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Agouti-Related Protein (AGRP) Is Conserved
and Regulated by Metabolic State in the Zebrafish, Danio rerio
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Agouti-related protein (AGRP) and proopiomelano-
cortin (POMC) genes encode secreted hypothalamic
factors regulated by metabolic state in mammals and
are involved in energy homeostasis. The zebrafish, Danio
rerio, is a model system for forward genetics in verte-
brates: POMC and AGRP in this organism have not been
well characterized. Toward this end, AGRP and POMC
were cloned from zebrafish. Zebrafish AGRP cDNA
encodes a 127-amino-acid protein 36% and 40% iden-
tical to human and mouse AGRP, respectively. Zebrafish
POMC cDNA encodes a 222-amino-acid preprohor-
mone. Sequence identity to the mammalian ortholog
is about 50%. Zebrafish AGRP and POMC transcripts
were detected at 24 h post-fertilization (hpf) by RT-
PCR, and in situ hybridization demonstrated zebrafish
AGRP mRNA exclusively in hypothalamus and POMC
mRNA in hypothalamus and pituitary. Fasting did not
alter POMC transcript levels, while AGRP transcripts
were significantly upregulated. The ratio of AGRP/POMC
transcripts in adult brain was increased up to threefold
by fasting. These results demonstrate that the melano-
cortin system is regulated by metabolic state in zebra-
fish, and this finding thus provides a vertebrate system
for the genetic analysis of the role of the melanocortin
system in energy homeostasis.

Key Words: Agouti-related protein (AGRP); zebrafish;
melanocortin; energy homeostasis; feeding.

Introduction

The central melanocortin system, consisting of hypothal-
amic arcuate nucleus neurons expressing POMC or AGRP
and the downstream targets of these neurons (/), has been
demonstrated to play a critical role in energy homeostasis
in a variety of mammalian species including both humans
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and rodents (2-5). In the brain, cell bodies of POMC neurons
are localized in hypothalamic arcuate nucleus and nucleus
tractus solitarius (NTS) of the caudal medulla. Axon termi-
nals containing POMC immunoreactivity are found in over
100 brain regions, including hypothalamic regions known
to be involved in the regulation of energy balance, such as
arcuate nucleus (ARC), paraventricular nucleus (PVN), dor-
somedial nucleus (DMN) and lateral hypothalamus area
(LHA). Melanocortin peptides cleaved from the POMC
prohormone act by binding to the melanocortin-3 and mela-
nocortin-4 receptors (MC3-R and MC4-R) in the CNS (6,7).
Stimulation of the MC4-R inhibits food intake and energy
storage (8,9), while the MC3-R appears to act, at least in part,
as an inhibitory autoreceptor on the system (/0—12). Agouti-
related protein (AGRP) is related to Agouti protein and
exclusively expressed in adrenal gland and arcuate nucleus
of hypothalamus in brain (13,74). AGRP is expressed exclu-
sively in arcuate neurons expressing the orexigenic neuro-
peptide Y (NPY) (15). The projection sites of AGRP neurons,
such as ARC, PVN, DMN, and LHA are largely overlapping
with POMC neuron targets (16,17). Hypothalamic AGRP is
an antagonist of MC3R and MC4R, and by blocking melano-
cortin signaling, increases appetite and leads to weight gain.
Fasting decreases hypothalamic POMC expression about
50%, and increases hypothalamic AGRP expression about
500-1000% (13,15). The ratio of POMC to AGRP expres-
sion in arcuate nucleus of hypothalamus thus determines
the relative activity of melanocortin target sites, which in
turn regulate the levels of energy intake and expenditure.
Many fish orthologs of peptides involved in the central
regulation of energy homeostasis in mammals, for example,
NPY, POMC and AGRP, have been cloned from fish and
demonstrated to be highly conserved in terms of primary
sequence, structure, and function (for review, see ref. /8).
POMC has been cloned from several fish (/9-21) and POMC
immunoreactivity was detected in pituitary and lateral tuberal
nucleus (NLT) of the hypothalamus, believed to be a homo-
log of the mammalian arcuate nucleus (22). Receptors for
the melanocortin peptides cleaved from POMC have been
cloned from fugu fish (MC1, 2, 4, and 5) and zebrafish (MC1-
5R) (23,24), and also appear highly conserved. Although
zebrafish MC4R was found in the brain, unlike mammals
it was also detected in the eye, gastrointestinal tract, and
ovaries by RT-PCR (24). Recently, goldfish melanocortin
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receptor 4 was cloned, and its distribution in brain was mapped
by in situ hybridization (25). Consistent with zebrafish MC4R
expression pattern, RT-PCR detected goldfish MC4R tran-
scripts in peripheral tissue, but strongly conserved central
distribution of goldfish MC4R in lateral tuberal nucleus
(NLT), ventral telencephalon (Vv), parvo- and magnocel-
lular (NPO) neurons, homologs of mammalian ARC, lateral
septal nucleus, SCN, and PVN. Importantly, intracerebro-
ventricular administration of MTII in the goldfish inhibited
feeding, while the MC4-R antagonist AGRP stimulated food
intake; these data strongly argue that the central melano-
cortin system also regulates food intake in fish. AGRP has
also recently been cloned from goldfish, and has been dem-
onstrated to be regulated by fasting in this species (26).
While the goldfish is an important model system for neu-
roanatomical and physiological studies in the fish, being of
a similar size to rodents, the zebrafish has been developed
as a simple vertebrate system for large-scale forward gene-
tic analysis. In this study, we have cloned zebrafish AGRP
and zebrafish POMC, and characterized their spatial and
temporal expression and their regulation by fasting.

