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ABSTRACTS

The melanocortin system plays multiple physiatal roles in vertebrates.
Zebrafish is an excellent teleost model for gensticlies of melanocortin signaling
because of the powerful genetic tools availablghis system, such as the use of
Morpholino Oligonucleotides (MO) for the temporayppression of gene expression.
While many aspects of the melanocortin system dghlhh conserved across
vertebrates, interesting variations can be foundteieosts, including additional
members of the agouti gene family. In this dissiema | characterize the
physiological functions of two agouti proteins, AglRnd AgRP2, in the zebrafish.

Chapter Two reports on the characterizatiotheffunction of a new agouti gene
in zebrafish, termedagrp2 Due to genomic duplication, another agouti relate
protein---AgRP2, is found in most teleosts examinedrp2 transcripts were
exclusively detected in pineal gland, and regulabsd light/dark cycle, not by
metabolic state. AQRP2 peptide showed highest antafic potency to MC1R, less
to MC4R and none at MC3R. Larval fish injected wathitisense MO against either
the SUTR or ATG site ofagrp2 mRNA failed to contract their melanocytes in
response to white background at 3-5 days postization (dpf). Without altering
pomcgene expression, failure of normal background &dm in agrp2 morphants
or floating head(flh) mutant are due to the defect of melanin concéngrdnormones
(MCH) in lateral hypothalamus. Further experimemtsnrc mutants suggest that

up-regulation of MCH synthesis through pineal AgRBpothalamic projections is



retina cone/rod cells independent. These studipareled our view of melanocortin
functions in lower vertebrates to include pinealngl regulation of teleost background
adaptation and evidence for light-responsive pineells communicating with
hypothalamus in an AgRP2-MC1R dependent manness pioject led to my first
research article iRNAS

Chapter Three reports the hypophysiotropic neatof zebrafish AgRP and
POMC neurons, a huge functional departure from malsinMC4R dependent dose
responsive suppression of somatic growth was glessén in wild type fish injected
with MO against endogenowgrp. Hypothalamic AQRP and POMC fibers densely
project to the pituitary by 5 dpf. Multiple pituita endocrine axes were altered in
agrp morphant fish. Increased somatic growth was olesem MC4R null juvenile
and adult fish. MC4R suppression agrp is required for the maximal rate of growth
during embryonic growth, allowing rapid maturatiamd thus perhaps reducing
predation. Unlike mammals, in which circulating tiep regulates
hypothalamic-pituitary axis, zebrafish pituitaryresgulated directly by hypothalamic
AgRP/POMC neurons. These findings clarify how teteddiffer from mammals in
terms of leptin dependent energy homeostasis amd éhgingle gene (MC4R) can
coordinately regulates somatic growth and otheoende functions in multiple fish
species. Novel findings from this project resuli@dny second research articleQell

Metabolism



Zebrafish have also been used for in vivo dsageens. In Chapter Four, we
report on a reliable novel AlamarBlue assay to rnmwnithe metabolic state in
developing fish. We confirmed that this assay walsust and not protein or salt
sensitive. Using multiple Morpholino Oligonucleat&l andmc4r TILLING mutants,
the roles ofagrp, mc3r, mc4r, mcbrb in a-MSH responsive metabolism were
carefully examined. Combined data suggested thbtaish MC3R, MC4R and
MC5Rb were all responsible fa-MSH induced energy expenditure in developing
fish. The roles of two novel melanocortin accessprgtein 2 genesnfrap2a and
mrap2l) were also identified. As the functional allele pébrafish, mrap2a is
expressed in the brain awdntrols the surface expression of endogenous MBAR
retaining partial MC4R proteins in the endoplasmetculum (ER). Three MC4R
selective positive allosteric modulators were i@t with the ability to suppress
early somatic growth of low dosegrp morphant wild type fish. Compound #15 can
also inhibit food intake of fasted adult fish. Miiree compounds were proven to exert
their effect in a MC4R dependent manner.

In Chapter Five, | report on the use of MorpmwlOligonucleotides to validate
some obesity-associated genes from human GWASestuMO against zebrafish
homologue transcripts were synthesized and injedted wild type zygotes.
Hypothalamicagrp/pomcexpression was examined by both whole mount ia sit
hybridization and quantitative PCR. Preliminaryules suggest that knock-down of

zebrafishnegrl affects normal neural outgrowth of hypothalamianoas. pomc

Xi



expression increased by 7 fold megrl morphant fish. | am currently constructing
AgRP-Apple and POMCa-EGFP transgenic zebrafishsltweallow us to test more
GWAS hits.

My dissertation identified two novel biological esl of the melanocortin system
in teleosts, regulation of background color adamtaaind hypophysiotropic control of
endocrine function in larval fish. Additionally, demonstrate that the assays for
MCA4R function developed in these studies are appléecto the study of mammalian

MCA4R function and the analysis of in vivo actiondofigs regulating the MC4R.
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Chapter 1: Introduction

The Central Melanocortin System and Mechanisms of ikergy

Homeostasis

1. The central melanocortin system in mammals

The mammalian melanocortin system consists@dgomelanocortin (POMC),
the agouti proteins, and five melanocortin receptors. Thegulate a variety of
physiological functions including pigmentation, rsiedogenesis, energy homeostasis,

sexual function, inflammation and exocrine secre{idone, 1999).

1.1 Melanocortin receptor agonist---POMC

The gene encoding POMC produces two differelsisses of peptides,
melanocortins an@-endorphins, which have diverse functions as betimlones and
neuropeptides. The melanocortin peptides, whichlude adrenocorticotropic
hormone (ACTH) and-, B- andy-melanocyte—stimulating hormones (MSH), mediate
their effects through a family of five related Gomin—coupled melanocortin
receptors, MC1R through MC5R. In the corticotroplugsthe anterior pituitary,
POMC is processed by prohormone convertase 1(P€lgyenerate ACTH and
B-endorphin, whereas in the melanotropes of the péesmedia pitutiary, PC1 and
PC2 process POMC to generat®ISH andp-endorphin. The cell bodies of POMC

neurons are found in hypothalamic arcuate nuclédRC() and nucleus tractus



solitarius (NTS) of the caudal medulla. POMC immuaaztive axon terminals are
found in more than hundred brain regions includki®C, paraventricular nucleus
(PVN), dorsomedial nucleus (DMN), and lateral hy@damic area (LHA)
(Jacobowitz and O'Donohue, 1978) (Eskay et al.918Zhronwall, 1985).

ACTH is a potent agonist for MC2R in adrenadrgl (Grahame-Smith et al.,
1967) (Cone and Mountjoy, 1992). MSH activates M@®3B4R signaling and
inhibits food intake in the hypothalamus (Watsod &kil, 1979) (Benoit et al., 2000).
MSH also regulates melanin synthesis in the hallicke by stimulating MC1R
signaling (Watson and Akil, 1979). Patients withnfozygous or compound
heterozygous mutations in the region of the POM@egencoding melanocortin
peptides show early-onset obesity, adrenal insaficy and red hair pigmentation
(Krude et al., 1998). POMC null mice exhibited aniar phenotype with obesity,
adrenal insufficiency, and yellow coat color (Zenagld Shi, 2000fKarpac et al.,

2008) .

1.2 Melanocortin receptor antagonist---Agouti and ARP

Agouti and Agouti Related Protein (AgRP) ared@gyenous antagonists and
inverse agonists at melanocortin receptors (Lul.etl894) (Ollmann et al., 1997).
Both murine agouti and AgRP are 131 amino acidetedr proteins. Endogenous
agouti is expressed in the skin and regulates the hairskin melanin synthesis by

antagonizing the-MSH mediated activation of the MC1R (Fan et 897)(Lu et al.,



1994). AgRP is expressed primarily in arcuate ruglef hypothalamus, and in
adrenal cortex (Shutter et al., 1997). AgRP neupogct to multiple brain regions,
largely overlapping with POMC neurons (Haskell-Laru et al., 1999) (Broberger et
al., 1998) (Figure 1-4). ICV injection of AgRP peets stimulates food intake and
weight gain and antagonizes the effectateMSH in rats (Rossi et al., 1998). The
C-terminal domain of agouti and AgRP are highly ssamed, with the 10 cysteine
residues forming 5 disulfide bonds required forpaopeptide folding and receptor
binding.

Although it is normally only expressed in skin,oag peptide also shows high
affinity to MC4R. The first obesity phenotype invislg the melanocortin system was
in fact reported from the dominate alleles at dg®uti locus. TheA” mouse has a
large deletion of an hnRNP-like gene, which is elpdocated toagouti gene, and
results in ubiquitous ectopic over-expressionagbuti gene. TheAY mice exhibits
yellow coat color due to the inhibition of MC1R ihe skin. Also, an obesity
phenotype observed in these mice was eventuallwrsho be due to the blockage of
MC4R in the CNS by aberrantly expressed agoutigamof\Wolff et al., 1999). These
mice showed a remarkable obesity phenotype witheased body weight and fat
mass, diabetes and increased linear growth. Cengligt a similar phenotype was
reported in transgenic mice with ectopic over-egpien ofagouti gene (Ollmann et
al., 1997). Recent studies on beach mice revehkeddturally selected role of agouti

protein in mammalian coat pigmentation and envirental background adaptation



(Manceau et al., 2011).

As a potent antagonist for MC3R and MC4R, AgRBrisorexigenic peptide and
its expression responds to the metabolic statdingai;m mice dramatically increases
the AgRP mRNA level in the hypothalamus (Li et &000). Over-expression of
AgRP results in obesity and increased linear grawtmice (Ollmann et al., 1997)
(Graham et al., 1997). The metabolic phenotype&giRP knockout mice are subtle
(Qian et al., 2002). However, postembryonic abtattd AQRP neurons in mice leads
to a lean, hypophagic phenotype with significanélgiuced body weight, body fat and
food intake (Bewick et al., 2005). Very interestingly, AgRP idefncy in mice is
associated with increased life span (Redmann aggrépoulos, 2006).

Several studies have demonstrated that mammagieutisand AGRP work in a
dose dependent manner as inverse agonist at mekino®IC4R’s constitutive
signaling activity (Nijenhuis et al., 2001) (Chaiad., 2003). Therefore, MC4R signals

in the absence of agonist binding.

1.3 Melanocortin receptors (MC1R-MC5R)

Melanocortins exert physiological roles by bindittga family of specific G
protein-coupled receptors that positively coupleatienylyl cyclase. There are five
known melanocortin receptors, MC1R-MC5R correspogdio the order in which
they were cloned, that are expressed in a numbsited and have varying affinities

for the different melanocortin peptides.



MC1R

The MC1R is expressed largely in melanocyteskin and hair follicle where it
is involved in stimulating eumelanin pigmentationd variety of species including
mice (Miltenberger et al., 1997), fox (Vage et &4B97), cattle (Girardot et al., 2005),
dogs (Berryere et al., 2005) and humans (Voisewlgt2001). Briefly,a-MSH
activation of MC1R leads to increased intracellu&arels of cAMP, which, in turn,
lead to phosphorylation of the cAMP responsive-@etibinding protein (CREB).
CREB transcriptionally regulates several downstregenes including tyrosinase.
MC1R activation results in high levels of tyrosiags/hich leads to eumelanogenesis
and, by extension, to dark (brown/black) pigmenptatcausing an increase in the
eumelanin (black/brown): pheomelanin (red/yellowatioc promoting darker
pigmentation (Cone et al., 1996) (Sakai et al.,7299he endogenous antagonist
agouti at the MC1R acts to block the effectoeMSH at this receptor, promoting
pheomelanin expression, leading to a predominahdkeored/yellow pigmentation.
Agouti yellow(AY) mice, ctopically over-expresgjoutiin all somatic cells, leading to

the development of a yellow coat color and obg$iylff et al., 1999).

MC2R
The MC2R encodes the adrenocorticotropin (ACTidgeptor, which is
expressed on the adrenal cortex and is critical rggulation of the

hypothalamic—pituitary—adrenal axis (Mountjoy et d1992). The principal role for
5



ACTH in this axis is to control the regulation articosteroid synthesis and secretion
by the adrenal gland. Unlike other melanocortineptors, translocation of MC2R
from endoplasmic reticulum (ER) to the cell surfdads without melanocortin 2

receptor accessory protein (MRAP), another singémstmembrane protein. It's
known that MRAP forms anti parallel homo-dimers aisdrequired for ACTH

mediated cCAMP response (Sebag and Hinkle, 2007).

MC3R

The MC3R is expressed in the central nervoustesy and a number of
peripheral sites and has been implicated in a nurobephysiological processes
including natriuresis, cardiovascular regulation danenergy homeostasis
(Roselli-Rehfuss et al., 1993). In the rodent brsdC3R MRNA is largely expressed
in the hypothalamus, but is also found at loweelswn limbic areas (Roselli-Rehfuss
et al., 1993). The principal ligands for MC3R areandy-MSH and the MC3R is
believed to mediate the natriuretic effects of tHSH peptides (Ni et al., 1998).
Mice with a specific deletion of the MC3R exhibitcamplex obesity phenotype
implicating the MC3R in the regulation of energyntepstasis (Butler et al., 2000)
(Chen et al., 2000). Briefly, MC3R null mice show mcrease in fat mass and a
reduction in lean mass in the absence of any $gmif increase in food intake. In
addition to being expressed in the brain, the M@3RIso expressed at a number of
peripheral sites including adipose tissue, hedm)etal muscle, kidney, stomach,

duodenum, placenta and pancreas (Gantz et al.,) (@hajlani, 1996). MC3R
6



knockout mice have also been demonstrated to éxdalisensitive hypertension (Ni
et al., 2003). We recently identified the Cushirsysdrome with elevated basal levels

of plasma corticosterone in MC3R null mice (Rengaisd Cone, submitted)

MC4R

MC4R is principally in the central nervous syst (CNS) with a much wider
distribution pattern. Studies using in situ hylzation (Mountjoy et al., 1994) (Kishi
et al., 2003) and transgenic mice expressing GRReuthe control of the MC4R
promoter (Liu et al., 2003), have localized MC4Ratwariety of sites in the rodent
brain including the cortex, cerebellum, striatumppocampus, hypothalamus,
midbrain, amygdala, thalamus and brainstem. Themnianction of the MC4R is the
regulation of energy homeostasis (Huszar et ab7L9Mutations in the MC4R gene
account for about 5% of severe early onset obésityymans. The MC4R null mouse
is hyperphagic, hyperinsulinemic, obese and showsreased linear growth,
mimicking theagoutiobesity phenotype, in a gene dose dependent waszé et al.,
1997). MC4R heterozygous mice exhibit an intermiediphenotype, and this
phenotypic haploinsufficiency was observed bothmite and human, an unusual
feature for a GPCR (Srisai et al., 2011). Lossra copy of wild type MC4R allele in
human is sufficient to lead to early-on obesityd aarlier onset of puberty (Martinelli
et al.,, 2011) (Thearle et al., 2012). MC4R activdymodulated in parallel by its
agonist MSH and antagonist AgRP peptides, respagtiis a primary CNS target

for treating obesity and cachexia, multiple potei@4R agonist and antagonist were
7



developed by optimizing peptide sequences. SHUA® discovered to be a potent
MC3R/MC4R specific cyclic peptide antagonist (Hruley al., 1995). Central
intracerebroventricular (i.c.v.) injection of SHUSA inhibiting endogenous
melanocortin tone stimulated food intake. JKC363084, and HS024 were further
discovered as a potent MC4R specific antagonidt efility to increase food intake
in rats (Chai et al., 2003) (Kask et al., 1998).IM& molecule nearly identical to
SHU9119 with a single amino acid difference is # &gonist of the MC3R and
MC4R and potently inhibited food intake. Many oiteric human MC4R agonists
were developed to treat human melanocortin obeblwever, the agonists have
generally exhibited unwanted side effects suchaabyphylaxis, hypertension and
erectile response. For some receptors, allosteddutators are expected to reduce
side effect profiles. The ideal allosteric modutatéor human MC4R should not be
able to activate MC4R alone, but can modulate alavate the response to
endogenous agonist MSH by binding to an allostsiie of the receptor. A drug
discovery project is currently ongoing in my lakheTgoal is to screen 1-2 million
small molecules and try to identify MC4R specifimsteric modulators (Pantel et al.,
2011). In addition to mice and humans, MC4R alsl@es energy homeostasis in
other mammals (Tao, 2010). In adult male rhesuskeys) infusion of NDP-MSH, a
more potent MC4R agonist relative ©6MSH, into the lateral cerebral ventricle
suppresses food intake dose dependently, whergasoin of AgRP stimulates food

intake, suggesting that the central melanocortinegystem is a physiological



regulator of energy balance in primates (Koeglerakt 2001). In pigs, ICV

administration of NDP-MSH decreases food intaké,tteatments with SHU9119 or
AgRP fail to stimulate food intake (Barb et al.,02). In the sheep, fasting
dramatically increases AQRP mRNA and protein ley@fagner et al., 2004) (Henry
et al., 2001) (Archer et al., 2004). However, cleimgPOMC expression is often low
suggesting that the POMC gene is less responsitastimg or feeding. In contrast,
AgRP is highly regulated by fasting in many speeiad a potent stimulator of food
intake in both healthy and endotoxin treated arsnf@fagner et al., 2004) (Sartin et
al., 2005) (Sartin et al., 2008). These studiegaesigthat the MC4R is also a critical
component of appetite regulation in sheep, a spetiat grazes instead of eating
intermittently like rodents and other nonruminapedes Thephysiological role of

MC4R in mammals also includes cachexia, cardiovasdunction, glucose and lipid

homeostasis, reproduction and sexual function laedrtogenesis (Tao, 2010).

