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a b s t r a c t
Ghrelin (GRLN), cocaine and amphetamine regulated transcript (CART), neuropeptide Y (NPY), and cholecystokinin (CCK) are neuropeptides involved in the regulation of appetite and feeding in vertebrates.
We examined pre- and postprandial changes in the expression of plasma GHRL and mRNAs encoding
GRLN, CART, NPY, and CCK in channel catﬁsh. Fish were entrained to eat at 0900 h for 2 weeks. Fish were
then sampled at 0700, 0800, and 0900 h. Remaining ﬁsh were either offered feed at 0900 h (Fed) or fasted
(Unfed). Fish sampling continued at 0.5, 1, 2, and 4 h post feeding. Feeding increased abundance of whole
brain CART mRNA out to 4 h with no effect observed in unfed ﬁsh. Whole brain NPY expression peaked at
0.5 h in both treatments. NPY expression then declined in fed ﬁsh but remained elevated in unfed ﬁsh. No
differences in plasma or stomach GRLN expression were observed. Two separate cDNAs for CCK were
identiﬁed. Brain CCKa and CCKb expression increased after feeding. These results suggest CART, NPY,
and CCK play roles in the regulation of channel catﬁsh feeding. Taken together, these results provide
new insights into the neural and gastroenteric mechanisms regulating appetite in channel catﬁsh.
Published by Elsevier Inc.