Results

Cloning Zebrafish AGRP and POMC ¢cDNA

Human and mouse C-terminal fragments of AGRP (83—
132) cDNA sequences were used to perform a BLAST search
from zebrafish and fugu genome databases. Based on these
BLAST analyses, we designed primers to amplify the reported
fragment of zebrafish AGRP (zAGRP). RT-PCR produced
a 200 bp partial zebrafish AGRP cDNA. Based on this se-
quence, we then amplified 5" and 3' ends of zebrafish AGRP
cDNA from a zebrafish brain cDNA library ina Agt 11 vec-
tor (a kind gift from Dr. Christian Goblet), with gene- and
Agt 11 vector—specific primers. 5' and 3' PCR products were
cloned into pCR4-TOPO vector (Invitrogen). A full-length
zebrafish AGRP cDNA sequence was then amplified by PCR
from the zebrafish brain cDNA library with primers designed
based on the 5' and 3' end sequences obtained. The cDNA
sequence of AGRP is 877 bp. The complete open reading
frame of 381 bp encodes 127 amino acids (Fig. 1A). When
the deduced zebrafish AGRP amino acid sequence was com-
pared to those of human and mouse, its sequence identity
to human was 36% with a sequence homology of 43%, with
40% sequence identity and 48% sequence homology to
the mouse. When we compared the C-terminal fragment of
human or mouse AGRP (aa83-132), which is sufficient for
the pharmacological actions of AGRP (27), to that of zebra-
fish AGRP, sequence identity increased to 58% with 65%
sequence homology. We also found the spatially conserved
nine cysteine residue repeat at the c-terminal domain of zebra-
fish AGRP (Fig. 2A).

By BLAST search analysis of the zebrafish genome data-
base using human and mouse POMC cDNA sequences, we
found the partial POMC genomic DNA sequences. Based on

the genomic DNA sequences, we designed primers to clone
the partial zebrafish POMC cDNA sequence. Based on the
cDNA sequence obtained from RT-PCR, we designed pri-
mers to obtain 5' and 3' ends of zebrafish POMC cDNA
sequence by PCR from a zebrafish brain cDNA library. The
cDNA sequence of POMC is 737 bp and the complete open
reading frame of zebrafish POMC cDNA was 666 bp, encod-
ing a protein of 222 amino acids (Fig. 1B). Deduced zebra-
fish POMC amino acid sequence has 51% and 48% sequence
identity to those of human and mouse POMC amino acid
sequences, respectively, and 58% and 55% sequence homol-
ogy to those of human and mouse. Based on the deduced
processed peptide sequences from POMC, the predicted o-
melanocyte-stimulating hormone (a-MSH) peptide is 100%
identical to the mouse and human peptide. POMC amino
acid sequence identity between fish is high. For example, the
deduced zebrafish POMC amino acid sequence is identical
to that of the carp, Cyprinus carpio, is 81% (Fig. 2B).