MC5R

The MCS5R is expressed largely in exocrine gtasudch as the adrenal, lacrimal
and sebaceous glands, where it appears to reghi@tsynthesis and secretion of
exocrine gland products (Chen et al.,, 1997). MC&R mice show defects in the
production of a number of products secreted fronocere glands, including
porphyrin, sebaceous lipids and pheromones, whierewound by observing the
distinct swimming behaviors (Chen et al., 1997).@sesult of presumed alterations

in pheromone secretion, MC5R null mice also shownges in aggression and
9



defensive behavior (Caldwell and Lepri, 2002) (Morcet al., 2004a) (Morgan et al.,

2004b).

1.4 Peripheral factors affecting the central melancortin system
Leptin

Leptin is a 16 kDa protein hormone that playked role in regulating energy
intake and energy expenditure, including appetitd metabolism. It is one of the
most important adipose derived hormones. Plasntilégyvel is proportional to the
total fat mass of the body. Ob/Ob (leptin) or dbftdptin receptor) null mice are
hyperphagic and extremely obese. Produced by agligmcleptin is released into the
circulation and exerts its effect on energy homesist predominantly via leptin
receptors expressed in the brain. Circulating tepévels give the brain input
regarding energy storage so it can regulate appatitl metabolism. Leptin works, in
part, by inhibiting the activity of AQRP/NPY neumnand increasing the activity of
POMC neurons simultaneously. Leptin receptors aggessed on the majority of
POMC and AgRP neurons in the ARC indicating thatdantral melanocortin system
is downstream of leptin receptor signaling and playkey role in mediating the
effects of this important adipostatic hormone (Gigewt al., 1997) (Figure 1-3).
Additionally, following peripheral leptin administtion, the expression of proteins
involved in the leptin receptor signaling cascadehsas pSTAT-3 (phosphorylated
signal transducer and activator of transcription a&8)d SOCS-3 (suppressor of

cytokine signalling 3) are up-regulated in POMC noeig of the arcuate nucleus (Elias
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et al., 1999) (Munzberg et al., 2003). MoreoverM®and AgRP mRNA levels are
regulated by leptin and states of altered ener¢gnioa, such and fasting and lactation
(Smith, 1993) (Schwartz et al., 1997) (Chen et1#99) (Mizuno and Mobbs, 1999).
Finally, leptin is able to alter the firing rate ARC POMC and AgRP/NPY neurons
in anex vivoelectrophysiological slice preparation (Cowleyakt 2001) (Takahashi

and Cone, 2005) (Ghamari-Langroudi et al., 2011).

Insulin

Insulin is a peptide hormone produced by thacpeatic islet beta cells. Its
central role is to regulate carbohydrate and fatbwism in the body. Insulin causes
cells in the liver, muscle, and fat tissue to takegglucose from the blood, storing it as
glycogen in the liver and muscle. Like leptin, teecretion of insulin from the
pancreas and plasma levels are also directly ptiopai to adipose mass such that
plasma insulin increases during periods of posievergy balance and decreases
during periods of negative energy balance (Bagdedel., 1967) (Woods and
Vlahakis, 1974). Moreover, insulin passes throubl blood brain barrier via a
saturable, receptor-mediated process that yielgslim levels in the CNS that are
proportional to plasma insulin (Baura et al., 1993)e administration of exogenous
insulin in small amounts into either the neurogiltie ventral hypothalamus or the
adjacent third ventricle results in dose dependdEtreases in food intake and
sustained weight loss (Woods et al., 1979) (Schmetral., 1992). The hypothalamic

melanocortin system is an important target of tbigoas of insulin to regulate food
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intake and body weight. Hypothalamic neurons exgngsinsulin receptors were
found in POMC neurons (Plum et al., 2012). Admiaison of insulin into the third
cerebral ventricle of fasted rats increased exmpess¥ POMC mRNA. Subthreshold
dose of the melanocortin antagonist SHU9119 prexktite reduction in food intake
caused by icv insulin administration. Selective ogal of insulin receptors from
neurons or else the selective absence of key msetieptor signaling molecules in
the brain results in increased body weight and equigaility to diet induced obesity
(Bruning et al., 2000) (Stubdal et al., 2000). Henosulin provides a negative
feedback signal to the CNS that is proportionapésipheral energy stores and is

linked to CNS systems that control food intake bady weight.

Ghrelin

Identified as an endogenous ligand for the @GEretagogue receptor (GHS-R)
(Kojima et al., 1999) (Kojima et al., 2001), ghrelis an acylated 28-amino-acid
peptide predominantly secreted by the stomach,latsgli by ingestion of nutrients
(Ariyasu et al., 2001) (Tschop et al., 2001) (Tscte al., 2000) (Cummings et al.,
2001) with potent effects on appetite (Tschop gt2000) (Cummings et al., 2001).
GHS-Rs have been demonstrated on arcuate NPY onorgaieurons (Willesen et al.,
1999) and pharmacological doses of ghrelin injectedipherally or into the
hypothalamus activate c-fos solely in arcuate NMrans in rats and stimulate food
intake and obesity (Hewson and Dickson, 2000). &we indicates the melanocortin

system is central to ghrelin’s effects on food letaStimulation of food intake by
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ghrelin administration is blocked by administratiohNPY/Y1 and Y5 antagonists
and reduced in the NPY -/- mouse (Shintani et2001). Administration of the
melanocortin agonist MTII blocks further stimulatiof weight gain by GH-releasing
peptide-2, a synthetic GHS-R agonist, in the NP¥ mluse (Tschop et al., 2002).
Finally, peripheral administration of ghrelin acties c-fos expression only in arcuate
NPY/AGRP neurons, not in other hypothalamic or mstem sites (Wang et al., 2002),
and ablation of the arcuate nucleus blocks theoastof ghrelin administration on
feeding but not elevation of GH (Tamura et al., 20Electrophysiological analyses
suggest that ghrelin acts on the arcuate NPY/AGRBrams to activate these
orexigenic cells coordinately and inhibit the amigenic POMC cells by increasing

y-aminobutyric acid (GABA) release onto them (Cowdgal., 2003).

CCK

In addition to signals from gut distension, gaptides stimulated by meal intake
mediate satiety through centers in the brainstenes& signals then are thought to
interact primarily with long-term weight regulati@@nters via neural connections to
the hypothalamus to regulate total daily intakedayusting meal size, number, or
both. Produced by the gastrointestinal tract inpesese to meal ingestion,
Cholecystokinin’'s (CCK) diverse actions includensiiation of pancreatic enzyme
secretion and intestinal motility, inhibition of gjdic motility, and acute inhibition of
feeding. Administering CCK peripherally supportedoée for increased CCK levels

in the early termination of a meal (Gibbs et a@73) (Gibbs et al., 1976). Central
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administration of insulin and leptin potentiatese tkatiety inducing effects of
peripherally administered CCK (Riedy et al., 199%jiglewicz et al.,, 1995).
Approximately 30% of the POMC NTS neurons are atéd, as determined by
induction of c-fos immunoreactivity, after ip adnsimation of a dose of CCK that
initiates satiety (Fan et al., 2004). Furthermaine, central melanocortin system as a
whole is clearly important for the satiety effeataiated by CCK because MC4R null
mice are largely resistant to CCK induced satiatyd 4th ventricular administration
of the melanocortin antagonist SHU9119 appears nmotent than the third
ventricular in blocking the actions of CCK (Fanakt 2004). Thus, this represents a

novel class of NTS neurons regulated by both leggimvell as acute satiety signals.

2. Current knowledge of the melanocortin system ifish

Prior to my arrival as a graduate student aBOHthe Cone laboratory initiated
a project to develop the zebrafish as a systemfdoward genetic analysis of
melanocortin signaling (Song et al., 2003) (Song @one, 2007) (Forlano and Cone,
2007). The first phase of this program, which fodntige major part of my thesis work,
has been focused on characterization of the basimgy of melanocortin signaling in
the zebrafish. Additional laboratories have alddedl to this field. The evolutionary
origin of melanocortin system in animals was assksby in silico analysis
(Vastermark and Schioth, 2011). Collectively, theslamocortin system is only
observed in vertebrates, appearing in even the amusént vertebrate animals such as

B. floridae P. marinusand L. fluviatilis. Only mclr and mc3r were found among
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these species. The melanocortin system in advamesdbrates such as mammals,
birds, reptiles and amphibians are more unifiedhwitly one copy each of thmmg
agouti,agrp, mclr, mc2r, mc3r, mc4r and mafgnes. However, genomic duplication
led to more diversity of the melanocortin genes fish, both in teleost and
elasmobranch(sharks).H.francisci (Hornskark) andS. acanthias(spiny dogfish or
mud shark) have only one copyrmat3r, mc4randmc5rwhile C.milii (elephant shark)
owns the most ancestragouti gene, one copy omclr, mc2rand mc4r. Highly
diverse melanocortin system has been identifiechidtiple teleost species such as
fugu, salmon, goldfish, barfin flounder, zebrafishy-finned fish, puffer fishes, and
rainbow troutD.rerio (zebrafish) has twpomcgenesgomca& pomch, threeagouti
genes d&sp, agrp and agrp?, two mcb5r genes, twomrap2 genes, and one
mclr,mc2r,mc3r and mc4gene (Vastermark and Schioth, 2011). Evolutionary
diversity of fish melanocortin system indicatesith@eserved or newly developed

physiological functions that will be addressed i timesis.

2.1 Melanocortin receptor agonist---POMC

Proopiomelanocortin (POMC) gene encodes a osxnplotein precursor that
belongs to the opioid/orphanin gene family. Tetdypmammals, birds, reptiles and
amphibians) POMC precursor comprises three main adwn the N-terminal
pro-y-MSH, the central ACTH and the C-termirfalipotropin. Each domain contains

one MSH peptide-MSH in proy-MSH, a-MSH as N-terminal sequence of ACTH
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and f-MSH in B-lipotropin domain. The last domain further inclsdiae C-terminal
B-endorphin opioid peptide (Nakanishi et al., 197The genome of teleost ancestors
doubled once more (3R) resulting in an expansiothefreceptor/peptide systems.
This event, together with particular tetraploidiaat events (e.g. salmonids), have
resulted in additional copies of POMC in the genoofeeleost fish. Sequencing
analysis conclude that teleost fish, including aébh Qanio rerio), medakaQryzias
latipeg, three-spined sticklebackGésterosteus aculeafusand the pufferfishes
(Takifugu rubripesand Tetraodon nigroviridiy exhibit two POMC (POMCa and
POMCD) paralogue genes (Gonzalez-Nunez et al.,)2@Mhdstrom et al., 2010). In
addition, three different forms (al, a2 and b) hbeen reported in barfin flounder
(Takahashi et al., 2005). StudiesTirtraodonsuggest a subfunctionalization of the
ancestral POMC sharing functions with the new aya¢ gene in teleost fish.
Tetraodonpomcbshares the similar synteny orientatiorpoincaand seems have lost

the C-terminal beta-endorphin partitioning (de Soatal., 2005).

As in other vertebrate species, fish POMC isniyiaexpressed in the pituitary
gland and hypothalamus. Like mammals, fish pityitazonsists of anterior
(adenohypophysis) and posterior part (neurohypaphy3wo types of pituicytes
produce POMC peptides. Corticotropes or ACTH-praaiyicells are localized in the
rostral pars distalis (RPD), whereas melanotropesM&H-producing cells are
localized within the pars intermedia (PI) that igatily innervated from the

neurohypophysis to form the neurointermediate lobéeleost fish. The number of
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POMC cells is notably smaller within the rostrargaistalis than pars intermedia,
which reflects the preferential isolation ®MSH, B-MSH andp-endorphin from the
whole pituitary extracts (Takahashi and Kawaucl)06). Recent studies have
demonstrated the differential processing of POMCthe pituitary of teleost fish
(Takahashi et al., 2006) (Dores et al., 1997). ammalian species, POMC is also
centrally produced and mainly processedatMSH and B-endorphin (Castro and
Morrison, 1997). In rodents, two discrete groupsnefirons in the hypothalamus
(arcuate nucleus) and the medulla (nucleus of thetus solitarius) also produce
POMC (Bagnol et al., 1999). POMC mRNA expressiorthini the mediobasal
hypothalamus has been conserved throughout verelwaolution, as POMC
transcripts have been detected in hypothalamic omalirsystems of amphibians
(Tuinhof et al., 1998), and birds (Gerets et @0Q®@. Transcript distribution of two
pomc genes over the brain was assessedédtraodon Like mammals,poma is
expressed highly in rostral pars distalis (RPD);spimtermedia (Pl) and nucleus
lateralis tuberis (NLT), a teleost brain region ieglent to arcuate nucleus of
mammals, whilgpomd was found mainly in the preoptic area (POA), enblmgous
counterpart of paraventricular nucleus of mammeeés $ouza et al., 2005). As the
precursor of stress responsive peptide ACTH, Peramiad al demonstrated that in
rainbow trout,pomcbwas also expressed in the liver (Leder and Silears2006)

and up-regulated by stress (Pemmasani et al., 2011)
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2.2 Melanocortin receptor antagonist---Agouti genes

The presence of melanocortin endogenous antagocisting AgRP and ASP
in fish was first demonstrated in goldfish (CerdevBrter and Peter, 2003b) and later
in several teleost species (Song et al., 2003)qkawa et al., 2006) (Murashita et al.,
2009). In goldfish, zebrafish and salmon, RT-PCRadaiggest that AGRP or AgRP1
is expressed in several peripheral tissues, inetudkin, but in the central nervous
system it is solely expressed within the laterbetal nucleus (NLT) where POMC is
also produced (Cerda-Reverter and Peter, 2003aja(feoand Cone, 2007). Like
mammals, zebrafisagrp mMRNA level goes up rapidly in response to 15 dagsing
in adults or 7-14 days fasting in larvae and irhbogle or female adults (Song et al.,
2003) (Zhang et al.,, 2010). AgRP and POMC neuramgegt to multiple brain
regions in a highly conserved manner (Forlano ar@heC 2007). Transgenic
over-expression of zebrafidgrp in the zebrafish led to increased somatic growth,
body weight and visceral adipose accumula{®ang and Cone, 2007). The third and
last agouti gene of teleosts was discovered in 200%last search (Klovins and
Schioth, 2005). By whole mount in situ hybridizati@grp2 transcript is observed
exclusively in the pineal gland of the zebrafishl aagulates background adaptation
presumably by antagonizing MC1R in the lateral Hgptamus (Zhang et al., 2010).
Quantitative PCR (gPCR) studies in salmon have destnated wider AgRP2
expression at the periphery (Murashita et al., 2008like the mammalian system in

which AgRP antagonizes MC3R and MC4R, AgRP workarmasnverse agonist and
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competitive antagonist at both sea bass MC1R andiRICASP is also widely
expressed in the periphery with a lower degreesafral expression. In the periphery,
ASP is mainly expressed in the skin, where it ippgised to participate in the
acquisition of the adult pigment pattern (Cerdadttar et al., 2005). Polarized
dorsal-ventral pigmentation pattern is determinedy ltombination of

xanthophores/melanophores and quite essential Her camouflage escape from
natural predators. My unpublished observations ssigthe ventral skin expression of
zebrafishagouti gene is required for xanthophore development, @ twacontrol the

visual pigmentation polarization (Zhang and Comgublished data).