1. Introduction
In ﬁsh and other vertebrates, feeding and satiation are controlled through complex integrations of stimulatory (orexigenic)
and inhibitory (anorexigenic) signals from the central nervous system and peripheral signals that provide information to the brain
about body energy reserves and meal size [6]. These elaborate
interactions have been studied in detail in mammals and yet the
mechanisms through which they regulate appetite are not clearly
deﬁned. Investigation into the neural regulation of appetite in different ﬁsh species has only recently begun. Understanding how
food intake is regulated in ﬁsh is important not only from a comparative neuroendocrine perspective but may also have important
implications on how we manage populations of ﬁsh.
Many neuropeptides homologous to mammalian appetiteregulating peptides have been isolated or their sequence deduced
from cloned cDNA sequences in ﬁsh. Key regulators shown to control appetite in ﬁsh include cocaine and amphetamine regulated
transcript (CART), ghrelin (GRLN), cholecystokinin (CCK), neuropeptide Y (NPY), and others [63]. A complete picture of how these
⇑ Corresponding author. Fax: +1 662 686 3567.
E-mail address: brian.peterson@ars.usda.gov (B.C. Peterson).
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signals regulate appetite before and after a meal is not clear for
most species.
Cocaine and amphetamine regulated transcript is an anorexigenic peptide that was ﬁrst discovered in rats as a transcript that
increased following administration of cocaine and amphetamine
[8]. This transcript was later shown to have a role in the regulation
of feeding as centrally injected CART inhibited food intake in rats
[13]. To date, one or more genes or alternatively spliced CART
variants have been identiﬁed in goldﬁsh (Carassius auratus) [62],
Atlantic cod (Gadus morhua) [24], catﬁsh (Ictalurus punctatus)
[25], winter skate (Raja ocellata) [8], winter ﬂounder (Pseudopleuronectes americanus) [65], and medaka (Oryzias latipes) [33]. Many of
these ﬁsh studies provide evidence that CART also plays a role in
regulating food intake as has been reported for mammals.
In mammals, NPY functions as a powerful enhancer of appetite
in the hypothalamus [59]. Neuropeptide Y has been isolated and
characterized in a number of ﬁsh species such as goldﬁsh (Carassius
auratus) [2], Chinese perch (Siniperca chuatsi) [28], rainbow trout
(Oncorhynchus mykiss) [9], Atlantic cod (Gadus morhua) [24],
Atlantic salmon (Salmo salar) [34], and channel catﬁsh [29]. Food
deprivation increases NPY mRNA in the hypothalamus of goldﬁsh,
coho salmon (Oncorhynchus kisutch), Chinook salmon (Oncorhynchus tshawytscha), and channel catﬁsh [37,52–54] and this effect
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can be reversed by refeeding [38]. Thus, the orexigenic function of
NPY seems to be conserved in ﬁsh.
Ghrelin is a peptide hormone that is synthesized in the stomach
[51] and brain [4] that is involved in the control of food intake and
energy homeostasis in mammals [36,68]. Ghrelin has been identiﬁed in several species of ﬁsh including goldﬁsh [57], Japanese eel
(Anguilla japonica) [18], rainbow trout, [19], Nile tilapia (Oreochromis niloticus) [41], Mozambique tilapia (Oreochromis mossambiques) [20], channel catﬁsh [21], sea bass (Dicentrarchus labrax)
[56], Atlantic salmon [34], and Arctic charr (Salvelinus alpines)
[11]. Several of these studies suggest that GRLN is involved in stimulating appetite, energy homeostasis, feeding, and metabolism in
ﬁsh. These functions of GRLN have been reviewed by Kaiya and
coworkers [22].
Cholecystokinin is found in the brain and gastrointestinal tract
and has multiple biologically active forms with CCK-8 being the
most abundant form in the brain [32]. In ﬁsh and mammals, CCK
has many physiological roles but functions primarily as a satiety
signal [5,31]. CCK-like immunoreactivity has also been shown in
the gut and nervous system of several ﬁsh species including Atlantic cod [17], goldﬁsh [14], and halibut (Hippoglossus hippoglossus)
[23]. CCK mRNA sequences have also been determined for a number of ﬁsh species including goldﬁsh [45], dogﬁsh (Squalus acanthias) [16], pufferﬁsh [41], Japanese ﬂounder (Paralichthys olivaceus)
[26], yellow tail (Seriola quinqueradiata) [35], winter skate [31],
and red drum (Sciaenops ocellatus) [67]. Results of these studies
suggest that CCK plays a role in appetite regulation in teleost ﬁsh.
The functions of the above mentioned appetite stimulatory and
inhibitory signals are slowly being deﬁned in several species of
ﬁsh. In order to provide new information on the mechanisms that
regulate appetite in channel catﬁsh, we assessed pre- and postprandial changes in gene expression concentrations of GRLN, CART,
NPY, and CCK. In addition, plasma levels of GRLN were measured.
2. Materials and methods
2.1. Research animals
Fish, the National Warmwater Aquaculture Center (NWAC) 103
strain, used in this study were housed at the USDA–ARS Catﬁsh
Genetics Research Unit, Stoneville, MS aquaculture facility. Prior
to randomization in tanks, approximately 25 ﬁsh from six different
spawns were placed into a 120-L holding tank for 1 day. One hundred and ﬁfty NWAC103 catﬁsh with a mean initial size of
17.6 ± 0.1 g were randomly assigned to 6, 76-L tanks (25 ﬁsh/tank),
and allowed to acclimate for 2 weeks under 14 L: 10 D h photoperiod at 27.1 °C ﬂow-through well water. The acclimation period included feeding the ﬁsh to apparent satiation at 0900 h with a
commercial feed (Delta Western, Indianola, MS). During experimentation, ﬁsh were reared in identical conditions as described
above and fed once per day at 0900 h to apparent satiation. Apparent satiation was achieved by offering small quantities of feed to
the ﬁsh by hand until feeding activity stopped which was approximately 15 min. Water quality (pH 8.5 and dissolved oxygen levels > 5.0 mg/L) and ﬂow rates were similar between tanks.
2.2. Tissue and plasma collection
Sample collection was conducted by using the protocol following the general guideline and procedure of the USDA Institutional
Animal Use and Care Committee (Approval # 64-F-006-0803).
One group of three tanks of ﬁsh served as fed controls (fed) while
the remaining three tanks of ﬁsh comprised a group that was fasted
(unfed). For sampling, 0900 h was designated as the 0 h time point.