Temporal and Spatial Expression
of Zebrafish AGRP and POMC Transcripts
During the Early Developmental Stages

We examined the temporal expression of zebrafish AGRP
and POMC transcripts by RT-PCR analysis. Both AGRP
and POMC transcripts were detected by RT-PCR at 24 hpf
and the expression of both AGRP and POMC transcripts
increased as development progressed (Fig. 3A). Spatial and
temporal expression of those transcripts was also exam-
ined by whole mount in situ hybridization analysis (3B-E).
Embryos staged at 24 hpf, 48 hpf, and 72 hpf were probed
with digoxigenin (Dig)-labeled antisense or sense zebrafish
AGRP and POMC cRNA probe. Figure 3B shows that AGRP
transcripts were expressed in 48 hpf embryos. The transcripts
were detected exclusively in hypothalamus in a bilaterally
symmetrical pattern. The pattern of AGRP expression con-
tinued in 72 hpf embryos (Fig. 3C) and later stages of em-
bryos (Fig. 4C). Zebrafish POMC transcripts were detected
in hypothalamus and more strongly at both anterior and pos-
terior pituitary (3D-E). Hypothalamic expression of POMC
transcripts at 48 hpf was observed in a bilaterally symmet-
rical distribution comparable to AGRP, and at later devel-
opment stages of embryos (Fig. 4A). We could not detect
significant signal of either AGRP or POMC transcripts in
24 hpfembryos, possibly because of probe sensitivity, since
RT-PCR detected these transcripts at that stage. Both zebra-
fish AGRP and POMC sense cRNA did not show any signal
(data not shown).

Regulation of AGRP and POMC mRNA
Expression by Metabolic State in Early
Development and in Adult Zebrafish

Wild-type embryos were divided into two groups. Since,
by d 5, baby fish have consumed all the nutrition from their
own yolk cells, one group was fed from d 6 post-fertiliza-
tion (dpf), and the other group was kept in filter-sterilized
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acgcgggggagcctgggacgtgagcactacagtgatacatccagatcacacacaaaaagt

gtggctaaagtttatctctttttttgagtctgagtgattatgatgectgaacacagtaate

M ML N T V I
tttggectggtttttggtgaatgttgtggtgatggcatctcateccacacctgagacgcaga
F 6 W F L VNV V VMA S H P HL R R R
gaaaactcattcattctgacatctgacacagactcactgectgaaatggagcaccttgaa
E N s F I L T s D T D s L P EMEH L E
ataaactcagcagaagaaaagatactagaagaccttgaagectatgatgaggatcetggge
I N s A E E K I L E D L E A Y D E D L G
aaagctgtccacctgcagagaagaggcacacgectececcgagecgetgtateectcatcaa
K A vV HL ¢ R R G T R S P S R C I P H Q
cagtcctgtetgggtcatcatcectgecctgetgecaaccectgegacacctgetactgecge
Q 8§ ¢ L G H HL P CCNUPUGCDTTC Y C R
ttctttaaggcecttctgttactgecgecagcatggacaacacctgcaaaaacgaatatgea
F F K A F C ¥ C R S M D NTCI KNE Y A
tagagacaagttctgccttcagatagcaaatggtagcattatatttacagttttaagagce
tactgaatgtatttgtggacagtgcaatcataaactcgcacagagaatccacagagaagt
tttttgttataatagagaagcacaaagcatagagtgcaccattggctgecggttttaaggt
gtaatttaattgcaatattatttactcaaatgttgtcttaaatattttgtatatatgcat
tcaataaactctgattattgcaattgtgtagagtattaactgaaagagctataaatgatg
acaacatgcagacacattggattgtgagaaatgtgccttaaatgcaattaaattattatt
aagggaatatattattaggcaaaataaaataaaatat