2.3 Melanocortin receptors (MC1R-MC5R)

Tetrapod species have five melanocortin (MC18M@ceptors. In mammalian
systems, MC2R is specific for ACTH. The four oth€ receptors bind to MSHSs,
with melanocortin MC1 and MC3 receptors exhibitthg highest affinity fon-MSH
and y-MSH respectively (Schioth et al., 2005). The numbk receptors varies in
teleost fish. Zebrafish has six MC receptors, with copies of thenc5r, while puffer
fish have onlymc4rwith nomc3rand only one copy ahc5r (Logan et al., 2003b).
Interestingly, perciform fish, the youngest telefistt, lacksmc3randy-MSH domain
in the POMC gene, suggesting co-evolution of theptide/receptor system

(Cerda-Reverter et al., 2011).
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MC1R in pigmentation

Recent studies have demonstrated that the pwdaim system is also a key
player in the establishment of the adult pigmeritepa in fish. As a camouflage
mechanism, polarized dorsal-ventral pigmentatiditepa in fish is essential for them
to avoid natural predators in vertical aquatic esrwinents with different light intensity.
Frameshift mutations introducing a premature stogoa in mclr or inactivating
mutations in blind Mexican cave tetrAstyanax mexicanysare responsible for a
decrease in the number of melanophores and in #lanmn content (Gross et al.,
2009). This phenotype was recapitulated bylr morpholino knock-down
experiments in zebrafish (Richardson et al., 2008)re studies in sea bass have
demonstrated that MC1R is constitutively activaded expressed in both dorsal and
ventral skin, suggesting that the ligand-indepenhdetivity of the receptor may be
responsible for melanization in some fish (Sana¥tea., 2010). Thenclrfunction is
probably inhibited in the ventrum by agouti peptidehelp establish the pigment
pattern. Overexpressing ASP in transgenic zebrdfssle demonstrated a dramatic
reduction in the number of melanophores within tlaek stripes and an increased
number of iridophores, leading to a severe disoupdif the stripe pattern that result into
spotted “cheetahfish” (Cerda-Reverter JM, persaoamhmunication). Two different
mclr alleles were found in guppy and contribute to payphism of melanin
pigmentation in different wild populations (Tezuégal., 2011)mclr transcript, but

not other melanocortin receptors was also fourgbldfish xanthophores-MSH was
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able to disperse pigment in a dose dependent manxkanthophores (Kobayashi et al.,
2011a)mclris also broadly expressed in multiple tissues iiclg brain. In fugu fish,
weakmclrexpression was seen in the telencephalon, optiorteand hypothalamus
(Klovins et al., 2004a). The functional roles ofthclrin teleost brain were unknown,
prior to the physiological one suggested by theltegpresented here (Chapter 2, and
(Zhang et al., 2010)). High levels ofclrtranscripts are found in the lateral tubular
nucleus of zebrafish and required for melanin cotre¢ing hormone (MCH and

MCHL) synthesis modulated by pineal projecting AgRfeurons (Zhang et al., 2010).

MC2R in stress response
In teleosts the steroidogenic cells, togethign wlosely intermingled chromaffin

cells, are embedded in the head kidney formingrterenal organ, the homolog to
the mammalian adrenal gland (To et al., 2007).Asther vertebrates, activation of
the hypothalamus pituitary interrenal axis playsasential role in the stress response
in fish. Following stressor exposure, the hypotimataneurons release corticotrophin
releasing hormone (CRF) to the anterior pituitanysiral pars distalis) where the
corticotropes are located. The processing of PON@e corticotrophs leads to the
production of ACTH, which activates MC2R in theanenal tissue (analogous to the
adrenal cortex in tetrapods), which, in turn, colstrcortisol synthesis. Cortisol, the
main corticosteroid in fish, is released to theodido regulate a wide array of systems

in both stressed and non-stressed animals (Wendgdaeya, 1997) (Flik et al., 2006)
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(Alsop and Vijayan, 2009) (Kobayashi et al., 2011ajerestingly, attenuation of the
cortisol response to stress was reported in fena@hdow trout that were chronically
exposed to dietary selenomethionine. The physioddgchange may due to the
transcriptional elevation afic2rlevel in the kidney (Wiseman et al., 2011). Cadmium
is able to disrupt the cortisol biosynthesis by pepsion of corticosteroidogenic
genes includingnc2rin rainbow trout (Sandhu and Vijayan, 2011). Likammals,
functional teleost MC2R surface expression and ACTesponse requires
melanocortin receptor accessory protein (MRAP).cHll culture studies, Liang
demonstrated that zebrafish MRAP1 was able totassighow trout MC2R signaling
and seems unhelpful to frog MC2R (Liang et al.,901n addition, mammals have
the second melanocortin receptor accessory prodAP2. mrap2 transcript was
highly expressed in the brain and barely obsermeadrenal gland. Its physiological
role in vivo still remains unclear (Chan et al.020 Zebrafish has twmrap2genes,
mrap2a and mrap2b Our studies using morpholino oligonucleotides gasg that
mrap2bis a non-functional ortholog amdrap2aRNA is ubiquitously expressed in 5
days old embryo, as well as adult fish (Agulleitcak, 2010). Quite opposite to the
MC2R-MRAP story, data suggest MRAP2a protein iseatd retain the zebrafish
MC4R protein in the ER, preventing it from going ttee cell surface. This novel
mechanism has been reported both in vitro (Sebat Himkle, 2010) and is

demonstrated here in zebrafish (Sebag and Zhapgplished data).
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MC3R

The pharmacological properties of fish MC3R énawly been reported in spiny
dogfish in which MC3R shows high affinity to ACTHedved peptides while it has
lower preference tg-MSH. High expression of MC3R in the hypothalamumsl a
telencephalon has also been demonstrated by RT{ERins et al., 2004b). In
contrast to fugu which lacks MC3R, zebrafish doéhamc3rgene but its expression

in zebrafish brain has not been mapped (Logan,&2@03a).

MC4R in food intake and somatic growth

Studies by northern blot in goldfish (Cerda-8¢er et al., 2003b), whole-mount
in situ hybridization in zebrafish (Song et al.02pand gPCR in sea bass (Sanchez et
al., 2009a) have demonstrated that POMC hypothalamiirons cannot respond to
progressive fasting even when it entails a sevedeation in weight. Similar results
have also been obtained in mammalian species. fonere?OMC mRNA remains
unchanged in chronically food-restricted animalsrify et al., 2001). However, ICV
injections of melanocortin agonist, NDP-MSH, or Mifihibit food intake in goldfish
(Cerda-Reverter et al., 2003b) (Cerda-Reverterlet2003c) and rainbow trout
(Schjolden et al., 2009) in a dose dependent maAgeprdingly, ICV administration
of HS024, another MC4R agonist in fed goldfish @ased food intake 4 h after
treatment (Cerda-Reverter et al., 2003b) and rantvout (Schjolden et al., 2009).

Experiments in barfin floundekérasper mosayiand sea bass have demonstrated that
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progressive fasting does not modify hypothalammwd4r mRNA expression
(Kobayashi et al., 2008) (Sanchez et al., 2009Wwé¥ver, mc4r mRNA seems
responsive to fasting iBnakeskin GouramiJangprai et al., 2011). Experiments in
adult goldfish (Cerda-Reverter and Peter, 2003#)|taand larval zebrafish (Song et
al., 2003) demonstrated that hypothalairp expression is dramatically increased
during fasting whilgpomcremains constant. Pharmacological experimentslidfigh

and sea bass melanocortin receptors have demeustrait zebrafish AGRP (83—-127)
is a potent competitive antagonist at sea bass MBdRnot at sea bass MC5R.
Zebrafish AgRP (83-127) is also a potent antagdaistebrafish MC1R, MC3R and
MC4R, with some activities on MC5Ra and MC5Rb (Zhaet al., 2010). Both
HS024 and SHU9119 have been shown to be functionalhpetitive antagonists at
sea bass melanocortin MC4R (Sanchez et al., 20@rda-Reverter et al., 2003c)
(Sanchez et al., 2009b). However, both compounespatent agonists on goldfish
(Cerda-Reverter et al., 2003a) and sea bass (Saetla, 2009a) MC5R suggesting
that the central melanocortin effects on food iatake mediated via MC4R although
MCS5R is also expressed in the bré@erda-Reverter et al., 2003a) (Sanchez et al.,
2009b). In fact, high expression of sea basgdr expression is observed in the CNS,
as well as goldfish. Sea baswx4r transcripts are restricted to the telencephalon,
preoptic area, ventral thalamus, tuberal and lobygothalamus, optic tectuand
rhombencephalon. The distribution of tme4r mRNA in goldfish brain is similar to

sea bass, with transcripts within the rostral tedgrnalon, preoptic area and tuberal
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hypothalamus. Our immunohistochemistry data of akir brain suggest that MC4R
distribution is consistent with the localization ®SH/AgRP immunoreactive
terminals. Zebrafish AGRP terminals overlap theseerMSH innervation but both
AGRP and MSH neurons also independently project satveral areas (Forlano and
Cone, 2007). The highest innervation is found witthe rostral and magnocellular
preoptic area and caudal tuberal hypothalamus seabass studies. Combined data
suggest the lateral tuberal nucleus (NLT) is thkeotean homologue of the
mammalian arcuate nucleus, while the parvo- andno@glular neurons of the
preoptic nucleus seem to be homologues of the mdamaupraoptic and
paraventricular (PVN) nuclei, all of them contrbetmammalian energy homeostasis
as major roles (Berthoud, 2002).

In summary, the melanocortin system may induce rduibitory tone on food
intake via constitutive activation of the centralCNR. This constitutive tone is
mainly regulated by the binding of AgRP within tieberal hypothalamus and
preoptic area. Agonist binding would increase medantin tone under particular
physiological conditions. In support of this hypesrs, it has been reported that the
overexpression of AgRP in zebrafish results ineased linear growth and total body
weight. Transgenic AgRP fish also exhibit viscemdipocyte hypertrophy and
increased total triglyceride levels suggesting these fish are obese (Song and Cone,
2007). Lack of MC4R in zebrafish also stimulatesdantake and somatic growth.

Zebrafish adults in MC4R null background exhibitaesity syndrome and increased
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body length compared to wild type siblings. Thietence was observed as early as
42 days post fertilization (Zhang et al., 2012)eEibsence of systemieMSH in the
pars intermedia also results in hyperphagia, eathrgver and abdominal fat
accumulation in rainbow trout (Yada et al., 200R)is suggests that the melanocortin
system plays a dual role in the control of energyaihce by activating energy
expenditure, and through the central inhibitionfadd intake. Our data from larval
zebrafish assays also suggest MC4R partially réggikanergy expenditure (For more
details please see Chapter 4). In fish, increasedd growth is always observed from
obese animals. This correlation appears to be gedependent and seems more
robust than mammalian species (For more detaisspleee Chapter 3). Natunat4r
mutant fish or artificial specifimmc4rknock out lines were not available until recently
three zebrafisimc4r TILLING nonsense mutant lines were generated leyShnger
Institute. Different mechanism @hc4r signaling on somatic growth regulation was
reported from another teleost species. In the sabrdish, X. nigrensisand X.
multilineatus small and large male morphs map to a single loBdscus (Kallman
and Borkoski, 1978), recently demonstrated to eacibe MC4R (Lampert et al.,
2010). Cysteine residual variance among C-termioiusnutant MC4R efficiently
diminished MSH induced cAMP response. Large malepim® in this species result
from multiple copies of mutant forms of the receptd the Y chromosome-encoded P
locus, that appear to function in a dominant negaftashion, blocking activity of the

wild-type mc4r allele. mc4r mutations also lead to altered onset of puberty an

26



divergent reproductive strategies in the small lrde size morphs. These studies
suggest that MC4R controls the somatic growth mby wia food intake, but also by
affecting the onset of puberty in teleost, prolowgihe period for fish to grow rapidly

(Lampert et al., 2010).

MC5R
Some evidence indicates that MC5R is involved ipidli metabolism.

Experiments in sea bass suggested a putative foMGHR on hepatic lipolysis
(Sanchez et al., 2009a). In goldfish, high levélmo5rtranscripts were seen in brain,
including ventral telencephalon, nucleus lateraliseris and nucleus preopticus, as
well as skin, kidney and spleen (Cerda-Revertealet2003a). Similar expression
profile was also reported from common ca@y|frinus Carpid (Metz et al., 2005).
Southern blotting of RT-PCR products detectadS5r mRNA expression in spiny
dogfish Squalus acanthigsbrain where it mapped to hypothalamus, telendepha
and weakly in the brain stem (Klovins et al., 2004bc5r MRNA has also been
detected in rainbow trout brain using RT-PCR (Hhaitet al., 2004). Some of my data
suggest that zebrafish MC5Rb regulates the basthokc state in respond to MSH

(details please see Chapter 4).

2.4 Other effectors communicating with teleost melaocortin system

Since intraperitoneal (IP), intracerebroventiac (ICV) injection and food
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intake measurement is feasible in goldfish, it idely used as a model species for
pharmacological and neurobehavioral research @o$¢$. Last year, Yokobori and his
colleagues demonstrated that they were able tomwerfCV injection and measure
the food intake using adult zebrafish (Yokoboriaét 2011). AgRP, neuropeptide Y
(NPY), orexin A and acyl ghrelin were reported noluce orexigenic effects, while
corticotropin-releasing hormone (CRH)MSH hormone, MCH and Cholecystokinin
(CCK) inhibit appetite in goldfish (Shimakura et,aP008) (Kang et al., 2010)
(Matsuda, 2009). CCK exerts an anorexigenic actwem vagal afferents, and
subsequently elevating POMC expression in the bjieamg et al., 2010). NPY also
acts as an appetite enhancer in pufferfish (Mats@889). Orexin A and orexin
receptor antagonist, SB334867 stimulate food intakeebrafish (Yokobori et al.,
2011). Twoleptin genes were reported from most teleost species asiajoldfish,
zebrafish, atlantic salmon, common carp and meda#&mugh only one was found so
far in grass carp, rainbow trout and pupperfishnie et al., 2011). Unlike mammals
in which leptin was produced by adipose tissues, fisptin mMRNA is expressed
primarily in liver such adakifugu(Kurokawa et al., 20050Qryzias (Kurokawa and
Murashita, 2009)Oncorhynchus mykigMurashita et al., 2008Ppanio (Gorissen et
al., 2009) andCyprinus (Huising et al., 2006), with only a single repoft weak,
transient leptin expression in fish adipose tisgendt et al., 2009). For most fish
species, liver is the highdsiptin expressing tissue, although gonad may be highest i
zebrafish (Gorissen et al., 2009). In adult zebhafadipocytes are found in visceral,
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intermuscle and subcutaneous depots but not ir I{8®ng and Cone, 2007)
suggesting thateptin is not a adipose derived hormone. Leptin systeemse
sensitive to the metabolic status of the atlangitcnen as feeding affect lepal and
lepa2 gene expression in the liver and brain (Tilesnlet al., 2012). A leptin-like
peptide (LLP) peptide was discovered in channelistat(ctalurus punctatus Its
expression was induced by exposure to the pathodeacterium Edwardsiella
ictaluri) but is independent of energy status (Kobayaskl.et2011b). In common
carp, 6 weeks of feeding to satiation or fasting mid alterleptin mRNA expression
in hepatocytes, even though the fasted fish 10886-8f their initial body mass after 6
weeks (Huising et al., 2006). Overfed zebrafish hadsignificant change iteptin
MRNA expression, despite significant changes inybodhss index (Okada et al.,
2010). Injections of mammalian leptin in coho satm@ncorhynchus kisut¢hor
green sunfishlepomis cyanellysdid not affect food intake or body weight (Balegr
al., 2000) (Londraville and Duvall, 2002) althoutgptin reduces atlantic salmon
growth through the central POMC pathway (Muraskital., 2011). Human and fish
leptins show very poor sequence conservation (~28f@) near pharmacological
doses of leptin were needed to elicit an anorexigessponse (Copeland et al., 2011).
Combined data strongly suggest that leptin is Inetgrimary adipostatic factor in fish.
As described in Chapter 3, my data demonstraté$hyipothalamic AQRP and POMC
neurons are hypophysiotropic and directly regulatgtiple endocrine axes in larval

zebrafish (Zhang et al., 2012). Based on this figdil hypothesize that the central
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melanocortin system of fish plays a broader, leptdependent role in energy

homeostasis.