Prior to feeding, one ﬁsh from each tank was sampled at 2, 1, and
0 h. The fed ﬁsh were fed at 0900 h while the unfed ﬁsh did not receive food. Two ﬁsh from each tank were then sampled at 0.5, 1, 2,
and 4 h post feeding. Fish from each group were euthanized with an
overdose of tricaine methanesulfonate (MS-222; Argent Chemical
Laboratories, Redmond, WA) and tissues were taken for analysis.
Blood was collected from the caudal vasculature into syringes
coated with heparin (20 I.U.). Plasma was isolated by centrifugation
and stored at 20 °C until samples were analyzed for ghrelin.
Whole brain (hypothalamus removed), hypothalamus, stomach,
and the proximal small intestine (100 mg) were taken for RNA
extraction. Samples were immediately placed in 1 mL TRI-Reagent
(Molecular Research Center, Inc., Cincinnati, OH), ﬂash-frozen in liquid nitrogen, and stored at 80 °C until RNA isolation.
2.3. RNA isolation, cloning, cDNA synthesis, and real time PCR
Total RNA was isolated using TRI-Reagent according to the manufacturer’s protocol and then quantiﬁed by measuring the absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Rockland, DE). The integrity of the RNA
was veriﬁed by visualization of the 18S and 28S ribosomal bands
stained with ethidium bromide after electrophoresis on 2.0% agarose gels.
Extracted RNA was treated with DNase I to remove co-extracted
DNA using a TURBO DNA-free™ kit (Ambion, Austin, TX, USA). An
aliquot of the extracted RNA (20 lL) was treated at 37 °C for
30 min with 0.1 volume of buffer (1.5 lL) and 2 U (1 lL) of DNase
I. The enzyme was deactivated with 2 lL of inactivation reagent at
room temperature for 2 min. Samples were centrifuged at 10,000g
for 1 min and the supernatant (16 lL) was transferred to a clean
RNase-free microcentrifuge tube and then stored at 80 °C before
the reverse transcriptase step.
Zebraﬁsh CCK sequence was used to query catﬁsh EST and fulllength cDNA sequences (www.catﬁshgenome.org/cbarbel) using
BlastN and BlastX. The search revealed full-length coding sequence
for CCKa and partial coding sequence for CCKb. The catﬁsh sequences were used as queries to identify genomic sequence contigs
(unpublished) for each gene and to determine exon–intron boundaries and validate EST sequences. Ampliﬁcation primers and probe
sequences (Table 1) were designed for quantitative real-time PCR
based on genomic contig sequence. Ampliﬁcation products were
cloned into the pCRÒ4-TOPO vector (Invitrogen, Carlsbad, CA)
and the identity of the cloned inserts was veriﬁed by automated
Sanger sequencing (ABI PRISM 3100 Genetic Analyzer; Applied Biosystems, Foster City, CA). The DNA concentration of each recombinant plasmid was measured using the NanoDrop ND-1000
spectrophotometer.
One microgram of total RNA from each tissue was reverse-transcribed using the iScript cDNA Synthesis Kit (BioRad, Hercules, CA)
according to the protocol provided by the manufacturer. Quantitative real-time PCR was performed using the iCycler iQ real-time
PCR detection system (BioRad) to quantify GHRL, NPY, CART, and
alpha tubulin mRNA as previously described [21,25,43,55]. Primer
and probe sequences for CCKa and CCKb are listed in Table 1. Each
ampliﬁcation reaction mixture (12.5 lL) contained 400 ng of
cDNA; 1 iQ™ Supermix (Bio-Rad), 1.0 lM dual-labeled probe,
and 10 lM (CCKa, CCKb) of each primer. The real-time PCR protocol for CCKa and CCKb was 3 min at 95 °C; 45 cycles of 95 °C 15 s,
60 °C 1 min. All ampliﬁcations were performed in triplicate. The
standard curve showed a linear relationship between cycle threshold values and the logarithm of input gene copy number. All speciﬁc quantities were normalized against the amount of alpha
tubulin ampliﬁed as this reference gene has been shown to be stable in similar channel catﬁsh studies [55].
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Table 1
Nucleotide sequences of the PCR primers and probes used to assay gene expression by real-time quantitative PCR.
Gene

Primer

Sequence

PCR product
length (base pair)

CCKa

Sense
Antisense
Probe1

109

CCKb

Sense
Antisense
Probe1

TGT GCG CAG GCT GAA TGA AC
GTC TCT GTC CTT TAT TCT GTG G
ACT CAT TTC CAG AAA AGG TTC ATA
CCG CAG
TGC AGA TGG ACT CCA GCG TG
CCT TGC TGT TCG CCA TCG AG
CGA CGA ACA GAA CCT TTC CTG GAG ATA AGT C

126

1
The probes CCKa (GenBank Accession No. JQ028716) and CCKb (GenBank Accession No. JQ028715) were dual labeled with a reporter dye
(FAM, 6-carboxyﬂuorescein) at the 50 end and a quencher dye (BHQ-1, Black Hole quencher-1) at the 30 end (Biosearch Technologies, Novato, CA).