ctttggttactgacttctttctgtgcaaaagagatggtgaggggagtgaggatgttgtgt
M V R 6 V R ML C
cctgettggectettggetetggetgttetetgegecaggaggatetgaagtcagagetcag
P A WL L A L AV L €C A G G S E V R A Q
tgttgggaaaatgccecgetgtegagacctcagcacagaggagaacatcttggaatgecata
C W E N A R CQRUDUL 8 T EENTI L E C I
caattatgcaggtctgaacttacagatgaaaccccegtctacecctggagaaagccatcta
Q L ¢C R 8 E L T DETU®PV Y P G E S H L
cagccteccecteccgageccggagcaaategaccteectegecacacectttececctgtagecacte
Q P P 8 E P E Q I D L L A HL S8 P V A L
gcagcccctgaacagatagageccggagtecggecctegacacgaccacaagegctectac
A A P E Q I E P E 8 G P R HD HIKUZR 8 Y
tccatggagcactteceggtggggcaaaccggteggecgcaaacgecagacccatcaaggtg
S M E H F R W G K PV GR KRR P I K V
tacacgaacggcgtggaagaggaatccgeccgaaacgettceceggcagagatgagacgegag
Y T N G V E E E S A E T L P A EMURR E
ctggcaaataacgaggtcgactatccgcaagaagagatgectttaaacccactggggaag
L A NN E V D Y P Q EEMUP L NPUL G K
aaggaccccccctacaaaatgacccatttecgetggagegtececgeeggetagcaagege
K D P P Y KM THU FRW S V P P A 8 K R
tatggaggcttcatgaagtcetgggacgagegtgectcagaaaccactgetcacactette
¥ 6 6 FM K S8 WDEI R AUQGQI K?PULTULTTULF
aaaaacgtaatgcataaagaccaaccgaggaaggatgagtgagtggctttaagggggaga
K N v M H K D Q P R K D E -

ggttgttatagggggtc

Fig. 1. Full-length cDNA and deduced amino acid sequences of zebrafish AGRP and POMC. The bar indicates the stop codon. (A)
Zebrafish AGRP cDNA sequence; (B) zebrafish POMC cDNA sequence.
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Fig. 2. Comparison of the zebrafish AGRP and POMC peptide sequence across different species. (A) Comparison of deduced zebrafish
AGRP peptide sequence (zZAGRP) to goldfish (accession number not yet available), human (hAGRP: gi15384342), mouse (mAGRP:
gi6671529), cow (bAGRP: gi2511603), and chicken (cAGRP: gi5381214) AGRP sequence. (B) Comparison of deduced zebrafish POMC
(zPOMC) peptide sequence to deduced amino acid sequence from carp POMC I (caPOMC I: gi14194542), II (caPOMC 1II: gi3819101),
human (hPOMC: gi13637253), mouse (mPOMC: gi116882), cow (bPOMC: gi27806467), and chicken (cPOMC: gi3869133), using the
cluster W program operated by SDSC biowork bench 3.2. (*, conserved across all species; :, conservation of strong groups; ., conservation

of weak groups; - no consensus)

fish system water without feeding. Baby fish from both con-
trol fed group and fasted group were fixed at 10 dpf (5 d fed
or fasted), and 19 dpf (14 d fed or fasted) and subjected to
whole mount in situ hybridization. The expression pattern
of POMC transcripts in hypothalamus and pituitary in the
fasted groups were comparable to that of the control group;
no significant difference in hypothalamic POMC transcript
level was detected (Fig. 4A,B). AGRP transcripts were de-
tected in hypothalamus in a bilaterally symmetrical pattern
in both control and fasted groups. Although there was some
variation of AGRP transcript levels in controls, AGRP tran-
scripts in fasted group were highly upregulated compared

to those in control fed groups (Fig. 4C—F). It appeared that
the 14 d fast produced a greater upregulation of AGRP than
the 5 d fast (Fig. 4C-F). Because we found that AGRP
expression is upregulated in early zebrafish, we next quan-
titate the regulation of AGRP transcripts. We performed
this experiment in larger adult organisms, because it is not
readily feasible to dissect the pituitary away from the CNS
in the young fish, and the pituitary is a source of very high
levels of POMC mRNA. And because we observed the ef-
fect qualitatively in both sexes, we did not feel it was neces-
sary to perform the quantitation in both sexes. We divided
5-9 mo-old female fish into control, 2 d fasted, 5 d fasted,
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A 24 hpf 48 hpf 72 hpf