3. Zebrafish as a genetic model for melanocortin gties
3.1 Advantages of zebrafish as a model system fagmgtic studies

Zebrafish are freshwater vertebrates originate flodia. More than 80% of
genes found in zebrafish have orthologs in mammd&ny essential physiological
functions are highly conserved, suggesting thatrafedh is a good comparative
genetic model system for physiological investigatidebrafish has many advantages
compared with murine models. First, it is easy utiicate. Adult zebrafish are only
3-4 cm long. It's easy to house many individualssimgle tank. In terms of money
used for per animal per day, zebrafish maintenarasts less money than mice.
Second, zebrafish embryos develop much fasterrthe. Its regeneration time is 2-3
months. Embryos develop ex utero. By 3 dpf, zebhagmbryos hatch out and
become free-swimming animals. Most organ developnm&encompleted and fish
become free-feeding animals around 5 dpf. Mostrarganesis occurs in the first 24
hours post fertilization. Fast development makesperfect animal for developmental
studies. In addition, female zebrafish produce pnygyear around and each pair can
give as many as 300 embryos per week. This all@au® eonduct large scale genetic
screens and analyses in the zebrafish. Third, #shr@mbryos are transparent.

Development of organ and structures are easily tm@d by microscope. This

30



transparent feature allows us to analyze gene ssiorein larval fish by whole mount
in situ hybridization or immunohistochemistry. Fyrthe relatively large size of
zebrafish eggs (compared to mouse eggs for exammé&es it very easy to inject
DNA to produce transgenic zebrafish. Microinjectignwidely used in fish labs to
deliver plasmid, RNA, protein, cell labeling dye morpholino oligonucleotides into
zebrafish zygotes. The fact that zebrafish embgresvertebrates, small, numerous
and develop externally is making them increasingbpular with the biomedical
industry as a system in which to model human gernk$ease and to screen for drugs
to treat these diseases. Zebrafish genome seqgeweis completed years ago and
now is available online in databases includingWl@&SC genome browser, Ensemble,
Sanger Institute, ZFIN and NCBI. Many genetic mafagion strategies have been
developed in zebrafish. Transgenic techniques eimglused in zebrafish for variety
of purposes including over-expression, tissue $igeekpression or genetic reporter
assays. It's feasible to perform high throughputvird genetic screen in zebrafish
using ENU (N-Ethyl-N-nitrosourea). Large scale ngatiaesis was performed by the
Max Planck Institute of Developmental Biology in981996. Over ten thousand
founders were identified affecting aspects of ermbiy development such as
organogenesis and pigmentatigWhitfield et al., 1996)(Trowe et al., 1996)
(Schilling et al., 1996jRansom et al., 1996Piotrowski et al., 1996)0denthal et al.,
1996b)(Odenthal et al., 1996&Mullins et al., 1996)Kelsh et al., 1996{Karlstrom

et al., 1996)Kane et al., 1996(Kane et al., 19964)iang et al., 1996Heisenberg
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et al., 1996 Hammerschmidt et al., 1996 ammerschmidt et al., 1996é&)affter

et al., 1996bJHaffter et al., 1996a)Haffter and Nusslein-Volhard, 199@%ranato et
al.,, 1996)(Granato and Nusslein-Volhard, 199@jurutani-Seiki et al., 1996van
Eeden et al., 1996Chen et al., 1996(Brand et al., 1996b{Brand et al., 1996a).
Targeted mutagenesis was conducted by TILLING @tamng Induced Local Lesions
in Genomes) in Sanger Institute (UK) as well as MoZebrafish TILLING Project in
Fred Hutchinson Cancer Research Center (Seattld, YWAny zebrafish nonsense
mutations were identified by whole exon-sequencisigch asmc3r, mc4r, leptin
receptoretc. Retroviral insertional mutagenesis was deeldpy Dr. Nancy Hopkins
in MIT (Amsterdam et al., 2004). Further projectsducted by Dr. Wenbiao Chen
and Znomics INC generated libraries of foundersryoag multiple retroviral
insertions. High rate of random insertion and dpeprimer sequencing enable us to
locate the insertion site over the whole zebrafjishome. For reverse genetic studies,
Morpholino Oligonucleotides were broadly used ibradish to specifically knock
down the gene of interest at larval stg@erey and Abrams, 2001). Most recently,
ZFN (Zinc Finger Nuclease) and TALEN (Transcriptidwtivator-Like Effector
Nucleases) technology allow us to specifically knoat a target gene in zebrafish.
ZFNs are artificial restriction enzymes generatey ftusing a zinc finger
DNA-binding domain to a DNA-cleavage domain (Merigak, 2008). Transcription
Activator-Like Effector Nucleases (TALENs) are #&dial restriction enzymes

generated by fusing the TAL effector DNA bindingntuin to a DNA cleavage
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domain. Multiple copies of pre-designed ZFN or TALEan specifically bind to
target DNA region and induce deletions by non-hagols end-joining (NHEJ)
(Sander et al.,, 2011) (Mahfouz et al.,, 2011). Concially available ZFN and
TALEN kits from Sigma Aldrich and Cellectis bioreseh applied this technology to

many animal models such as plants, drosophilaleQaas, zebrafish, frogs, mice and

pigs.

Zebrafish has been used as a laboratory amrodel for decades. Accumulated
knowledge such as large numbers of TILLING mutatjor©regon Zebrafish
International Resource Center (ZIRC) stock centargjltiple genome wide
mutagenesis tools, dense genetic maps in UCSC,nthtseand ZFIN; Sanger
Institute genome sequencing and TILLING projects vasdl as small molecule
screening in Znomics has made zebrafish a poweéitébrate animal model system

to study human disease and screen drugs for hursease therapy.

3.2 Limitations of zebrafish as a model system fagenetic studies

Every animal model has its limitations. Zelshfido have some limitations for
genetic approaches. Unlike mammals, two roundseabmic duplications occurred
during evolution. Some genes have also been lagiglthis process. For many single
mammalian genes, zebrafish have variable copiaestmfour, from case to case. For
melanocortin system, two agouti related proteiagip and agrpz two pomc

genes-pom@ andpomd; two melanocortin 5 receptorsnesbm andmc5bib were

33



discovered in zebrafish. In fact, these genes atesimple transcriptional variants.
They are totally different genes locating on diéfier chromosomes with distinct
expression patterns. For exampgrp is expressed primarily in the lateral tuberal
nucleus of the hypothalamus whadgrp2is expressed exclusively in the pineal gland.
Both peptides shared a highly conserved C termirddmain. For
immunohistochemistry studies, we are unable toalébee hypothalamic projections
of pineal AQRP2 neurons due to the lack of AgRP&cHjr antibody, although Paul
Forlano had successfully mapped the AgRP neurotigihypothalamus (Forlano and
Cone, 2007).

Zebrafish have 25 pairs of euchromosomes. Taereno sex chromosomes and
the sex determination mechanism is not quite cjear Some reports indicated that
the sex determination start as early as two weéks frtilization and regulated by
water temperature, nutritional state and fish dgndidowever, recent evidence
indicates that some genes suctlitagl, dmrtl and cyp2laare involved in zebrafish
sex determination (Bradley et al., 2011) (von Harfisand Olsson, 2005). In order to
obtain breeding pairs at adulthood, we usuallyeramiltiple tanks of larval fish from
one founder’s breeding.

Unlike mouse strains used for laboratory redeamost zebrafish strains
(Tabugen, AB, Tabl14) are out-bred. Zebrafish gen@®mguences were originally
generated from Tubingen in Europe. There are obbéwariances among different

strains and founders. Large quantities of fishreeeded for reliable statistical analysis.
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Zebrafish Tubingen, AB and India inbred strainsevproduced through full sib-pair
matings. However, reported inbreeding depressiasgmts a major difficulty in
generating and maintaining highly homogeneous #shrastrains (Monson and
Sadler, 2010) (Charlesworth and Willis, 2009).

Zebrafish embryos develop rapidly. It takesyd?0-30 minutes from one cell to
two cell stage, which usually takes 24 hours inenoc humans. Embryonic stem cell
lines are not available from zebrafish embryo. Traal embryonic stem cell
mutagenesis or transgenic implantation is thusamatlable. In order to obtain stable
transgenic F1 fish, transgenes must integratedato cells. The TILLING strategy
requires lots of money and effort. Most recent ttgwed ZFN or TALEN techniques
still requires pre-design and screening.

Zebrafish are ectotherms. Fish naturally extdiirnal and seasonal regulation
of physiological states. Laboratory zebrafish lhmad adults are kept at 28 The
metabolism of ectotherms is highly sensitive toiemmental temperature. Basal
physiological regulation of energy expenditurenisst quite different from endoderms.

Adult zebrafish should be mated routinely tointean their sexual fecundity.
Adult females without regular mating may not beeatol breed permanently. The best
way is to keep breeding adults (especially femadedgast once per week since three
months age. Old fish also exhibit depressed fe¢yrsti wild type adults over one

and half year old should be sacrificed using trieanethanesulfonate (MS-222).
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4. Morpholino oligonucleotides (MO)
4.1 Antisense morpholino oligonucleotides, a powerf tool for reverse genetic
studies

Morpholino oligonucleotides are made by Genel§,oLLC, the sole commercial
manufacturer selling research quantities of morpbsl| world-wide. Morpholino
oligos are short chains of about 25 morpholino sitsuEach subunit is comprised of
a nucleic acid base, a morpholine ring and a naicigohosphorodiamidate
intersubunit linkage. Morpholinos do not degradeirtiRNA targets, but instead act
via an RNAse H-independent steric blocking mechani/ith their requirement for
greater complementarity with their target RNAs (mRNnicroRNAs), morpholinos
are free of the widespread off-target expressiomutation typical of knockdowns
which rely on RISC or RNase-H activity. They arengetely stable in cells and do
not induce immune responses (Heasman, 2002).

With their high mRNA binding affinity and exciie specificity, morpholinos
yield reliable and predictable results. Dependinglee oligo sequence selected, they
either can block translation initiation in the cstb (by targeting the 5° UTR through
the first 25 bases of coding sequence), can mgagymRNA splicing in the nucleus
(by targeting splice junctions or splice regulat®sifes) or can inhibit miRNA
maturation and activity (by targeting mature miRNApri-miRNA), as well as more
exotic applications such as ribozyme inhibition toanslational frame shifting.

Morpholinos have been shown to be effective in afsmprotists, plants and bacteria
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(Heasman, 2002). Not only designed for laborat@search, morpholinos are also
used for human clinical trials (Nakano et al., 2011

Once we have found a viable target region and exh@n effective cytosolic
delivery method and a method to assay for antisewseity, it is the morpholino
oligo sequence that will determine success. Impdgtathe oligo must have a base
sequence that has very little self-complementasity that it does not dimerize.
Length-Activity studies suggest that 25-baseseét ticommended length for custom
morpholino oligo. In fact, 12-bases already exhilfi¢s translation suppression and
only 2% further improve is seen by increasing lanffom 25-bases (98%) to
28-bases (99.5%). So, the optimal morpholino olgib be about 25-bases long and
have a high enough GC content (40-60%) so thaast & high target affinity. The
oligo should not have stretches of four or moretiggious G so that they remain
water soluble. For this application, an optimabédris a 25-base sequence that lies
within the region from the 5' cap through the f@8tbases of coding sequence, has a
~50% GC content and has little-or-no secondaryctira. Usually one can find at
least 2 or 3 oligo targets within the 5' cap totstagion that have roughly equivalent
properties. However, we lack options for some mRM#Ath very short 5-UTR region,
such as zebrafishagrp (Chapter 3). Oligos complementary to any of thesgets
should reduce expression of the downstream codagipm. In any set of oligos
targeted to a given gene there will likely be ath#®go that achieves the greatest

knockdown, sometimes to an undetectable level akgexpression. In many cases
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trying just one oligo is enough for effective kndokvn.

The good targeting predictability of morpholingsdemonstrated by experiments
illustrated in Figures 1-1la and 1-1b. The mRNA ¢#eg in these experiments has
quite stable secondary structure but morpholingoslistill achieved good knockdown.
Figure 1-1a shows an mRNA construct comprising &b of the leader sequence of
Hepatitis B virus (HBV) mRNA joined to the aminoidcoding sequence of firefly
luciferase. The numbered lines indicate targetssir 7 different morpholino
antisense oligos. Figure 1b shows the translatmyckdown achieved in a cell-free
translation assay with 1 target mRNA. Each morpiwbligo shown in Figure 1-1a
was used at 1mM concentration and their knockdoffinaey is plotted in Figure
1-1b as a function of their position along the mRMN/ong with corresponding values
for another 5 oligos positioned further 3' to thanslational start site. It is particularly
noteworthy that oligos 3, 4 and 5 are seen to leffeetively invaded the quite stable
secondary structure within the HBV leader sequence.

Like DNA primers, Gene Tools can also modify theB5’ of morpholinos such
as 3'-carboxyfluorescein, 3'-lissamine, 5-aminegabi-dabcyl. This allows us to
track the delivery efficacy of morpholinos by flescent emission. Unlike other
nucleotides, morpholino oligos have much highetdgical stability, mainly because
they are not susceptible to enzymatic degradatiohydrolysis (Heasman, 2002).
Morpholino oligos can be stored at -80 degreesnfany years without losing their

activities. However, oligos easily jump out of ¢@n and attach to the glass surface
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with long-term incubation at low temperatures. Prio making dilutions, stock
morpholino solution is usually thawed at 65 °C fd® minutes and quickly

centrifuged to avoid any aggregate.

4.2 Control Morpholino Oligonucleotides

Standard  Control oligo is a 25-mer with the segeenc
5-CCTCTTACCTCAGTTACAATTTATA-3'. This oligo shoulchave no target in
zebrafish, based on analysis of the available fishrgenome, and no significant
biological activity. Custom-sequence morpholino tcoholigos can also be ordered.
If the standard control oligo is unsuitable for sorexperiments, Gene Tools
recommends using the invert of antisense sequesceegative control. This
invert-antisense has the advantage of having time $angth and base composition as
the antisense oligo. For zebrafish agrp2 antisense MO:
5-TTTCAGCACCGCCGTCGTCATTTTC-3, | synthesizearp2 invert antisense

control MO: 5- TTTTACTGCTGCCGCCACGACTTT-3".

For this dissertation, | designed and synthesiz&dTEB or/and ATG site
targeting MO to block translation of zebrafisigouti, agrp agrp2, pmch, pmchl,
pomca, mc3r, mc5rb, mrap2a and mrapgenes. Also, two splicing blocking

morpholinos were synthesized agaiagtp exon-intron boundaries.
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4.3 Off target effect and MO specificity and efficay

Morpholino oligonucleotides may have some affyet effects due to
non-specific binding. To confirm the specificity 8O, we usually target multiple
regions of a single mMRNA by synthesizing non-ovygplag MO. In myagrp2 studies,
| synthesized 5’'UTR and ATG site non-overlapping @ | got the same phenotype
and gene expression pattern. However, non-overgppiorpholinos are unavailable
for some genes due to the short 5’UTR region. Tofioo the specificity, we need
choose either splice blocking morpholino or resthes phenotype by co-injecting 5’
capped RNA or peptide. The construct used to perfor vitro transcription was
genetically altered to minimize the suppressiorexgbression of this mRNA by the
MO. In most cases, co-injection of RNA can pamiaéiscue the phenotype generated
from antisense MO. Efficacy of translation blockimgrpholinos can be examined by
western-blot if specific antibody is available. Atempted to test the efficacy agrp
ATG morpholinos in Chapter 3. However, the datagsquite convincing because the
antibody can recognize both AgRP and AgRP2 pemtidthe gel. On the other hand,
the efficacy of splicing blocking morpholinos cam éasily tested by RT-PCR (Figure
1-2 and Chapter 3). Usually, splice donor blockimgrpholino will result in the
insertion of intron into final mature MRNA of tatggenes. Splice acceptor blocking
morpholino will result in the skipping of targetedons. In both cases, sequences of
target protein product will be truncated or alterdge to pre-mature translation

termination or frame-shift mutations. Other strat@gcludes EGFP reporter assay by
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fusing morpholino target into PCS2-EGFP plasmiddéma CMV promoter, EGFP is
usually over-expressed in live embryos by 24 hg-iigection of morpholino oligo
should block the EGFP mRNA produced from engineeP&52-EGFP plasmid
(Figure 1-3 and Chapter 3). Specific antibodiesraterequired for the EGFP reporter
assay and are easily tested in whole fish embrgib,calture or in vitro translation

system.
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Figure 1-1 RNA structure and morpholino antisense activity vesus target

Target sequence in the p-spliced mRNA in the region from thgcap to about 2
bases 3' to the AUG translational start Morpholinostargeted more than about

bases 3' to the AUG translational start site doblotk translatio (Adapted from




11 12 13

1ME2 12E3 I3E4
Intron-exon targets (splice acceptor)

No cryptic splice site

Primer 1

Crvptic splice site in exon3*
(AG GT or similar sequence)

Primer 1

.‘_
Primer2

Figure 1-2 Potential splice junction targets in aypical multi-exon pre-mRNA.