2.4. Ghrelin RIA

105

252

453

CCK-A

Plasma GRLN levels were measured following the protocol described by Hosoda et al. [15] and validated for catﬁsh following Riley et al. [48] and Picha et al. [47]. Brieﬂy, aliquots of plasma were
treated the following ways for validation: (1) 1/10 volume of 1 M
HCl added to the plasma + puriﬁed by SepPak Light C18 cartridge
(Waters, Milford, MA), (2) neat plasma + SepPak puriﬁcation, (3)
HCl added and no SepPak puriﬁcation, (4) neat plasma (no HCl
and SepPak puriﬁcation). SepPak cartridges were preconditioned
with 2 ml ethanol and 2 mL 0.1% aqueous triﬂuoroacetic acid
(TFA) and eluted with 60% CH3CN/0.1% TFA. Samples were then
dried and the pellet was re-hydrated in RIA buffer (50 mM Na2HPO4; 25 mM EDTA–2Na; 80 mM NaCl; 0.05% NaN3; 0.5% Triton X100; 0.5% BSA). Only the samples treated with HCl followed by
SepPak puriﬁcation exhibited a parallel slope to the standard curve
(data not shown). Anti-rat GRLN [1–11] (a gift from Dr. Hiroshi
Hosoda), at a ﬁnal concentration of 1:750,000 was incubated with
standards (rat GRLN-C8) and plasma samples for 24 h at 4 °C. The
antibody detects both the C-8 and C-10 form of ghrelin, not the
unacylated form. One hundred microliter of commercially available 125I-human GRLN (Millipore, St. Charles, MO) was added and
incubated for an additional 24 h at 4 °C. One hundred microliter
of anti-rabbit IgG antibody (Sigma: 1:35 in RIA buffer) was added
and tubes incubated overnight at 4 °C. Free and bound tracers were
separated by centrifugation at 3000g for 1 h at 4 °C. The supernatant was aspirated and samples were counted using the Cobra II
gamma counter (Packard, Meriden, CT).
2.5. Statistical analysis
Data were analyzed by using the GLM procedures of Statistical
Analysis System Version 9.1 software (SAS Institute, Inc., Cary,
North Carolina, USA) for a repeated measures design. Tank served
as the experimental unit for each variable measured. Normalized
gene expression data passed Levene’s test for homogeneity of variance. The model included the main effect of time (1, 2, 0, 0.5, 1,
2, and 4 h). When the main effect was signiﬁcant (P < 0.05), least
squares means separation was accomplished by the PDIFF option
of SAS.
3. Results
Two CCK genes were identiﬁed in channel catﬁsh with similar
exonic structure. Both genes contained 3 exons based on comparison of the genomic and transcript sequences and the initiator codon was found on exon 2 in both genes. However, the second
intron in CCKa was 255 bp compared with >3800 bp in CCKb
(Fig. 1). Both genes encoded an identical CCK-8 peptide and demonstrated sequence similarity to other ﬁsh CCK coding sequences
(Fig. 2).

755

255
197

54

414

CCK-B
726

3833+

Fig. 1. Structure of catﬁsh CCKa and CCKb genes. Exons are denoted as boxes and
introns are denoted as lines. Exon sizes (basepairs) are denoted above line and
intron sizes are denoted in italic below line.