Fig. 3. Temporal and spatial expression pattern of zebrafish AGRP and POMC transcripts at different stages of early development. (A)
RT-PCR analysis of AGRP, POMC transcripts. Total RNA from whole zebrafish staged at 24 hpf, 48 hpf, and 72 hpf was extracted,
reverse, transcribed and amplified with gene-specific primers of $-actin, AGRP, and POMC. (B-E) Whole mount in sifu hybridization
analysis using zebrafish AGRP and POMC antisense cRNA probes. (B) 48 hpf dorsal view of AGRP; (C) 72 hpf lateral view of AGRP;
(D) 48 hpf ventral, view of POMC; (E) 48 hpf lateral view of POMC. Hyp = hypothalamus; Ap = anterior pituitary; Pp = posterior

pituitary.

10 d fasted, and 15 d fasted groups. In each group, four or
five female fish were fed or fasted at the designated day,
were sacrificed, and whole brain tissue was dissected. Total
RNA was extracted from brain tissues and reverse transcribed
andrelative levels of AGRP to POMC transcripts were quan-
tified by real-time quantitative RT-PCR. The AGRP/POMC
transcript ratio was then normalized to the ratio of the con-
trol fed groups. As shown in Fig. 5, AGRP/POMC ratio in
fasted groups increased steadily compared to control fed
group as a function of the length of the fast; 2, 5, 10, and 15
d fasting elevated the AGRP/POMC ratio about 40%, 60%,
100%, and 200%, respectively, compared to control group.

Discussion

AGRP has been cloned from human, mouse, rat, cow,
and chicken, and these, along with another recent report on
the goldfish (26), represent the first reports of this protein
from fish. The complete AGRP peptide encodes 127 amino
acids and the pharmacologically active C-terminal domain
(aa78-127) is highly conserved (58% identity) when com-
pared to the comparable portion of the mouse sequence. In
mammals, 10 cysteine residues are present at the C-termi-
nus of AGRP and disulfide bond formation of all 10 cys-
teine residues is important for the structural stability and



262 Fasting Regulates AGRP in Zebrafish / Song et al. Endocrine

Fasted

Ay

POMC

Fig. 4. Analysis of feeding-dependent regulation of AGRP and POMC transcripts by whole mount in situ hybridization. Wild-type
embryos were divided into two groups, one group was fed from d 6 and the other group was fasted either for five more days (10 dpf) or
14 more days (19 dpf). Embryos were collected atd 10 and 19, fixed and hybridized with DIG-labeled antisense cRNA probe of zebrafish
AGRP or POMC. First row represents 14 d fed (left) or fasted (right). Rows 2—4 are from fish fed (left) or fasted (right) for 5 (C-D), or
14 (E-H) d. Experiments were performed in parallel.

biological function of the protein (28). Ten cysteine resi- comparable to HFRW motif of a-MSH, and important for
dues are also found in the zebrafish protein, and all but the AGRP’s activity as an antagonist of the MC4-R, was also
last are spatially conserved as well. An RFF motif, which is conserved in zebrafish AGRP (29).
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Fig. 5. Effect of food deprivation on the ratio of AGRP/POMC
transcripts in adult female zebrafish. Adult female fish were
grouped. Control group was fed normally and the other groups
were deprived of food for the indicated days, then sacrificed for
preparation of brain RNA. In each group four or five brains were
dissected and pooled, and total RNA extracted. The Ct (number
of cycles required for synthesizing a fixed threshold of product)
was measured by real-time quantitative RT-PCR, and used to
determine the relative ratio of AGRP/POMC transcripts, compared
to the control value, set to 1, determined from fish fed ad libitum.
Data show the mean and standard deviation from three indepen-
dent experiments. Error bar indicates + standard deviation, sig-
nificance tested by one-way ANOVA (¥*p < 0.05, ¥*¥p < 0.001).

