPY, CART or CCK
expression in the hypothalamus between fed and fasted animals
(Fig. 6A and B). There were no significant differences in NPY
expressions in the telencephalon between fed and fasted animals
(Fig. 6B). NPY expression in the telencephalon and CCK expression
in the gut (Fig. 6C) were both significantly higher in fasted fish than
in fed fish.

4. Discussion

The structure of winter skate NPY is similar to that of other ver-
tebrates including fish, with potentially three exons divided by two
introns (Cerda-Reverter and Larhammar, 2000). As expected, the
highest degree of similarity for winter skate NPY occurs with an-
other batoid, the electric ray, with 81% identity. Lower degrees of
similarity are found with NPYs from teleost fish, the highest being
55% with rainbow trout NPY. The mature NPY peptide displays
higher conservation among species, with a stretch of 13 identical
amino acids (ALRHYINLITRQR) at the C-terminus. This high degree
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Fig. 6. mRNA expression of hypothalamic (H) and telencephalon (T) NPY (panel A) and CART (panel B) and gut and hypothalamic (H) CCK (panel C) in fed and fasted winter
skates (n = 5-8 per group). Expression levels in the fed group were normalized to 100%. Data are presented as means + SEM. Stars indicate significant differences between the

fed and fasted groups.

of conservation suggests that NPY might have similar physiological
action among fish, including teleosts and elasmobranchs.

This is the first report of an elasmobranch CART sequence. As in
other vertebrates, the winter skate CART gene might have three po-
tential exons. Whereas teleosts CARTs are relatively conserved
(70-93% identity), skate CART presents a relatively low degree of
homology with CARTs from teleosts, ranging from 45% to 50%.
However, the location of cysteine residues is conserved among
all fish CARTs, which is not surprising as these cysteines determine
the three dimensional structure of CART and are crucial for its bio-
logical activity (Couceyro and Fritz, 2003). This conservation sug-
gests that CART might have similar physiological functions across
the taxa.

The cloned winter skate CCK sequence contains two putative
exons and one intron. Winter skate prepro-CCK shows a very low
degree of similarity with CCKs from other fish, the highest se-

quence similarity being 46% with a CCK of another elasmobranch,
the spiny dogfish. CCK-8, the C-terminal sulphated octapeptide
fragment of cholecystokinin, appears to be the major product of
post-translational processing in fish, although pro-CCK is also
cleaved into fragments of different lengths (Jensen et al., 2001).
As opposed to the rest of the peptide, the CCK-8 region (DYM-
GWMDEFD) is extremely well conserved among all species, with
only one variable amino acid. This conservation suggests that
CCK has conserved biological functions among fish species.
Within the winter skate brain, NPY mRNA expression was de-
tected in hypothalamus, telencephalon, optic tectum and cerebel-
lum. Our results are in line with previous studies showing a
widespread distribution for NPY mRNA expression within the brain
of other fish species, including cod (Kehoe and Volkoff, 2007), sea
bass (Cerda-Reverter et al., 2000b), goldfish (Narnaware et al.,
2000) and salmon (Silverstein et al., 1998). NPY-immunoreactive
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fibers have also been shown throughout the brain of dogfish (Scy-
liorhinus canicula), with the exception of the cerebellum (Vallarino
et al., 1988). NPY-immunoreactive cells have also been found in the
saccus vasculosus (SV), a circumventricular organ of the hypothal-
amus, of two elasmobranchs, the dogfish (S. canicula) and the
brown shy shark (Haploblepharus fuscus) (Sueiro et al., 2007) and
in the terminal nerve, a supernumerary cranial nerve found in
association with the olfactory system, of the cloudy dogfish (Scylio-
rhinus torazame) (Chiba, 2000). In the periphery, NPY mRNA
expression was found in every tissue examined, with apparent
high expression levels in the heart, stomach, gut, liver, muscle
and gonad. NPY-immunoreactive fibers or NPY mRNA expression
have also been identified in teleosts pituitary, gut and nerve fibers
surrounding blood vessels (Cerda-Reverter et al., 2000a; Marchetti
et al., 2000; Rodriguez-Gomez et al., 2001), liver (Liang et al., 2007)
and kidneys (Kehoe and Volkoff, 2007). In cloudy dogfish, NPY-
immunoreactive fibers are present in the spiral intestine and stom-
ach (Chiba, 1998). These data suggest that NPY might act as a brain
gut peptide and have a role in regulating digestive processes in
both teleosts and elasmobranchs.