The elil or i3e4 Morpholinos would likely cause ern®n of introns 1 or 3
respectively, the ile2 or e2i2 Morpholinos wouketly cause deletion of exon 2, and
the i2e3 or e3i3 Morpholinos would likely causeddiein of exon 3. Some oligos
expected to trigger deletions can trigger insesgtiamstead and as discussed below,
activation of cryptic splice sites could turn ins@ms into partial insertions or
deletions into partial deletions. Two most likelpitocomes are illustrated from
targeting the exon3-intron3 boundary in the 4-ettanscript. Cryptic splice sites can
be activated and may be used instead of splicirthed' end of the upstream splice
site. In general, activation of cryptic splice sitgan cause partial deletions or partial

insertions (Adapted from Gene Tools).
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POMC/AGRP

Vagal
1‘ afferent
Adiposity signals Satiety signals
Leptin CCK

Figure 1-3 Schematic of the central melanocortin sgem.

POMC neurons in the arcuate nucleus of the hypatha$ and the nucleus tractus
solitarius of the brainstem are both adjacent toucnventricular organs and receive
and integrate signals from adipostatic factors sauikty factors, respectively. Blue,
nuclei containing POMC neurons; magenta, circunm@riar organs adjacent to
POMC neurons; yellow, a small sample of represamtatnuclei containing
MC4R-positive neurons that may serve to integrdipastatic and satiety signals; red
arrows, representative POMC projections; blue astowepresentative AgRP
projections; dashed arrows, secondary projectianking POMC neurons in
hypothalamus and brainstem with common effect@ssiAP, area postrema; ARC,
arcuate nucleus; BST, bed nucleus of the striaitedos; CEA, central nucleus of the
amygdala; DMV, dorsal motor nucleus of the vagud, lateral hypothalamic area;
LPB, lateral parabrachial nucleus; ME, median emiee NTS, nucleus tractus
solitarius; PVN, paraventricular nucleus of the ¢tyyalamus; RET, reticular nucleus.

Figure modified from (Cone, 2005).
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Target Site

NPY/AGRP

MC3-R

GHS-R

Figure 1-4 Schematic of the central melanocortin Sgem within the arcuate

nucleus of the hypothalamus.

NPY/AgRP and POMC neurons within the arcuate nucléarm a coordinately
regulated network because of dense NPY/AgRP filpecgecting to POMC cell
bodies. Some receptors for the large numbers ghboes and neuropeptides known
to regulate the network are indicated. LepR, lepiceptor; u-OR, i opioid receptor;
Y2R, type 2 NPY receptor. In most cases, whetherrédteptors are presynaptic or

postsynaptic is not known. Figure modified from @p2005).
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Abstract

Background adaptation is used by teleosts as ore \@riety of camouflage
mechanisms for avoidance of predation. Backgroutapttion is known to involve
light sensing by the retina and subsequent regmati melanophore dispersion or
contraction in melanocytes, mediated bymelanocyte-stimulating hormone and
melanin-concentrating hormone, respectively. Here,demonstrate that an agouti
gene unique to teleostgrp2 is specifically expressed in the pineal and guneed
for up-regulation of hypothalamigmch and pmchl mRNA and melanosome
contraction in dermal melanocytes in responsevitiige backgroundfloating head a
mutant with defective pineal development, exhilefective up-regulation of mch
MmRNAs by white background, whereasc, a blind mutant, exhibits a normal
response. These studies identify a role for theglinn background adaptation in
teleosts, a unique physiological function for tigeati family of proteins, and define a

neuroendocrine axis by which environmental backgdoegulates pigmentation.
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Introduction

Camouflage mechanisms are widely used across dikrorof the animal
kingdom. Although mammals have evolved coat pattgrito aid in escaping
predation or stalking prey, regulated camouflagehsas the seasonal pelage change
in the arctic hare, occurs slowly because sheddimg growth of a new coat is
required. In contrast, reptiles, amphibians, adasts can more rapidly alter skin
color to match their surroundings.

One neural circuit involved in nonvisual phototdmnstion is the
retinohypothalamic tract. A class of intrinsicafiifotosensitive retinal ganglion cells
(ipPRGCs) project to anterior hypothalamic nuclecls as the suprachiasmatic nucleus
(SCN) (Berson et al.,, 2002). This non-image-formipigotoreceptive pathway is
independent of rod and cone photoreceptors andfigient to provide the photic
input necessary to entrain the circadian clockh®s ¢énvironmental light-dark cycle
(Freedman et al., 1999). Blind transgenic miceilagkods and cones retain normal
photic entrainment of circadian rhythms, for exaen@freedman et al., 1999) (Lucas
et al,, 1999). Melanopsin seems to be the primdmgtgpigment in mammalian
ipRGCs involved in nonvisual photoreception regattcircadian entrainment, the
sleep-wake cycle, and the pupillary light reflexof®y et al., 2003) (Peirson et al.,
2009).

In mammals, both visual and nonvisual photoreceptexjuires the retina, and

the pineal gland receives photic input indirecthg projections from the SCN that
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receive direct retinal inputs. In contrast, in n@mmalian vertebrates photoreceptors
are found in both the pineal and the skin; melamop&s originally identified, for
example, in dermal melanocytesXgnopus laevigProvencio et al., 1998). A variety
of opsin molecules are found in the pineal organnohmammalian vertebrates,
including exo-rhodopsin, pinopsin, parapinopsin,d awertebrate ancient opsin
(Peirson et al., 2009). In many species of telelbatkground adaptation is regulated
in part by the pineal gland: shining light speaflg on the pineal causes skin
lightening, whereas covering the area of the pineth India ink causes skin
darkening (Breder and Rasquin, 1950).

An important mechanism in the pigmentary resporsephiotic information
involves the dispersion or aggregation of pigmergngles, or melanophores, in
dermal melanocytes via the actions of the pituitapeptide o-MSH
(melanocyte-stimulating hormone) and hypothalamic eptide MCH
(melanocyte-concentrating hormone), respectivelgw&uchi et al., 1983)Lee and
Lerner, 1956). The secretory activity afMSH-expressing cells of the pituitary
increases in response to a black background (Bak&dl), and serum-MSH levels
increase as well (Baker et al., 1984). MCH in teteois found in secretory
neurophysiotrophic neurons in the lateral tubetallei (NLT) of the hypothalamus,
an arcuate nucleus equivalent. In contrast to egigul ofa-MSH, exposure to a white
background elevates MCH in the NLT in a variety fish species (Amano and

Takahashi, 2009), including the zebrafish (Bermiale 2009), and can produce a
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measurable increase in serum MCH. Thus, backgraudiagtation involves a classic
neuroendocrine pathway.

In nonmammalian vertebrates, the pineal gland tsomdy an endocrine gland
releasing melatonin but also a photosensory orgih, secondary afferent neurons
that innervate a variety of brain regions, complkergb the retinal ganglion cells
(Mano and Fukada, 2007). Indeed, in the zebrapateal and retinal neurons send
projections to a number of nuclei in common, inahgd sites in the anterior
hypothalamus, such as the SCN (Yanez et al., 20BGN neurons, in turn, are
hypophysiotrophic in teleosts, and thus the pintagugh its projections to the SCN,
provides a second neuroanatomical pathway througichwlight can regulate
pigmentation.

The agouti proteins are small secreted moleculakrtn et al., 1992Miller et
al., 1993) (Ollmann et al., 1997)Shutter et al., 1997) that act as endogenous
antagonists of the melanocortin receptors (Ollmahml., 1997) (Lu et al., 1994)
(Fong et al., 1997) a family of G protein-couplegtaptors. Two agouti genes are
found in mammals, agouti (ASP) (Bultman et al., 29Miller et al., 1993), which
regulates the eumelanin-pheomelanin switch in malamaelage, and agouti-related
protein (AgRP), which is expressed in the CNS aggulates energy homeostasis
(Olimann et al., 1997§Shutter et al., 1997). A third agouti geragrp2 has been
identified now in several fish species, includingbmfish, trout, tetraodon, and
torafugu (Kurokawa et al., 2006). We show here tieddostagrp2 is expressed
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specifically in the pineal gland, regulates the dtiypalamic proMCH and
proMCH-like genesgmchandpmch), and is required for melanosome aggregation in
response to environmental background, thus eluomglad pineal-hypothalamic

neuroendocrine pathway by which light regulatesr@gtation.
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Materials and methods
Experimental Animals

Wild type Tab 14 or AB strain zebrafish were raised bred at 26-28 °C, under
14 hour light, 10 hour daxycle. Larvae stage was determined according tonghé!
et al., 1995). Fish aged from 5 dpf to 10 dpf wier@ twice a day with rotifers and
baby powder, fish from 10 dpf to 15 dpf were fedhwiotifers supplemented with
uncapsulated brine shrimp, and fish from 15 dpi tmonth or older were fed with
uncapsulated brine shrimp. For adult fish, food wespared by mixing 4 parts of
tropical flakes (Aquatic Eco-systems, inc) and it g brine shrimp (Brine shrimp
Direct) in system water. All studies were conducaedording to the NIH Guide for
the Care and Use of Laboratory Animals and wereaygal by the animal care and

use committee of Vanderbilt University.

Isolation of Total RNA and cDNA Synthesis

Total RNA was extracted using Trizol LS reagentwitiogen) according to the
manufacturer’s instruction. To remove genomic DIpérified total RNA was treated
with RNase free DNase (Roche) at 37 °C for 30 neiswind cleaned with Rneasy
mini kit (Qiagen) according to the manufactureristructions. fig of purified total
RNA was reverse transcribed with oligo-dT primersing a first strand cDNA

synthesis kit (Fermentas).
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Whole Mount In Situ Hybridization

Full length zAgRP2 sequence was cloned into pCRR®Qector (Invitrogen)
using the following primers: zAgRP2-F4 (forward): ' 5
GGGATATCAGAGGACAGAATAAG 3, zAgRP2-F5 (forward): 5
CGCGGATCCGACTCACTTCATAAAAACTCCCC 3’ zAgRP2-R4 (rexse): 5
GCTATGTGCTGTCATTATGGCAATG 3; zAgRP2-R5  (reverse): 5
CGCGGATCCGTATTGTTTAGAAACGTGTTTCCG 3’; the first 6 utleotides of
each primer encode a BamHI restriction site.

To generate antisense digoxigenin (Dig) labeled RZRcCRNA probe,
plasmids were linearized by digestion with Notl autbjected tan vitro transcription
with T3 RNA polymerase. For sense Dig labeled cRN#&be, plasmids were
linearized by digestion with Spel and subjectethtuitro transcription with T7 RNA
polymerase according to the manufacturer’s protgRalche). Zebrafish embryos at
different developmental stages were collected, raiyndechorionated and fixed in 4%
paraformaldehyde in PBS at room temperature forH®&rs. Whole mounin situ
hybridization was performed as follows. Brieflyxédd embryos were treated with
—20 °C methanol and rehydrated with a series afefeding methanol concentrations
(75%, 50% and 25%) in PBS. They were then washed RBS and treated with
proteinase K (Fermentas) for 10 minutes at roonp&rature at a concentration of 10
pg/ml in PBS up to 24 hpf, 20g/ml from 24 hpf to 72 hpf and 58y/ml up to 15 dpf.

Embryos were refixed with 4% paraformaldehyde irSR& room temperature for 20
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minutes, washed 5 times with PBS, prehybridizedchviiybridization buffer (50%
formamide, 5X SSC, 5Qg/ml heparin (Sigma), 50Qig/ml tRNA (Roche), 0.1%
Tween-20 and 9.2 mM Citric Acid (pH.6.0) at 65 & 8 hrs, then probed with either
antisense or sense Dig-labeled zAgRP2 probe atG6%vernight at 500 ng/ml in
hybridization buffer. Dig-labeled cRNA probes wedetected with 1:2000 diluted
alkaline phosphatase conjugated anti-digoxigenitibady (Roche) in 2% BMB
(Roche), 20% lamb serum (Gibco BRL) in MAB (100 miWaleic Acid, 150 mM
NaCl, 0.1% Tween-20, pH7.5) at 4°C overnight, falal by staining with NBT/BCIP
solution (Roche) at room temperature for 2-5 holfser PBS washing, methanol
was applied to the stained embryos to remove thepezific stain, and refixed in 4%
paraformaldehyde in PBS. The embryos were moumtd®©% glycerol and pictures
were taken by AxionVision (Ver3.1) software with &temiSV11 Dissecting

Microscope (Carl Zeiss).

Fasting and Feeding Experiments

For fasting experiments, to minimize contaminatigth microorganisms, fish
system water was filter-sterilized with a Ou2n supor membrane (PALL). For
fasting experiments, about 10 adult male fish, dgetsveen 10-12 months old were
grouped in one tank filled with filter sterilizedsli system water, and manually
supplied with fresh filtered system water everyeotday. At day 5, 10 and 15 of

fasting, fish were anesthetized with ice and whotact brain tissue was dissected.
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Dissected brain tissues were immediately put inn@l.6f trizol reagent, homogenized

with a 20 G syringe and kept at —80 °C until usadoreparation of RNA.

Diurnal Regulation of zAgRP2

TAB14 WT embryos were placed in a 10 ml Peishdand raised in a 14 h light/
10 h dark cycle since fertilization. Light was on800 AM and off at 10:00 PM.
Embryos at each time point beginning at 120 hpfewied in 10% formalin solution
for 5 hours at room temperature, washed one tinte #00% MeOH and stored in
100% MeOH at -20 °C until subjected to whole mownsitu hybridization. For the
adult fish, about 10 10-12 month old WT Tab14 nfadb were kept in a half gallon
aquarium. Before the experimental day, fish wedketveo times a day at 9:30 AM and
4:00 PM exactly for at least a week. On the expental day, fish were anesthetized,
and total brains were dissected, put in trizol esighomogenized by syringe and

stored at —80 °C prior to purification of RNA.

Real Time Quantitative PCR

Real time quantitative PCR primers were desighg Beacon Designer 7.0
(Premier Biosoft International) to minimize primself-dimerization. Primers used for
Real Time PCRagrp, forward primer 55GTCCACCTGCAGAGAAGAGGSI', reverse
primer 5 GCCTTAAAGAAGCGGCAGTA 3. agrp2 forward primer 5’

GCTCTTCATCTGCTTGTTCTTCAC 3, reverse primer S’
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CTCCTGATTCCACACTCCTGTTG 3. pmch forward primer 5
TGCGGACACAGGAATTAAAGG 3, reverse primer 5
ATCCATCGTGCTGAATCCATC 3. pmchl| forward primer 5
ATCATCGTGGTGGCTGACTCC 3, reverse primer 5
GCTTTCGGGTGCGTTGAGATG 3. pomca forward primer 5
CCCCCTACAAAATGACCCAT 3, reverse primer 5
ATCCTTCCTCGGTTGGTCTT 3. All gene expression was rmalized to
house-keeping gene, Elongation Factor 1 alpdfda), with forward primer 5’
CTGGAGGCCAGCTCAAACAT 3, reverse primer 5
ATCAAGAAGAGTAGTACCGCTAGCATTAC 3’ or fFactin with forward primer 5’
CGAGCAGGAGATGGGAACC 3, reverse primer )
CAACGGAAACGCTCATTGC 3. Real time PCRs were perfeed with 2pl of
100yl first strand cDNA that is diluted 5 times from @Dinitial reaction volume as a
template, 5 pmol of each of forward and reversmers, 2X Power SYBR PCRmix
(Applied Biosystems) with nuclease free water (Rega) to make the final volume to
20 pl in a 96 well plate (Bioexpress). Real time RT-PRORere performed using an
Mx3000P™ (Stratagene). The PCR cycle was performed acaptdimanufacturer’s
instructions (Applied Biosystems) with initial deneation at 95 °C for 10 min,
followed by 40 or 45 cycles of 95 °C 20 sec, 606sec. At the end of the cycles,
melting curves of the products were verified foe gpecificity of PCR products. A

standard curve with serial dilutions of cDNA samypias performed on each plate. All
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measurements were performed in duplicate and prséh was used for the

interpretation and analysis of data.