AGRP was a detected as early as 24 hpf by PCR, and could
be observed in the hypothalamus by in sifu hybridization at
48 hpf. AGRP transcripts were detected in hypothalamus
in a bilaterally symmetrical pattern, and the overlap in dis-
tribution with POMC, mapped in several fish species to the
lateral tuberal nucleus, suggests that AGRP cell bodies may
map to this nucleus as well. The lateral tuberal nucleus is
the teleost equivalent of the mammalian arcuate or infun-
dibular nucleus, and AGRP mRNA has been mapped to the
ventrobasal portion of this nucleus in the goldfish (26).
In contrast to AGRP, agouti has not been reported from
any fish species yet, and it is interesting to speculate that
mammalian agouti is diverged from AGRP. Interestingly,
zebrafish and goldfish MC4R expression is also detected in
peripheral tissues, although its major expression in hypo-
thalamus is conserved, as are several of its pharmacologi-
cal properties (24,25).

POMC has been characterized from several fish (20) in-
cluding zebrafish (27,30). The 737 bp zebrafish POMC cDNA
encodes a 222-amino-acid preprohormone. Sequence iden-
tity to human is about 53% and, when individual peptides
are compared, sequence identity is increased, o-MSH: 100%;
B-MSH: 71%; corticotropin-like intermediate lobe peptide
(CLIP): 62%; and B-endorphin: 56%. Both a.-MSH and 3-
MSH have the HFRW sequence motif, which is required
for binding to melanocortin receptors. Paired basic POMC-

peptide cleavage sites such as KR and KK motif were con-
served between POMC-derived peptides in zebrafish, sug-
gesting that zebrafish POMC is processed by similar post-
translational modification. No y-MSH or y-lipotropin was
found in zebrafish. We detected POMC transcripts at 24 hpf
by RT-PCR, and its spatial expression pattern in hypothal-
amus and pituitary became evident by 48 hpf. Like AGRP,
the POMC expression pattern in hypothalamus was bilat-
eral and symmetric. The expression pattern of both AGRP
and POMC continued at 20 dpf.

POMC has been widely studied in pituitary, but little has
been reported about hypothalamic POMC function. We fur-
ther characterized the role of POMC and AGRP in energy
homeostasis in the zebrafish. After fasting, AGRP expres-
sion in the hypothalamus of 20 dpf fish was significantly
upregulated. No detectable changes in POMC transcripts were
observed between control fed group and fasted groups. We
also examined the regulation of AGRP and POMC in adult
fish. Because POMC mRNA levels undergo only modest
changes in the mammal, and in the zebrafish as shown here,
we normalized changing levels of AGRP transcripts to hypo-
thalamic POMC transcript levels. After fasting, the AGRP/
POMC transcript ratio gradually increased. By 15 d fasting,
the AGRP/POMC transcriptratio increased as much as 300%
in some experiments. AGRP mRNA has been reported to
be upregulated as much as 13-fold in mice (36) and 2.2-fold
in Japanese quail (37) by fasting. Fasting reduced POMC
mRNA expression by 50% in mice (36); however, in Japa-
nese quail, POMC mRNA expression was not changed by
fasting (37). Previous work in the goldfish demonstrated
that ICV injection of NPY increased food intake and fast-
ing increased NPY expression in hypothalamus (37). More
recently, synthetic melanocortin agonists and antagonists have
been demonstrated to inhibit or stimulate food intake, respec-
tively, in this species (25). Goldfish AGRP has recently been
identified and demonstrated to be upregulated by fasting
in the adult goldfish (26). These data, together with those
shown here, demonstrate that the endogenous hypothala-
mic melanocortin system is likely to regulate food intake in
multiple fish species, that the system appears responsive to
metabolic state in fish as young as 48—72 hpf, and that, as in
mammals, the AGRP gene appears highly regulated while
the POMC gene appears to play a more tonic role. Charac-
terization of the conserved nature of this system in the young
transparent zebrafish identify this species as a model system
for genetic analysis of energy homeostasis in a vertebrate.