Within the brain, CART mRNA expression was relatively higher
in the hypothalamus and telencephalon than in the optic tectum
and the cerebellum. These expression patterns are similar to those
found in previous studies in cod (Kehoe and Volkoff, 2007) and
goldfish (Volkoff and Peter, 2001). In catfish, CART immunoreactiv-
ity (Singru et al., 2007) and mRNA (Kobayashi et al., 2008) have a
widespread distribution in the brain and pituitary, suggesting that
CART peptides may play an important role in the processing of sen-
sory information, motor function and the regulation of pituitary
hormone secretion. In skate, CART mRNA expression was present
in all peripheral tissues examined including gut, kidney and gonad.
Similarly, in both cod (Kehoe and Volkoff, 2007) and goldfish (Volk-
off and Peter, 2001), CART mRNA is present gonad, gut and kidney
(Volkoff and Peter, 2001). In catfish, however, CART mRNA has only
been reported in brain and gonad (testis) (Kobayashi et al., 2008).
Interestingly, although CART peptides have been detected in the
gut of mammals (Couceyro et al., 1998; Kuhar and Yoho, 1999),
CART mRNA has never been detected in the gastrointestinal tract
of any vertebrate. The presence of CART mRNA in the gut of skate
suggests that CART might have a role in digestive processes in this
species.

CCK mRNA expression was found in all brain regions examined,
i.e. hypothalamus, telencephalon, optic tectum and cerebellum.
CCK expression has been reported in the brain of teleosts, with
high levels in hypothalamus and telencephalon (Kurokawa et al.,
2003; Murashita et al., 2006; Peyon et al., 1998; Raven et al,,
2008). CCK binding sites have also been shown in the brain of elas-
mobranchs (Oliver and Vigna, 1996). CCK was expressed in all the
peripheral tissues tested, including gut, liver and kidney. CCK-like
immunoreactivity has been shown in the nervous system and gut
of several fish species, including teleosts [trout (Bosi et al., 2004),
cod (Jonsson et al., 1987), goldfish (Himick et al., 1993; Himick
and Peter, 1994), turbot (Bermudez et al., 2007; Reinecke et al.,
1997)] and elasmobranchs [dogfish (Aldman et al., 1989)]. CCK
causes gallbladder contraction in the killifish (Honkanen et al.,
1988), inhibits gastric secretions in cod (Holstein, 1982), increases
gut motility in dogfish (Aldman et al., 1989) and cod (Forgan and
Forster, 2007) and slows gastric emptying in trout (Olsson et al.,
1999), suggesting that CCK peptides have an important role in
the regulation of digestive processes in fish.

A two weeks fasting period induced significant increases in NPY
expression levels in the telencephalon, but not the hypothalamus,
suggesting that NPY is involved in feeding regulation in winter
skate. Our results are consistent with the role of NPY in the regu-
lation of feeding shown in several teleost fish. Central injections
of mammalian or fish NPY cause a dose-dependent increase in food

intake in goldfish (de Pedro et al., 2000; Lopez-Patino et al., 1999;
Narnaware et al., 2000), trout (Aldegunde and Mancebo, 2006) and
catfish (Silverstein and Plisetskaya, 2000). In goldfish, both hypo-
thalamic and telencephalon NPY mRNA levels increase after 72 h
of food deprivation (Narnaware and Peter, 2001b) and in salmon,
NPY hypothalamic mRNA levels increase after three weeks of fast-
ing (Silverstein et al., 1998). Also, forebrain NPY mRNA levels un-
dergo peri-prandial variations in both goldfish (Narnaware and
Peter, 2001a) and Atlantic cod (Kehoe and Volkoff, 2007), with
highest levels around meal time.