Construction and Use of Melanocortin Receptor Exprssion Vectors.

Zebrafish melanocortin receptor 1 was amplifiedrfrekin cDNA based on
the published sequences. PCR products were suloclate the pcDNA3.1+ vector
using BamHI and EcoRl sites. Zebrafish melanocogoeptor 3 was kindly provided
by Dr. Darren Logan (Western General Hospital, Yl GEMT-zMC3R was digested
by Notl enzyme and subcloned into pcDNA3.1+ usihg same restriction site.
Zebrafish melanocortin receptor 4, 5a, and 5b wedependently cloned from a
zebrafish brain cDNA library in our laboratory. Zabsh melanocortin receptor 4 and
5a were subcloned into pcDNA3.1+ using a BamHI, sited zebrafish melanocortin
receptor 5b was cloned into pcDNA3.1+ using a Nad.

Stable transfectants were made in HEK-293 cellouAl20ug of DNA was
used for transfection using WO of either lipofectamine, or lipofectamine2000
(Invitrogen) in Optimem medium (Invitrogen). 5 hafter transfection, 20% FBS /
DMEM medium was supplied. 24 hour after transfetgtivansfectants were split into
2 or 3 100 mm dishes in 10% FBS DMEM and incubaedther 24 hour. Medium
was replaced with medium containing 1 mg/ml con@gimn of G418. Fresh G418
medium was supplied every 3-4 days. 2-3 weeks, lateen there were enough cells

or colonies grown, the whole population of indivédltransfectants were split, pooled
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and selected by G418 medium again.

Peptide Synthesis, Purification and Folding

Zebrafish AgRP (Ac-83-127-Ngji and AgRP2 (Ac-Y-94-136-Ngl were
synthesized using Fmoc synthesis on an AppliedyBiesns (Foster City, CA) 433A
Peptide Synthesizer on a 0.25 mmol scale. The sgighwas monitored using the
SynthAssist version 2.0 software package. All s were assembled on a
Rink-amide-MBHA resin and pre-activated Fmoc-Cys@Pfp was used. All amino
acids and resins were purchased through NovaBioch#iTU was obtained from
Advanced Chemtech (Louisville, KY), and all othelagents were purchased from
Sigma-Aldrich (St. Louis, MO). Fmoc deprotection svachieved using a 1%
hexamethyleneimine (HMI) and 1% 1,8-Diazabicycla5(@)-undec-7-ene (DBU)
solution in DMF. Deprotection was monitored by coaiivity and continued until the
conductivity level returned to the baseline, thgntlsesis continued. Deprotection
time ranged from 2.5-7 minutes. Coupling used 4divadeints Fmoc-amino acid in
HBTU/DIEA for all amino acids except the pre-acte@ Cysteine. A 3-fold excess of
Fmoc-Cys(trt)-OPfp was dissolved in 1.5 mL 0.5M H@WMF with no DIEA for
coupling. The peptides were N-terminal acetylatgdréacting with 0.5 M acetic
anhydride in DMF for 5 minutes. A tyrosine residuas added to the N-terminal end
of zebrafish AgRP2 for 125-1 radiolabeling. Fullynshesized peptide resins were

split into 3 reaction vessels, washed with DCM aniéd. A solution of 8 mL TFA
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containing 200uL each of TIS/EDT/liquefied Phenol (as scavengeray added to
each reaction vessel of dry peptide resin for 1s5The resin was filtered and washed
with 1 mL TFA and the combined filtrate and waslsvlaen added to 90 mL cold dry
diethyl ether for precipitation. The precipitatesa@llected by centrifugation and the
ether was discarded. The pellet was dissolved im#01l:1 HO:CAN (0.1% TFA)
and lyophilized.

Both peptides were purified by RP-HPLC on Vydac gptia, CA)
preparative columns (C4 for AQRP and C18 for AgRFF23ctions were collected and
analyzed by ESI-MS on a Micromass (Wythenshawe, BKMID mass spectrometer
to confirm the correct molecular weight. In eacbecthe major peak was found to be
the peptide, and fractions, which contained thetidepas a major constituent, were
combined and lyophilized.

Air oxidative folding of zebrafish AQRP was accoisped by dissolving the
unfolded peptide into folding buffer (2.0 M GuHCHIOM Tris, 3 mM GSH, 40QuM
GSSG, pH 8.0) at a peptide concentration of 0.1nmhy/and stirring for 14 hrs.
Oxidative folding by DMSO of zebrafish AQRP2 wasddy dissolving the unfolded
peptide into the folding buffer with 5% DMSO, andpaptide concentration of
1mg/mL and stirring for 4 hrs. Folding was monitbfer both peptides by RP-HPLC
on a C18 analytical column, which revealed a sipglak, in each case, for the folded
material that was shifted to an earlier retentiometthan the fully reduced peptide.

The folded product was purified by RP-HPLC on a @i&parative column and its
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identity confirmed as the fully oxidized product ByI-MS (AgRP Ac-83-127-NK

5287.1 calc. ave. isotopes 5288 amu obs.; AgRP2-84-136-NH, 4894.8 calc. ave.
isotopes 4896 amu obs.). Reinjecting a small saraplhe purified peptide on an
analytical RP-HPLC column assessed purity of thptides. The purity of both
peptides was determined to be >85%. Quantitativalyais of the peptide
concentrations was done by amino acid analysiBeatrtolecular structure facility at

UC Dauvis.

Beta-galactosidase Assay

Zebrafish melanocortin receptor activity wasasweed using a cCAMP-dependent
B-galactosidase assgfhen et al., 1995). Briefly, HEK-293 cell trangtaus
expressing zebrafish melanocortin receptors or recbnHEK-293 cells were
transiently transfected with a CHEgalactosidase expression vector. Next day, cells
were plated on 96 well plates with 5 X*t@lls per well. 24 hours later after plating,
cells were incubated with serially diluted concatians ofa-MSH in the presence or
absence of zAgRE-127y0r ZAQRPZg3.127) in @ 50pl volume of 0.1 mM IBMX, 0.01 %
BSA in DMEM at 37 °C for 6 hours. After one washtwiPBS, cells were lysed in 50
ul of lysis buffer (250 mM Tris-Cl, ph 8.0, 0.1% fon X-100), and frozen at —80 °C
overnight. Plates were thawed for 20 minutes amroemperature, and the following
solutions were applied sequentially: 40 of 0.5% BSA in PBS, then 150l of

B-galactosidase substrate (60 mM sodium phosphateM1MgCl,, 10 mM KCI, 5
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mM beta-mercaptoethanol, 2 mg/ml ONPG). Plates werabated at 37 °C without
light for 1-3 hours. Color development was measwaed05 nm with a Benchmark

Plus plate spectrophotometer (Biorad).

Design and Injection of Morpholino Oligonucleotides

Two non-overlapping antisense morpholino oligonattees (MO) against the
ATG translation initiation site and 5’UTR (5’-untrslational region) okgrp2 were
designed and synthesized from GeneTools, LL&grp2 ATG MO: %
TTTCAGCACCGCCGTCGTCATTTTC 3, agrp2 5UTR MO: 5
TGAAGTGAGTCTCCTTATTCTGTCC 3'. Antisense morpholirdigo against ATG
sites ofagrp, asp pmchandpmchlwere synthesized as followagrp ATG MO: 5’
ACTGTGTTCAGCATCATAATCACTC 3 and asp ATG MO: 5
AGCACAGCCACAATGACGGACTCAT 3, pmchl ATG MO: 5’
AGCTTCATTCTTGATCTTGAGCGTT 3, pmch ATG MO: 5
AGATGATTATGTAGGAAGATGCCAT 3. agrp2 ATG Invert Antisense MO: 5’
CTTTTACTGCTGCCGCCACGACTTT 3’ and zebrafish Stand&dntrol MO: 5’
CCTCTTACCTCAGTTACAATTTATA 3 were synthesized as meol oligos
(GeneTools LLC, USA). Morpholino oligonucleotidegm dissolved in nuclease free
water (Promega) and stored in -20 as 1 mM stock. Serial dilutions were made
using nuclease free water to 0.1, 0.2, 0.3, 0.4wdvking solution with 20 % Phenol

Red (Sigma 0.5 % in DPBS, sterile filtered, endotaested). Before the injection,

61



MOs were denatured at 65 °C 5mins and quickly dpnn to avoid the formation of
aggregates. 3-5 pL was loaded to micro-injectiochime and embryos at one or two
cell stages were injected withl-2nL of a soluticcontaining antisense
targeting-morpholino, invert antisense control tangard control oligo. Each MO
oligo injection was repeated at least three tinmeb doses were adjusted to optimize
the phenotype-to-toxicity ratio. Following morphasi injections, embryos were
raised in egg water, changed daily, under stanligint/dark cycle up to 6 days post
fertilization. Dead embryos were excluded at 1 d&phbryos were assayed for whole
mount in situ hybridization and qRT-PCR at 3 or @f.d.inear body length was
determined using micro-meter at 5dpf. Embryos we@unted in 2.5 % methyl
cellulose and images were taken by AxionVision 8v&y software with a Lumar V12

Stereo Microscope (Carl Zeiss).
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Results
agrp2 Is Expressed in the Pineal Gland and Is Not Reguied by Metabolic State.

To determine the physiological functions of theetsit-specific agouti protein
AgRP2, we first examined the distribution a§rp2 mRNA in zebrafish embryos
(72-96 h postfertilization (hpf)), viewed laterallfffigure 2-1A) or dorsally (Figure
2-1B) by in situ hybridization to whole mounts, wewed dorsally in thin sections
(Figure 2-1C);agrp2 mRNA is detected exclusively in the pineal glaReal-time
quantitative PCR (qPCR) analysis with adult zelktatissues confirmed thagrp2
MRNA is also expressed most strongly in brain, Wtker levels seen in skin, muscle,
and testis (Figure 2-1D).

Both mammalian and teleoagrp are regulated by metabolic state (Song et al.,
2003), thus we examined whethagrp2 was under similar regulatory control.
Compared with the control-fed group, a 15 day faghificantly up-regulateégrp
MRNA expression by eightfold in the brain of maghf(Figure 2-1 E), comparable to
results previously published for the female fislor{§ et al., 2003). In contrast, no
significant change iragrp2 mRNA levels was observed (Figure 2-1 F). Conststen
with the pineal-specific expression afrp2 we identified pineal-specific enhancer
elements, such as the photoreceptor-conserved ele(REE), E-box, and pineal
expression-promoting element (PIPE), upstreameégnp2 coding sequence (Figure
2-2 A). The developmental expression afirp2 by both whole-mount in situ
hybridization and qPCR was also examined. Both guaes detectedgrp2 mRNA
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by 2 dpf (Figure 2-2 B—F).

64



D,”? E F
CFed n=10 CFed n=10
5 Day Fast n=8 N 5 Day Fast n=9
12 E=10 Day Fast n=10 E==110 Day Fast n=10
114 315 Day Fast n=8 22315 Day Fast ned

emLsnE oD D8

Rolative Expression agrp2 | scin
X n
- & (: ]

LI
Relative Expression agrp? / 8 actin

alll
all
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(A) Lateral view of a 96-hpf whole-mount embryo. hdle-mount in situ
hybridization was performed with degrp2 antisense probe followed by Nitro blue
tetrazolium chloride/5-Bromo-4-chloro-3-indolyl ptmhate (NBT/BCIP) color
development. (B) Dorsal view of a 72-hpf embryo) @ontal view of a 2Qm
section from a 96-hpf embryo hybridized as desdriibeA, then embedded in OCT
(optimal cutting temperature compound) and proaksseng a cryostat. (D) gPCR
analysis ofagrp2 with tissues from four adult zebrafish (two matelawo female).
agrp2 mRNA expression was normalized feactin mRNA. (E and F) Relative
expression levels oagrp and agrp2 by metabolic state as analyzed by gPCR.
One-year-old male fish were fed or fasted for iatkd times, and the relative mRNA
expression levels ohgrp and agrp2 normalized top-actin were determined from
whole-brain tissues. Results are expressed as me&iM, and statistical analyses

were done by unpaired t test. *P <0.01; ***P <@10 (Scale bars in A—C: 1G0n.)
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expression.

(A) Pineal-specific transcriptional promoting elertge are identified in zebrafish
agrp2 promoter region. PCE: TAATC/T; E-box: hexameric ANore sequence:
CACGTG; PIPE: TGACCCCAATCT or TGACCNNAATCN; hexame&lements:
TGACCT. (B-E) Sagittal view oagrp2 mRNA expression from 24-, 48-, 72-, and
96-hpf whole-mount embryos. Red arrows indicate ghsition of zebrafish pineal

gland. (F) Relative expression levelsagirp2 through early development as analyzed

by real-time gPCR.
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AgRP2 Is a Competitive Antagonist of the ZebrafistMC1-R.

In mammals, AgRP is a selective antagonist of teénocortin receptors MC3R
and MCA4R, expressed primarily in the CNS (Ollmanhale 1997) (Kurokawa et al.,
2006). Using HEK293 cells expressing recombinabtaiesh melanocortin receptors,
we showed previously that mouse AgRP(82-131) campetitively decrease
a-MSH-mediated cAMP production, with high efficadyMC1R, MC3R, and MC4R
(Song and Cone, 2007). Here, we tested the phatotacal potency of synthetic
zebrafish AgRP and AgRP2 at the zebrafish melaniocogceptors. HEK-293 cells
stably expressing zebrafish melanocortin receptoese incubated with serial
dilutions ofa-MSH in the presence or absence of the foldedeaystrich C-terminal
domain of AgRP(83-127) or AgRP2(93-136), which amemparable to the
biologically active human AgRP(87-132) (Bolin et 4999). AgRP(83-127) blocked
MC1R, MC3R, and MC4R, and less potently, MC5Ra Bi@bRb (Figure 2-3 A, C,
E, G, and I). On the other hand, AgRP2(93-136) avpstent antagonist of the MC1R
but showed little activity at MC4R (Figure 2-3 BdaR) and no antagonist activity at
MC3R (Figure 2-3 D). Together with the data on fagon ofagrp2gene expression,

these findings imply distinct roles for AQRP andR¥ep.
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Figure 2-3 Pharmacological activity of zebrafish A&P(83-127) and

AgRP2(93-136) peptides.

The left column of graphs (A, C, E, G, and |) shaese—response curves t6MSH

in the presence of IOM (squares, red lines), 70M (triangles, blue lines), M

(inverted triangles, green lines), or absence (drads, black lines) of AQRP(83-127)
peptide at the zebrafish melanocortin receptorgated. The right column of graphs
(B, D, F, H, and J) shows dose—response curves-MBH in the presence of the
same doses of AgRP2(93-136) peptideMSH-stimulated activity of zebrafish
melanocortin receptors was monitored using a cAMPetidanp-galactosidase assay.
Data points indicate the averages of triplicateed®rinations. Experiments were

performed in triplicate, and graphs were drawn amalyzed using Graphpad Prism.
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AgRP2 Expression Is Required for Up-Regulation of NCH and MCHL and
Melanosome Contraction Induced by a White Backgroud.