Materials and Methods

Zebrafish

Tab 5 and Tab 14 strains of zebrafish were raised and
bred as described (32); 10—15 adult fish were maintained in
half gallon tanks of an AHAB System (Aquatic Habitats)
at 26-28°C, under a 14-h light, 10-h dark cycle. The fish
were fed with flakes (Eco-systems, Inc.) and supplemented
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with brine shrimp. The embryos were obtained by natural
crosses and fish embryos, and larvae stage was determined
according to Kimmel et al. (33).

Isolation of Total RNA and cDNA Synthesis

Total RNA was extracted with the phenol/guanidinium
thiocyanate method using Trizol LS reagent (Invitrogen)
according to the manufacturer’s instruction. To remove
genomic DNA, purified total RNA was treated with RNase
free DNase (Roche) at 37°C for 30 min and cleaned with
Rneasy mini kit (Qiagen) according to the manufacturer’s
instructions; 500 ng of purified total RNA was reverse
transcribed with oligo dT primers using a first-strand cDNA
synthesis kit (Fermentas).

Cloning of Zebrafish AGRP and POMC cDNAs

BLAST searches of the zebrafish genome database (http:
/Iwww .ensembl.org/Danio_rerio/) and fugu genome data-
base (http://fugu.hgmp.mrc.ac.uk/) with existing AGRP and
POMC sequences were performed. Based on the BLAST
search results, primers were designed to obtain partial zebra-
fish AGRP and POMC cDNAs. PCR products were cloned
into pCR4-TOPO vector (Invitrogen). To get full cDNA
sequences of zebrafish AGRP and POMC, nested primers
were designed based on the sequences of PCR products.
PCR reactions were then carried out using a zebrafish brain
cDNA library (34) as a template, gene-specific nested pri-
mers, and vector (Agtl1)-specific nested primers in a ther-
mal cycler (Gene AMP PCR system 2400, Perkin Elmer),
using Pfu polymerase (Stratagene). Full-length zZAGRP and
zPOMC sequences were then amplified from a zebrafish brain
c¢DNA library and cloned into pCR4-TOPO vector (Invitro-
gen) (zPOMC (forward): 5’'CGGGATCCCTTTGGTTAC
TGACTTCTTTC 3', zPOMC (reverse): 5' CGGGATCCG
ACCCCCTATAACAACCTCTCC 3'; zAGRP (forward):
5' GGATCCGTCTGAGTGATTATGATGCTGAACAC 3',
zAGRP (reverse): 5' GGATCCGCAGCCAATGGTGCA
CTCTATG 3'; the first six nucleotides of each primer en-
code a BamHI cloning site.

Whole Mount In Situ Hybridization

To generate antisense DIG-labeled AGRP cRNA probe,
the plasmids were linearized by digestion with NotI and
subjected to in vitro transcription with T3 RNA polymerase
and for sense DIG-labeled cRNA probe, the plasmids were
linearized by digestion with Spel and subjected to in vitro
transcription with T7 RNA polymerase according to the
manufacturer’s protocol (Roche). For generation of anti-
sense DIG-labeled POMC cRNA probe, the plasmids were
linearized by digestion with Spel and subjected to in vitro
transcription with T7 RNA polymerase and for sense DIG-
labeled cRNA probe, the plasmids were linearized by diges-
tion with Notl and subjected to in vitro transcription with
T3 RNA polymerase as described above. Zebrafish embryos
at different developmental stages were collected, manually
dechorionated, and fixed in 4% paraformaldehyde in PBS