We found no significant differences in the expression of CART in
either the hypothalamus or telencephalon of skate following a two
weeks fasting period. In goldfish (Volkoff and Peter, 2001), cod (Ke-
hoe and Volkoff, 2007) and catfish (Kobayashi et al., 2008), CART
mRNA brain levels decrease following food deprivation. Peri-pran-
dial changes in CART brain mRNA have also been demonstrated in
goldfish and cod (Kehoe and Volkoff, 2007; Volkoff and Peter,
2001). The absence of effects of fasting within skate brain might
be explained by several factors. First, fasting might induce a re-
sponse might in CART at a translational or post-translational level,
and affect CART protein levels without affecting mRNA levels. It is
also possible that another CART form exists in winter skate that is
more sensitive to fasting than the form we cloned. Indeed, in gold-
fish two forms of CART respond differently to fasting, CART I being
more sensitive than CART II (Volkoff and Peter, 2001).

Gut CCK mRNA expression was significantly higher in fasted
fish compared to the fed fish whereas hypothalamic CCK mRNA
expression was not significantly affected by fasting (although a
trend in a decrease was observed). Both central and peripheral
injections of CCK-8 suppress food intake in goldfish (Himick and
Peter, 1994; Thavanathan and Volkoff, 2006; Volkoff et al., 2003)
and treatment of trout with CCK antagonists induces an increase
in food intake (Gelineau and Boujard, 2001), suggesting that CCK
peptides suppress appetite and are involved in the regulation of
digestive processes in fish. CCK mRNA levels increase following a
meal in both goldfish brain (Peyon et al., 1999) and in yellowtail
pyloric caeca (Murashita et al.,, 2007). In yellowtail, fasting de-
creases CCK mRNA levels in the anterior intestine (Murashita
et al., 2006). In skate, fasting did not significantly affect hypotha-
lamic CCK mRNA expression and induced a significant increase in
CCK mRNA levels, which appears to contradict a role for CCK as a
satiety factor in fish. In some fish species, such as winter flounder,
a long fasting period induces changes in the intestinal mucosa with
a reduction in the height and number of the folds (Mcleese and
Moon, 1989). In our study, there were no apparent changes in
either gut morphology or in the amount of total RNA per gram of
tissue between fed and fasted skates, suggesting that changes in
RNA expression were not due to morphological change caused by
fasting. It is noteworthy that elasmobranchs differ in their diges-
tive physiology from teleosts. For example, elasmobranchs are
capable of secreting highly acidic gastric fluids in association with
food intake (Holmgren and Nilsson, 1999). Inter-specific differ-
ences in the response of gastric acid secretion to fasting exist
among elasmobranchs, with some species continuously secreting
acid while others periodically cease secretions (Papastamatiou
and Lowe, 2005). Also, as opposed to most vertebrates, the pH
within the elasmobranch spiral valve (intestine) does not decline
progressively from the anterior to the posterior portion (Papastam-
atiou, 2007). As the presence of acid in the intestine stimulates the
synthesis and secretion of CCK—which in turn stimulates bicarbon-
ate secretion in the intestine—(Guilloteau et al., 2006), the increase
in CCK expression within winter skate gut could be due to specific
patterns of digestive enzymes or acid secretion in this species. Also,
metabolic zonation (different cell types and enzymatic profiles)
has been observed in the gut of teleosts (Mommsen et al., 2003).
As we examined the expression of CCK in the gut region close to
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the stomach, it is possible that different expression pattern might
have been seen in other gut areas.

In summary cDNAs encoding for NPY, CART and CCK were
cloned in winter skate and their mRNA expression shown to have
a widespread distribution in peripheral tissues and within the
brain. Our results show that all three peptides are expressed in
both brain and gut and might have a major role in the regulation
of feeding and digestive processes in winter skate.
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