To examine the functional consequencesa@fp2 expression directly, we first
characterized the background adaptation respongelwhfish embryos cultured on
white, gray, or black backgrounds from fertilizationtil 4 dpf. As seen in Figure 2-4
A-C, individual melanocytes increased in appare® and pigmentation in response
to the increased darkness of the background. Téwtitg of the pigmented spots as
individual melanocytes was validated by identificatof individual nuclei under high
magnification using a compound microscope (Figw®).2Furthermore, as shown
previously for adult Zebrafish (Berman et al., 2)0Both zebrafish MCH genes,
pmchandpmch| were expressed at higher levels when the embmgse grown on
lighter backgrounds (Figure 2-4 D-l), as examineg Wwhole-mount in situ
hybridization. gqPCR, performed on whole embryosnficmmed this finding,
demonstrating a 2.9- and 5.2-fold increasprirchandpmch| respectively, in fish on
a white vs. black background (Figure 2-4 J). Intcast topmchandpmch| the agouti
genesasp agrp, andagrp2 did not seem to be potently up-regulated in embryo
exposed to a white background (Figure 2-6). Theda dalidated the use of embryos
for study of background adaptation and allowed asthen use morpholino
knockdown technology to assess the role of varigeses in this physiological

response.

70



Grey background || White Background
A B C

J 700y I Black Background IﬂLrl
1 Grey Background -]
sood =1 White Background

pmch

e
.

Fo

o

Relative Expression / efla

-]
3
)
T
E4

pmch pmchl

| Control MO

agrp2 MO |

L

o o (4]
1 I 1

NN W W
L

s
w
1

Pigmentation Coverage (%)
S

o o
1

asp MO

Control MO agrp2 MO agrp MO

T -

- R L

- T

- - -

. B

71



Figure 2-4agrp2 is required for melanosome contraction in zebrafis.

Control or morpholino-injected embryos were kept iolack-, gray-, or
white-bottomed Petri dishes with 14-h/10-h lightldacycle at 28 °C upon
fertilization. (A—-C) Dorsal melanocytes of (A) blac(B) gray, or (C) white
background-adapted wild-type embryos at 4 dpf. JDWhole-mount in situ
hybridization of (D—F)ymchand (G—l)pmchlin black (D and G), gray (E and H), or
white (F and I) background-adapted wild-type embrgo4 dpf. At least 30 embryos
for each condition were analyzed. Scale bar:iM0(J) Relative expression levels of
pmchandpmchlwere analyzed by real-time qPCR. At 2, 3, and 4 8 black, gray,
or white background-adapted wild-type embryos waiveded into three groups and
killed for RNA extraction and cDNA synthesis. mRN&pression was normalized to
eflo MRNA. Results are expressed as mean + SEM, atistist& analysis was done
by unpaired t test. *P < 0.05; **P < 0.01. (K—P) Ml@esigned to inhibit expression of
each of the zebrafish agouti proteins were injeatéal wild-type zebrafish embryos.
Dermal melanocytes were examined at 3-5 dpf at h@0@s. Photographs show the
(R) whole fish, (K and L) dorsal head, (M and Njetal trunk, and (O and P) yolk
melanocytes in inverted control (K, M, and O, bott;n R) oragrp2 (L, N, and P,
upper in R) antisense MO-injected embryos at 4ad@200 hours. (Q) Melanosome
coverage of the lateral trunk was quantified ap#using ImageJ (National Institutes
of Health) onagrp2 ATG MO-injected (28.4%, n = 10agrp ATG MO-injected (3.6%,

n = 10), andasp ATG MO-injected (3.5%, n = 10) embryos comparethvimverted
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control MO-injected embryos (4.4%, n = 10). Errar lindicates = SEM. Statistical

significance tested by unpaired t test. ***P < .00

Figure 2-5 Validation of pigmented areas as singlmelanocytes.

To determine whether pigmented regions of 4-d-postization embryos represented
individual melanocytes, whole fish were examined light microscopy using a

compound microscope with a 100X objective. Wheradracted melanocytes from
embryos grown on a white background were too opdquésualize nuclei, single

nuclei were readily observed in expanded melangdgiend on embryos grown on a
black background.
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Figure 2-6 Regulation of agrp2, agrp, asp, pmch, and pmchl mRNA by

background and time of day.

Two hundred wild-type zygotes were collected on @and divided into two groups
raised in Petri dishes with either white or blacktbms (indicated by open or shaded
bars under the x-axis). All embryos were raise®&t°C on 14-h/10-h light/dark
cycles (lights on at 0800 hours and lights off 20@ hours). Thirty fish from each
group were killed at 0001 hours (132 h postfediiian (hpf)), 0600 hours (138 hpf),
and 1200 hours (144 hpf). At each time point, fisare rapidly anesthetized in
tricaine solution immediately before RNA extracti@ne microgram total RNA from
each sample was used for cDNA synthesis. gPCR ks used to quantitategrp,
agrp2 pmch pmch| and asp mRNA levels. All mMRNA expression levais shown
normalized to eftt mMRNA. Results are expressed as mean + SEM, atidtistd
analysis, comparing mRNA levels at equivalent tipmnts on a white or black

background, was done by unpaired t test. *P < 0:1%< 0.01.
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We next injected zebrafish zygotes with morpholatigonucleotides (MO) directed
against the different zebrafish agouti mMRNAs ananeixed fish at 3-5 dpf. Injection
of control morpholinos (Figure 2-4 K, M, and O) hagol impact on pigmentation. In
contrast, injection of morpholinos agai@gjrp2 induced dispersion of melanosomes
in dermal melanocytes (Figure 2-4 L, N, and P)edtipn with a morpholino against
agrp2 increased the area of lateral trunk that was niddnfrom 4.4% to 28.4%,
whereas morpholinos agaireggrp or asphad no effect relative to control (Figure 2-4
Q). Maintenance of adult zebrafish on a white baskgd has been shown to
up-regulatepmch and pmchl mRNA levels and induce melanosome aggregation
(Berman et al., 2009), and we have demonstrateddhee phenomenon in embryos
(Figure 2-4 J). The dispersion of melanosomesadnsp2 morpholino injection into
zebrafish zygotes (Figure 2-4) suggested #ggp2 expression might be required for
up-regulation ofpmchand pmchlmRNA levels in response to a white background.
We examined the effect @igrp2 on expression gbmchandpmchlin two different
ways. First, gPCR was used to exanpnech(Figure 2-7 A) anghmchl(Figure 2-7 B)
expression after injection of MO into zebrafish aigs maintained on a white
background. Two different morpholinos agaiagtp2 designed against either the 5
UTR or the start of translation, potently redupadchandpmchIimRNA levels of fish
raised on a white background, whereas con&rgly or pomcamorpholinos had no
apparent effect. In an independent experiment,ntiraber of detectablpmchand

pmchl neurons in the hypothalamus was examined by wmaent in situ
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hybridization with pmch and pmchtspecific probes after injection of the MO
indicated (Figure 2-7 C). Individual neurons wenited at high magnification in
14-22 animals from each treatment group. The gtadioth of detectable number of
neurons yielded data similar to quantitation by RP@ith agrp2 morpholinos most
potently decreasing the number of detectgioheh (Figure 2-7 D) anggmchl(Figure
2-7 E) neurons. Some decrease in detectaiehandpmchlneurons was observed
with agrp morpholinos as well. Importantly, knockdown @igrp2 does not
nonspecifically reduce gene expression in the ZisbrdNLT, because no change in
pomcagene, also expressed in the NLT, was observed aft®inistration ofagrp2
morpholinos (Figure 2-8). The dependency of melamescontraction on MCH gene
expression in embryos was also validated; dual hwipo knockdown ofpmchand
pmchl prevented contraction of melanosomes in embryasvigron a white

background (Figure 2-9).
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Figure 2-7 agrp2 regulates the expression of pmch and pmchl genes the
zebrafish.

(A and B) Relative expression levels pinchand pmchl were analyzed by gPCR.
Two hundred wild-type zebrafish zygotes were irgectvith invertedagrp2 ATG
control MO,agrp2 ATG MO, agrp25 UTR MO, agrp ATG MO, aspATG MO, and
pomcaATG MO at day 0. Embryos were kept in egg watdranged daily, with
14-h/10-h light/dark cycle at 28 °C. Thirty embryfosm each condition were divided
into three groups and killed at 4 dpf (96 h) for RExtraction and cDNA synthesis.
Results are expressed as mean = SEM, and stdtistialysis was done by one-way
ANOVA followed by Tukey posttest. P < 0.01; **P < 0.001. C) Whole-mount in
situ hybridization forpmch (Bottorr) or pmchl (Top) at 4 dpf after injection with
invertedagrp2 ATG control MO,agrp2 ATG MO, agrp25' UTR MO, oragrp ATG
MO. After BM Purple AP staining, embryos were mahin 2% methyl cellulose,
and pictures were taken using axiovision 3.1 saiwaith a Lumar V12 stereo
microscope (Carl Zeiss). At least 20 embryos focheaondition were analyzed.
(Scale bar: 5¢um.) (D andE) Numbers ofpmch andpmchtexpressing neurons at 4
dpf from fish injected with morpholinos described € were counted with a
stereomicroscope. Results are expressed as meBMtahd statistical analysis was
done by one-way ANOVA followed by Tukey postted®. ¢ 0.05; **P < 0.01; ***P

< 0.001. Numbers of fish analyzed and represemezhch bar from left to right i

andE are 16, 14, 16, 15, 22, 19, 22, and 22, respdgtive
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Figure 2-8 pomca mRNA levels are not regulated byagrp2 or environmental
background.

(A and B) Whole-mount in situ hybridization opomca in (A) white
background-adapted invert control MO-injected embiyr (B) agrp2 antisense
MO-injected embryos. (Scale bar: 1@én.) (C) pomcamRNA in black, gray, or
white background-adapted embryos was examined I§RqBt 4 dpf. Results are

expressed as mean + SEM, and statistical analysisdone by unpaired t-test. NS,

not significant.
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Figure 2-9 pmch and pmchl are required for melanosome contraction in

zebrafish.

Morpholino oligos againspmch and pmchl (2.5 ng each) were coinjected into
wild-type zebrafish zygotes. Embryos were kept ohitev background with a
14-h/10-h light/dark cycle. Chorions were removednomlly at 2 d postfertilization
(48 h). Pictures of lateral trunk pigmentation weaken at 48 h, 72 h, and 96 h after

fertilization. At least 20 embryos for each condfitwere analyzed.
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Loss of Pineal in floating head Mutant Is Associa@ with a Defect in
Melanosome Contraction and Up-regulation ofpmch and pmchl After Exposure

to a White Background.

The floating head mutant {lh) is a strain of zebrafish in which pineal gland
neurogenesis is blocked owing to the absence ofomebdomain-containing
transcription factor encoded by the gene (Masaalgt1997). Progeny ofih+/—
heterozygous fish were raised in white-bottomediRithes to 4 dpf. Homozygous
flh—/— offspring were identified by their distinctiveorphological defects (Halpern et
al., 1995). In comparison with phenotypically wilgge fish {lh+/+ and flh+/-),
melanocytes were visibly expandedflim—/— fish (Figure 2-10 A and B). Detectable
levels ofagrp2were not observed fith—/- fish (Figure 2-10 C and D). In contrast, no
changes in hypothalamagrp or pomcawere detected ifih—/- fish in comparison
with WT animals (Figure 2-10 E, F, K, and L). Inrgiéel with the absence afgrp2
MRNA, hypothalamicpmch and pmchl levels in flh—/— fish were visibly reduced
relative to wild-type flh+/+ and flh+/-) animals (Figure 2-10 G-J). gPCR data
confirmed the findings observed by whole-mountiia &iybridization (Figure 2-10

M).
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Figure 2-10pmch, pmchl, and agrp2 are decreased irfloating head (flh) mutants.
flh+/- fish were crossed, and 400 zygotes were celteat O dpf, with 25% expected
to be fln-/-. Embryos were kept in egg water, changed dailgh 14-h/10-h
light/dark cycle at 28 °C. Phenotypically wild-typefln—/— embryos were fixed for
whole-mount in situ hybridization (4 dpf) or killddr gPCR analysis (3 dpf). (A and
B) Dorsal melanocytes of (A) white background-addpsibling wild-type or (B)
flh—/— embryos at 4 dpf. (C-L) Whole-mount in situ hgization of (C and Dagrp2

(E and F)agrp, (G and H)pmch (I and J)pmch| and (K and L)pomcain white
background-adapted sibling wild-type (C, E, G,nd&) orflh—/- embryos (D, F, H,

J, and L) at 4 dpf. At least 15 embryos for eaalddmn were analyzed. (M) Relative
expression levels aigrp, agrp2 pmch andpmchlwere analyzed by qPCR. Thirty
flh—/- and 30 phenotypically wild-type embrydth¢/— or fln+/+) were divided into
three groupsand killed at 3 dpf for RNA extraction and cDNA syn#i® mRNA
expression was normalized pomcamRNA, and each expression level was further
normalized to wild-type expression levels. Resaits expressed as mean + SEM, and

statistical analysis was done by unpaired t t&¢%P ¥ 0.001. Scale bar: 10@M.
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Normal Melanosome Contraction and Up-Regulation ofpmch and pmchl
Observed in the Blind no optokinetic response ¢ Maint.

Many blind zebrafish mutants have been isolatedhfid-ethyl-N-nitrosourea
chemical mutagenesis by screening for defectiveparses in optomotor or
optokinetic assays (Li and Dowling, 199Reuhauss et al., 1999). Many, but not all,
blind mutants also exhibit defective backgroundpaation (Neuhauss et al., 1999).
Because pineal photoreceptors resemble retinaloptaeptors both structurally and
functionally, it is possible that some gene produny be required both for retinal
and pineal phototransduction. For example, phoeptxs seem to degenerate in both
the retina and pineal of th@ezerkamutant (Allwardt and Dowling, 2001). In the
blind mutantno optokinetic response rc), however, pineal photoreceptors are
reported to appear normal by electron microscogimgdt and Dowling, 2001). To
test whether visual phototransduction plays a mleackground adaption, we chose
to study the process in this mutant. Offspringuaft/— matings were raised in black-
or white-bottomed Petri dishes, and homozygmas-/— animals were picked on the
basis of their imbalanced swimming behavior, anottecumented phenotype in the
mutant. Just like sibling wild-type fisimrc—/— mutants exhibited robust background
adaptation (Figure 2-11 A-D), with dispersed mesamoes on a black background
(Figure 2-11 C) and contracted melanosomes (Figtkg D) on a white background.
Whole-mount in situ hybridization and qPCR data destrated thaagrp2 mRNA

expression is similar in WT andc+/— andnrc—/— mutants and is not up-regulated by
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exposure to a white background (Figure 2-11 E—H @hdomchand pmchl mRNA
were significantly up-regulated as well in bothdviype andnrc—/- fish in response

to white background (Figure 2-11 I-P and Q).
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Figure 2-11nrc blind mutant shows proper background adaptation.

synj+/- fish were intercrossed, and 400 zygotes weleaed at O dpf, with 25%
expected to be to b&y/nj1-/-. Embryos were kept in white- or black-bottonfeetri
dishes with 14-h/10-h light/dark cycle at 28 °C. Atdpf, synjl-/- homozygous
mutants were selected on the basis of unbalanceohnsing behavior. Sibling
wild-type or synjl-/- embryos were fixed for whole-mount in situ hgiration or
killed for gPCR analysis. (A—D) Dorsal melanocytégA and C) black or (B and D)
white background-adapted sibling wild type (A anil & synjl-/- (C and D)
embryos at 4 dpf. (E-P) Whole-mount in situ hylzadion ofagrp2 pmchandpmchl

in (E, I, M, G, K, and O) black or (F, J, N, H, &nd P) white background adapted
sibling wild-type (E, F, I, J, M, and N) aynjl-/- embryos (G, H, K, L, O, and P) at
4 dpf. PCR genotyping was performed to validategieotypes. At least 10 embryos
for each condition were analyzed. (Scale bar: @90 (Q) Relative expression levels
of agrp2 pmch andpmchlwere analyzed by gPCR. Fifteeynj1-/- and 15 control
embryos ¢ynji+/— or synjl+/+) were randomly picked from black- or
white-background dishes and divided into three gsoand killed at 4 dpf for RNA
extraction and cDNA synthesis. mMRNA expression wasnalized to efd mRNA.
Results are expressed as mean + SEM, and stdtestialysis was done by unpaired t

test. *P < 0.05; **P < 0.01.
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Melanocortin-1 Receptor Is Expressed at Highest Lels in Zebrafish
Hypothalamus.