at room temperature for 3—5 h. Whole mount in situ hybrid-
ization was performed as described previously (35). Briefly,
fixed embryos were treated with —20°C methanol and rehy-
drated with a series of descending methanol concentrations
(75%, 50%, and 25%) in PBS. They were then washed with
PBS and treated with proteinase K (Fermentas) for 8 min
at room temperature at a concentration of 10 pg/mL in PBS
up to 24 hpf, 20 pg/mL from 24 hpf to 72 hpf, and 50 pg/
mL up to 15 dpf. Embryos were refixed with 4% paraform-
aldehyde in PBS at room temperature for 20 min, washed
five times with PBS, prehybridized with hybridization buf-
fer [50% formamide, 5X SSC, 50 pg/mL heparin (Sigma)],
500 pg/mL tRNA (Roche), 0.1% Tween-20, and 9.2 mM
citric acid (pH.6.0) at 65°C for 3 h, then probed with either
antisense or sense DIG-labeled zZAGRP or zZPOMC probe
at 65°C overnight at 500 ng/mL in hybridization buffer.
DIG-labeled cRNA probes were detected with 1:500 diluted
alkaline phosphatase conjugated antidigoxigenin antibody
(Roche) in 2% BMB (Roche), 20% lamb serum (Gibco
BRL) in MAB (100 mM maleic acid, 150 mM NaCl, 0.1%
Tween-20, pH 7.5) at 4°C overnight, followed by staining
with NBT/BCIP solution (Roche) at room temperature for
2-5h. After PBS washing, methanol was applied to the stained
embryos to remove the nonspecific stain, and refixed in
4% paraformaldehyde in PBS. The embryos were mounted
in 100% glycerol and pictures were taken by AxionVision
(Ver3.1) software with a SemiSV11 Dissecting Microscope
(Carl Zeiss).

Fasting and Feeding Experiments

For fasting experiments, to minimize contamination with
microorganisms, fish system water was filter-sterilized with
0.2 pm supor membrane (PALL) and at 10 hpf, 0.003% pro-
pylthiouracil (PTU) was introduced to block the deposition
of pigmentation. About 100 to 200 embryos in a 500 mL
beaker were fed with commercially available artificial bac-
teria (Zeigler) from d 5 up to d 10, and from d 10 supple-
mented with brine shrimp. For the fasting group, embryos
from d 5 were transferred to a 500 mL beaker in filter-ster-
ilized system water and kept there until sacrifice. Adult fish
were fed two times a day as previously described in flow-
ing fish system water. For fasting adult fish, 5-9-mo-old
female fish were grouped in one tank filled with filter-ster-
ilized fish system water, and supplied with fresh filtered sys-
tem water every other day. Atd 2, 5, 10, and 15 of fasting,
fish were anesthetized with ice and whole intact brain tissue
was dissected. Dissected brain tissues were quickly frozen
in liquid nitrogen and kept at —80°C until used for prepara-
tion of RNA.

Real-Time Quantitative PCR

Real-time quantitative PCR primers were designed by
web-based “primer 3" software (http://www-genome.wi.
mit.edu/cgi-bin/primer/primer3.cgi/) to minimize primer
self-dimerization. For AGRP, forward primer 5' GTCCAC
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CTGCAGAGAAGAGG 3', reverse primer 5' GCCTTAA
AGAAGCGGCAGTA 3' are used, and for POMC, forward
primer 5' CCCCCTACAAAATGACCCAT 3/, reverse pri-
mer 5' ATCCTTCCTCGGTTGGTCTT 3' are used. Real-
time PCRs were performed with 4 uLL of 100 pL first-strand
cDNA that is diluted five times from 20 pL initial reaction
volume as a template, 5 pmol of each of forward and reverse
primers, 0.15 unit of UDP glycosidase (Invitrogen), 2X
SYBR PCR mix (Applied Biosystems), and with deionized
water to make final volume either 10 or 15 pL in a 384-well
plate (Applied Biosystems).

Real-time RT-PCRs were performed using an ABI 7900HT
(Applied Biosystems). The PCR cycle was 55°C, 2 min for
UDP glycosidase reaction and then initial denaturation step
at 95°C for 5 min, and 40 cycles of 95°C 30 s, 60°C 30 s,
72°C 30 s, followed by 81.5°C for 1 min at each cycle for
the detection of the product formation. At the end of the
cycles melting curves of the products were verified for the
specificity of PCR products. All measurements were per-
formed in triplicate. SDS 2.1 software was used for the inter-
pretation and analysis of data.
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