Centrally, the abundance of CART mRNA expression in the brain
increased after feeding (0.5 h) and continued to be elevated 4 h
post feeding compared to unfed ﬁsh (P < 0.01) (Fig. 3). Concentrations of CART mRNA in the unfed ﬁsh did not change signiﬁcantly
over the course of the study.
There were no differences in abundance of NPY mRNA expression in the hypothalamus as a result of feeding (Fig. 4A). However,
we observed a clear peri-prandial effect in the brain. NPY mRNA
concentrations within the brain were noticeably different over the
time course of the study (Fig. 4B) (P < 0.05). In the fed ﬁsh, abundance of NPY mRNA tended to peak at 0.5 h and then declined over
the next 4 h. In the unfed ﬁsh, NPY mRNA concentrations also
tended to peak at 0.5 h but continued to stay elevated at 1, 2 and 4 h.
Peripherally, there was no difference in abundance of stomach
GRLN mRNA as a result of feeding and no peri-prandial changes
were observed (Fig. 5A). Similarly, plasma levels of GRLN did not
change over the time course of the study or with treatment
(Fig. 5B).
Abundance of CCKa mRNA in the intestine increased (P < 0.001)
in both the fed and unfed group of ﬁsh at 4 h compared to the other
time points (Fig. 6A). There was an increase (P < 0.05) in brain CCKa
mRNA in the fed group 1 h after feeding that continued out to 4 h
(Fig. 6B). Abundance of CCKa in the hypothalamus was not different between the fed or unfed ﬁsh throughout the experiment
(Fig. 6C).
Similar to CCKa, gene expression of CCKb increased (P < 0.001)
in both the fed and unfed ﬁsh at 4 h compared to the other time
points (Fig. 7A). Feeding increased (P < 0.05) abundance of brain
CCKb mRNA at 4 h (Fig. 7B). Abundance of CCKb in the hypothalamus was not different between the fed or unfed ﬁsh throughout
the experiment (Fig. 7C).
4. Discussion
There is evidence that CART functions in the regulation of
feeding in ﬁsh. Intracerebroventricular (ICV) administration of
human CART decreases food intake in goldﬁsh [61] while food
deprivation decreases expression of CART in a variety of species
of ﬁsh [24,62–64] including catﬁsh [25]. In addition, post-prandial
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Fig. 2. Multiple alignments of cholecystokinin peptides in bony and cartilaginous ﬁsh and Xenopus.

changes in CART mRNA expression have been observed in goldﬁsh
[62], Atlantic cod [24], and Atlantic salmon [60]. In the present
study, post-prandial changes in CART were also observed in channel
catﬁsh. CART gene expression was increased post-prandially and
continued to stay elevated for 4 h. In the unfed ﬁsh, levels of CART
mRNA were similar during the course of the study. In goldﬁsh and
Atlantic salmon, CART mRNA levels increased 2 and 1.5 h, respectively [62] while in Atlantic cod CART expression decreased 2 h
post-feeding and remained low after 7 days of withholding feed
[6]. In another Atlantic salmon study, CART expression fell in ﬁsh
fasted for 6 days [14]. In a previous catﬁsh study, levels of CART
mRNA within the brain decreased after 30 days of fasting while
refeeding for 15 days restored expression to a level similar to the
fed control [25]. In a separate 7 week feeding study, CART mRNA
levels were lower in catﬁsh that consumed more food and gained
more weight [25]. Taken together, these results suggest that CART
is involved in the regulation of short and long term feeding, as well
as a central controller of body weight, similar to what has been reported in mammals [13].

It has been suggested that NPY is a key orexigenic peptide in the
regulation of appetite in teleost ﬁsh [3,27,65]. In the present study,
there were no signiﬁcant differences in the levels of NPY mRNA in
the hypothalamus as a result of feeding. In contrast, NPY mRNA
levels within the whole brain were noticeably different over the
time course of the study. In fed ﬁsh, NPY mRNA levels peaked after
feeding and then declined over the next 4 h. In the unfed ﬁsh, NPY
mRNA levels also peaked at 0.5 h but continued to stay high over
the next 4 h. Previous studies with channel catﬁsh showed that
injection of porcine NPY increased food intake [19]. Similarly,
injections of NPY also increased food intake in goldﬁsh [37,7,30].
In addition, NPY expression in the brain of goldﬁsh increased 1–
3 h ahead of feeding and fell 1–3 h after feeding [37].
Our results are similar to what has been observed for Atlantic
cod and Atlantic salmon in which the expression of NPY increases
concurrently with the onset of feeding [24,60]. NPY mRNA levels
tended to decrease after a meal (2 h) in Atlantic cod [24] while levels were similar post feeding in Atlantic salmon [60]. In goldﬁsh,
NPY mRNA expression decreases in the telencephalon and in the
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Fig. 2 (continued)

Fig. 3. Mean ± SE brain cocaine and amphetamine regulated transcript (CART)
mRNA levels in Fed and Nonfed catﬁsh (N = 6 per time point) sampled at 2, 1, 0,
0.5, 1, 2 and 4 h. CART copy number was normalized as a ratio to the amount of
alpha tubulin. Signiﬁcant differences (P < 0.05) are denoted by an asterisk.

hypothalamus 1 h after a meal but shows a small but signiﬁcant increase in the optic tectum area [37]. Taken together, these results
suggest an area speciﬁc regulation of NPY expression among teleosts. Furthermore, our results suggest that NPY is involved in the
regulation of food intake in channel catﬁsh.
In a previous study we showed that there was no difference in
abundance of NPY mRNA in the hypothalamus between fast and
slow growing catﬁsh [43]. The fast growing catﬁsh consumed more
than 50% more food over the 7 week growth study and we hypothesized that higher levels of NPY mRNA would explain differences in
food intake and thus growth. In another study we fed catﬁsh once,
twice, or three times a day for 6 weeks [44]. Fish fed three times a
day consumed 53% more food and thus gained more weight than
ﬁsh fed only once a day. At the end of the study we took whole
brain tissue samples and measured mRNA levels of NPY. We did
not detect a difference in gene expression of whole brain NPY between ﬁsh fed once a day compared to ﬁsh fed three times a day
(Peterson et al., unpublished). In both studies, ﬁsh were sampled
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Fig. 4. Mean ± SE hypothalamus neuropeptide Y (NPY) (A) and brain NPY (B) mRNA
levels in Fed and Nonfed catﬁsh (N = 6 per time point) sampled at 2, 1, 0, 0.5, 1, 2
and 4 h. NPY copy number was normalized as a ratio to the amount of alpha tubulin.
Signiﬁcant differences (P < 0.05) are denoted by an asterisk.

Fig. 6. Mean ± SE intestine cholecystokinin (CCKa) (A), brain (B), and hypothalamus
(C) mRNA levels in Fed and Nonfed catﬁsh (N = 6 per time point) sampled at 2, 1,
0, 0.5, 1, 2 and 4 h. CCKa copy number was normalized as a ratio to the amount of
alpha tubulin. Signiﬁcant differences between time points (P < 0.001) are denoted
by an asterisk in (A). Signiﬁcant differences between treatments (P < 0.05) are
denoted by an asterisk in (B).

Fig. 5. Mean ± SE gut ghrelin (GHLN) mRNA (A) and plasma GHRL (B) levels in Fed
and Nonfed catﬁsh (N = 6 per time point) sampled at 2, 1, 0, 0.5, 1, 2 and 4 h.
GHRL copy number was normalized as a ratio to the amount of alpha tubulin.
Means were not signiﬁcantly different (P > 0.05).

approximately 24 h after their usual feeding time. Concentrations
of NPY mRNA were likely similar in these two studies because of
the timing when the tissues were taken. The current data show a
post-prandial effect on NPY mRNA expression and these data provide evidence that NPY is involved in the regulation of appetite of
catﬁsh.
Recent studies show that GRLN is involved in the control of
feeding in ﬁsh [63]. Ghrelin has been shown to be an orexigenic
signal in the goldﬁsh, rising pre-prandially and falling after a meal
[58]. In contrast, plasma GRLN levels are unaltered pre-prandially
in tilapia [42]. Stomach GRLN mRNA levels were reduced 1 h following a missed meal in fasted ﬁsh while there was no change in
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Fig. 7. Mean ± SE intestine cholecystokinin (CCKb) (A), brain (B), and hypothalamus
(C) mRNA levels in Fed and Nonfed catﬁsh (N = 6 per time point) sampled at 2, 1,
0, 0.5, 1, 2 and 4 h. CCKb copy number was normalized as a ratio to the amount of
alpha tubulin. Signiﬁcant differences between time points (P < 0.001) are denoted
by an asterisk in (A). Signiﬁcant differences between treatments (P < 0.05) are
denoted by an asterisk in (B).

stomach GRLN mRNA levels in fed tilapia (Oreochromis mossambicus) [42]. In burbot (Lota lota), fasting reduces plasma GRLN immunoreactive peptide levels [39]. These studies suggest GRLN
functions in the regulation of feed intake in these three species
of ﬁsh. The role of GRLN in channel catﬁsh is less clear. We found
that gut mRNA levels did not change pre- or post-prandially in
either the fed or unfed catﬁsh. Similarly, plasma levels of GRLN
did not change over the time course of the study.
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In a previous catﬁsh study, it was shown that gene expression of
GRLN was highest in the stomach followed by the pancreas and
gall bladder [19]. These results suggest that the stomach (gut) is
the primary site and source of ghrelin being produced in catﬁsh.
We did not measure GRLN mRNA in any other tissue other than
the gut as we hypothesized that GRLN mRNA in the gut and GRLN
in the plasma would provide sufﬁcient data to determine the role
of GRLN pre- and post-feeding. The role that GRLN plays in the regulation of food intake in catﬁsh is unclear at this time.
Studies in both mammals and teleosts have shown that CCK
acts as a satiety signal in regulating food intake. The channel catﬁsh, zebraﬁsh, Japanese ﬂounder, Atlantic salmon, rainbow trout,
and Xenopus laevis genomes encode at least two CCK genes,
although it is not known whether these arose due to localized or
whole genome duplication in a common ancestor. In contrast, only
one CCK gene is annotated in the human and mouse genomes. The
high level of CCK-8 peptide sequence conservation within and between ﬁsh species points to a conserved physiological role for CCK
in these species. However, duplication of the CCK gene in ﬁsh could
permit alternate transcriptional regulation that could alter temporal or spatial patterns of CCK gene expression. In addition, two CCK
genes may function as back-up mechanisms to control satiety under different physiological situations. It is not clear if these genes
evolved under separate natural selection pressures.
In teleosts, CCK participates in the regulation of digestive processes [1,10,40,49]. CCK also inﬂuences appetite regulation in ﬁsh
as it has been demonstrated that both central and peripheral injections of CCK cause a decrease in food intake in goldﬁsh [17,66].
Oral administration of CCK decreases food intake in sea bass [50],
and oral administration of a CCK antagonist causes an increase in
food consumption in trout and sea bass [12,50]. Furthermore,
CCK mRNA levels increase after a meal in goldﬁsh brain [46] and
in the pyloric caeca of yellowtail (Seriola quinqueradiata) [35].
The present study is the ﬁrst to examine feeding regulation of
two CCK cDNAs in any species of ﬁsh. Both CCK cDNAs appeared
to be regulated similarly in the three tissues we examined. For
example, there was an increase in intestinal CCKa and CCKb mRNA
4 h after feeding. In the brain, CCKa mRNA increased 1 h after feeding while CCKb mRNA increased 4 h after feeding. Expression of
both genes appeared to be relatively stable in the hypothalamus
in the fed and unfed groups of ﬁsh over the course of the study.
It is interesting that intestinal CCKa and CCKb mRNA increased in
both the fed and unfed ﬁsh 4 h after the ﬁsh were either fed or
not fed. This is difﬁcult to explain but it is possible that the availability of feed at a regular time results in modifying the circadian
pattern of hormone levels. It is also plausible that missing one meal
is not enough to alter the entrained physiological response to being
fed at 0900 h, suggesting that CCK is not playing a role in reducing
food intake after a short-term fast. Further studies examining
abundance of CCKa and CCKb mRNA in the intestine under fed
and fasted conditions over longer periods of time will aide in further understanding the roles of these genes in food regulation in
catﬁsh.
In summary, our results suggest that CART, NPY, and CCKa and
CCKb are likely involved in the regulation of feeding in channel catﬁsh. The function of GRLN during feeding is not known as both
plasma and mRNA concentrations were relatively unchanged during the peri-prandial experiment. Taken together, these results
provide new information on the mechanisms regulating appetite
in channel catﬁsh.
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