In mammals, the MC1R is expressed primarily in gkilountjoy et al., 1992), where

it acts directly to regulate the eumelanin—pheomnielawitch (Robbins et al., 1993).
In contrast, MC1R expression has been reportetierbtain of several fish species
(Klovins et al., 2004a)Selz et al., 2007). AgRP2 is most potently an MC1R
antagonist, with little activity at the MC4R and activity at the MC3R (Figure 2-3),
yet it regulatepmchandpmchlexpression in the hypothalamus. Furthermore, pinea
neurons have been reported to project to the hgaotius in the zebrafish (Yanez et
al., 2009). Thus, we sought to determine whethed RI€xpression could be detected
in zebrafish hypothalamus. For this experimensues were dissected from three to
nine adult zebrafish. Relative expression of thelRRGvas higher in hypothalamus
than skin or any other tissue tested (Figure 2-},2aAd expression in hypothalamus
was higher than in brain tissue remaining afterofiyalamic dissections. These data
suggest that AgRP2-positive pineal neurons mayeptajirectly to MC1R-expressing

neurons in the zebrafish hypothalamus (Figure B2
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Figure 2-12mclr is expressed in zebrafish hypothalamus and schematview of
neuroendocrine axes controlling backgound adaptatiw.

(A) Peripheral tissues and organs indicated wereedisd from three 4-mo-old
wild-type adults. Hypothalamus and brain tissuéilag hypothalamus were collected
from nine 4-mo-old animals. Total RNA (600 ng) wadracted from each sample
and used for cDNA synthesis. Expression leveieafir mRNA, normalized tefla,
was examined by gqPCRB) Schematic view of neuroendocrine axes controlling
backgound adaptation. Retina and pineal send irgfbom derived from photic signals
to hypothalamic nuclei such as SCN. SCN and/or rotty@othalamic nuclei then
participate in relaying this information to pituyaand NLT to control the synthesis
and/or release ai-MSH and MCH, respectively. Blockade of MC1R signglby
AgRP2 protein, after exposure to a white backgrowmpdregulatepmchandpmchl
MRNA levels in the NLT. Secretion of AQRP2 into gheripheral circulation (dashed
lines, not yet tested) could also block the abibfyMSH to stimulate melanosome
dispersion by directly antagonizing the MC1R onamekytes. Release of MCH and
MCHL peptides results in melanosome aggregatidease of pituitary MSH results

in melanosome dispersion. MCHR, MCH receptor; MTGrotubule.
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Figure 2-13 Pineal or retinal ablation blocks up-rgulation of pmch and pmchl

after exposure to a white background.

(A) Retinas from wild-type fish were surgically eesed at 2 d postfertilization (dpf),
and embryos were then grown on black or white bamkgds until 5 dpf. (B) For
comparisonflh-/- fish were also grown on black or white backgrds: until 4 dpf.
Characterization of the relative expressiorpofchand pmcl by g°PCR demonstrated
that (A) surgical ablation of both retina or (B)ng¢ic ablation of the pineal prevents
up-regulation of MCH genes by exposure to a whigekiground. Results are
expressed as mean + SEM from five to eight embrgosl statistical analysis,
comparing mRNA levels on a white or black backgdhumas done by unpaired t test

(ns, P >0.05).
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Discussion

The two agouti proteins found in mammals, ASP angRR, acting as
high-affinity endogenous antagonists of the melanac family of receptors
(Olimann et al., 1997)Lu et al., 1994) (Fong et al., 1997) have beenafestrated to
regulate the eumelanin—pheomelanin switch in manamagpelage and long-term
energy homeostasis, respectively. A gene encodthgdhagouti protein, AQRP2, has
been identified now in several fish species, inclgdzebrafish, trout, Tetraodon, and
Torafugu (Kurokawa et al., 2006), and thus far seemique to teleost fishes. This
gene is likely to have arisen from the genome dailbn that occurred during teleost
phylogeny (Taylor et al.,, 2003). In this study, wlemonstrate a physiological
function for this unique teleost-specific agoutiot@in: regulation of background

adaptation.

Whole-mount in situ hybridization studies of 2-4alpf embryos identified the
pineal as the primary site of expression ofabgp2gene. gPCR identified the brain as
the main site of expression of the gene in adsitt, falthough lower levels of expression
were evident in skin, muscle, testis, and liagrp2 mRNA was also identified in a
transcriptomic analysis of the zebrafish pinealy@ma et al., 2009). Additionally, an
immunohistochemical study also supports the hymish¢hat AgRP2 protein is
expressed in pineal but not in the retina, NLTotbrer sites in the brain (Forlano and
Cone, 2007). An absence of retinal AQRP and AgRfAunoreactivity was observed

in this study. Analysis of the promoter region bé tzebrafishagrp2 gene identified
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elements involved in pineal-specific expressiorgluding PIPE, E-box, and PCE
elements (Asaoka et al., 2002) (Appelbaum and Go#ti06). Thus, expression data,
as well as data from ttilh mutant described below, argue that the biologic#lities

mediated byagrp2are regulated by expression of the protein byptheal.

In contrast tagrp, agrp2 MRNA was not up-regulated by fastiragrp2 was not
transcriptionally regulated by exposure of fistwiioite vs. black background and was
only modestly regulated by diurnal rhythm (Figuré)2 in fact, diurnal effects on
MRNA levels were only significant when fish wereogn on a white background.
Consequently, we hypothesize that the AgQRP2 praieiy be made constitutively, and
a response to light may therefore involve the raigal release of AQRP2 from pineal

neurons.

AgRP2 protein also exhibited a unique pharmaco#dgicofile, as determined by
characterizing the ability of the folded zebrafmmiotein to inhibit the dose—response
curve ofa-MSH at the cloned zebrafish melanocortin recept®ah zebrafish AQRP
and AgRP2 acted as competitive antagonists andrgaveagonists, shifting
dose-response curves and suppressing the unigwd aetivity of the MCA4R.
However, whereas AgRP was a potent antagonisteoM@81R, MC3R, and MC4R,
AgRP2 only exhibited potent antagonism of the MCa& antagonism of the MC3R,

and two orders of magnitude lower potency than AgR&htagonism of the MC4R.
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These data implied a role fagrp2in the photosensitive control of pigmentation,
because this is thought to be the exclusive phygichl role of the MC1R. Adult
zebrafish exhibit melanosome aggregation and uplaéign of MCH within 24 hrs of
exposure to a white background. Zebrafish havegsvees encoding MCHrmch(most
homologous to mammalian MCH, also calfgdch andpmchl(also calledomch3,
which seem to be expressed in different cellseMNhT (Berman et al., 2009). Berman
and his colleagues found that expression of Inath genes was up-regulated under
these conditions. We found that both melanosomeegggon and up-regulation of
pmchandpmchicould also be demonstrated in zebrafish embryies afilture of the
fish on a white background from fertilization tal@f. Similar to the study in adults, we
also found thapmchlwas more significantly up-regulated thamch(Berman et al.,
2009). We also validated that background adaptaitioembryos requires MCH,
because morpholino knockdown of bogimch and pmchl reduced melanosome
aggregation in embryos exposed to a white backgrqiiigure 2-9). Berman has
suggested thgimchmay play a more significant role in feeding bebathanpmch|
because peptide levels of the former were up-régailay fasting in the Zebrafish

(Berman et al., 2009).

Although both MCH peptides may play a role in pigraion, the role of agouti
proteins in background adaptation seemed quitafgpdénockdown ofagrp2 but not
agrp or asp blocked melanosome aggregation in response tdite ibackground

across the entire dermis of the fish (Figure 2kKf)ockdown ofagrp2 also potently
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reducedomchandpmchlexpression, as measured by two different ass&®GRgand
whole-mount in situ hybridization. Whereas knockdaaspor pomcahad no effect,

it was interesting to note that knockdowraegip expression did have a small effect on
pmchandpmchimRNA in the PCR assay. Because these MCH peptidgsalso play

a role in food intake in the fish, this may be pbiagically relevant; however,
additional experiments would be required to rulé aifactual effects by which the
agrp morpholinos may be actingpomca also did not seem to be regulated by
background (Figure 2-8). Thus, the production of HiGbut not pomcaderived
a-MSH, was transcriptionally regulated by exposwrdight or dark background in a
pineal andagrp2dependent manner. Rather, data suggest dfMEH release is
up-regulated by exposure to a black background €Bako81) (Baker et al., 1984)
perhaps involving primarily nonvisual retinal phwemsduction (Figure 2-12 B).
Although these data demonstrate a neural mechaafsaction for AgQRP2 in the
regulation of background adaptation, they do net #:n additional complementary
mechanism, secretion of AgRP2 by pineal neurons the peripheral circulation
allowing direct inhibition of melanosome dispersivia antagonism of MC1R on

melanocytes.

floating headencodes a homeodomain protein, and absence ajehis product
causes premature termination of pineal cell divisibthe 18 somite stagel6—19 hpf.
Data accumulated from thitoating headmutantflh support the argument that the

zebrafish pineal and pineairp2 are necessary to allow melanosome aggregation and

94



upregulation ofpmch and pmchl when animals are grown on a white background.
Again,agrp andpomcalevels seem normal fith, suggesting thatgrp2and the pineal
gland are not generally required for developmerthefNLT.flh does not seem to be
expressed in the retina, and the CNS and retirma sedevelop normally ifth animals
(Masai et al., 1997), although it is not possildertle out effects oflh on small

numbers of photoreceptors in the retina.

Many blind zebrafish mutants have been demonstrateéxhibit defective
background adaptation (Neuhauss et al., 1999). Memwsome of these, such as
niezerka have mutations that result in the degeneratiomath retinal and pineal
photoreceptors (Allwardt and Dowling, 2001). In trast, the blindnrc mutant
exhibits apparently normal pineal photoreceptasxamined by electron microscopy
(Allwardt and Dowling, 2001)nrc encodes synaptojaninl, a polyphosphoinositide
phosphatase involved in clathrin-mediated endocyttsat is required for proper
structure and function of cone photoreceptor syesf§an Epps et al., 2004). Thus,
our data collected from these animals clearly sti@at/ visual phototransduction using
cone photoreceptors is not required for melanosaggeegation, expression afirp2
or up-regulation opmchandpmchlexpression by exposure to a white background.
However, given the large percentage of blind mstamith defective background
adaptation (Yanez et al, 2009) it is evident tlsime aspect of retinal
phototransduction, along with the pineal pathwagcdbed here, are required for

regulation ofpmchandpmchl Indeed, retinal enucleation at 2 dpf also blockwes
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up-regulation of botipmchandpmchlby growth on a white background, as tested by

gPCR at 5dpf (Figure 2-13).

The data here thus identify a unique physiolodieattion for a third member of
the family of agouti proteins, AQRP2, which seembe specific to teleosts. These data
also identify a unique neuroendocrine circuit defirbyagrp2-positive pineal neurons
that regulatgpmchandpmchlexpression in neurons in the lateral tuberal rusctH the
fish in response to environmental background. Teapsonal upregulation and
increased release of MCH peptides from these hysiptnophic neurons in the NLT
in turn is required for melanosome contraction. @ha& do not allow us to determine
whether the pineagrp2 neurons project directly to the MCH expressingroas of
the NLT, or to an intermediate site, such as th&l.Sthe existing anatomical data,
showing pineal fibers in the anterior hypothalanius not the NLT, argue for a
multisynaptic circuit (Yanez et al., 2009). Givére tpharmacological characterization
of AgRP2 as an MCI1R antagonist, it may be possibladentify the relevant
intermediate neurons by identifying cells that egsr the MC1R and also receive
pineal projections expressing AgRP2. Although tatadere show a clear role for the
pineal in background adaptation, via regulatiorMi@H expression, and no role for
visual phototransduction by cone photoreceptorayisoal retinal phototransduction
is also implicated in the process (Yanez et alQ920The process of background
adaptation, with neuroanatomically distinct pathsvaggulatingn-MSH release from

the pituitary and MCH release from the hypothalanisisomplex, and the specific
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contributions of and interactions between retinahvisual phototransduction and

pineal phototransduction in this process remaioetaletermined.
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Abstract

Plasticity in growth and reproductive behavisrfound in many vertebrate
species, and is common in male teleost fish. Tyyicdbourgeois” males are
considerably larger and defend breeding territosibge “parasitic” variants are small
and use opportunistic breeding strategies. The d@slanediates this phenotypic
variation in Xipophorusand encodes variant alleles of the melanocortreetptor
(MC4R). However, deletion of the MC4R has mode&at§ on somatic growth and
reproduction in mammals, suggesting a fundameiit@reince in the neuroendocrine
function of central melanocortin signaling in tedé Here we show in a teleost that
the hypothalamic proopiomelanocortin and AgRP nesirare hypophysiotropic,
projecting to the pituitary to coordinately regelamultiple pituitary hormones.
Indeed, AgRP-mediated suppression of MC4R appesssnéal for early larval
growth. This identifies the mechanism by which tentral melanocortin system
coordinately regulates growth and reproduction afedsts, and suggests it is an

important anatomical substrate for evolutionarypaalion.
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Introduction

Melanocortin-4 receptor (MC4R) signaling redeta energy homeostasis in
vertebrate species from teleosts to hum&asooqi et al., 2003) (Huszar et al., 1997)
(Forlano and Cone, 200¢Yaisse et al., 199§)eo et al., 1998). The receptor is also
known to regulate somatic growth, from modest éffetemonstrated in mammals
(Farooqi et al., 2003) (Huszar et al., 1997), tdard alleles in fish that can double
the final length of animals (Lampert et al., 201@greased linear growth as a result
of disruption of MC4R signaling has been reported multiple mouse models
including AgRP transgenic mice (Graham et al., 3997d MC4R knockout mice
(Huszar et al., 1997). Early studies in humansciaid an increased linear growth
rate as early as a few months of age, when childigm MC4R haploinsufficiency
were compared with control obese children (Farcetgal., 2003). More recently,
MC4R haploinsufficiency in humans has also been aiestnated to be associated
with a greater final attained height, relative t€C8R +/+ individuals matched for
BMI. In human MC4R haploinsufficiency, there is nmoeasurable increase in
Insulin-like Growth Factor I, and hyperinsulineniias been suggested as a possible
mechanism for the increased growth (Martinellilet2011).

The central melanocortin system has also bemmodstrated to be highly
conserved in fish. The receptors and ligands apressed in a highly conserved
pattern relative to mammals (Forlano and Cone, pA®ong et al., 2003), and

expression of the orexigenic melanocortin antagagsuti related protein (AgRP) is
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dramatically upregulated during fasting in goldf{§€ferda-Reverter and Peter, 2003a)
and zebrafish (Song et al., 2003), also as repartedammals. Administration of
MC4R agonists NDP-MSH or MTII inhibit food intake goldfish (Cerda-Reverter et
al., 2003b) and rainbow trout (Schjolden et alQ20Q while ICV injection of MC4R
antagonists, HS024 or SHU9119 stimulates food @tak fed goldfish
(Cerda-Reverter et al., 2003b) or rainbow trouh{8iden et al., 2009). Experimental
blockade of the MC4R by ectopic over-expressiorAgRP increased body weight,
body fat and adult length in zebrafish (Song andeZ@007).

Recently, natural mutations affecting melantnosignaling have also been
characterized in fish. In the swordtail fish, nigrensisandX. multilineatus small and
large male morphs map to a single lodeagKallman and Borkoski, 1978), recently
demonstrated to encode the MC4R (Lampert et aLQRQ.arge male morphs in this
species result from multiple copies of mutant forofsthe receptor, at the&/
chromosome-encoded P locus, that appear to funictiardominant negative fashion,
blocking activity of the wild-type receptor. Remabhty, these single gene mutations
also lead to altered onset of puberty and diverggmioductive strategies in the small
and large size morphs. Because of the ease ofigamanipulation in the larval
zebrafish, we sought to use this model system tieibenderstand the role of MC4R

signaling in somatic growth and reproduction iretsi fish.
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Materials and Methods
Experimental Animals

Wild type Tab 14 or AB strain zebrafish wereseal and bred at 26-28 °C, with
14 hour light, 10 hour dark cycle. Larval stage wagermined according to (Kimmel
et al., 1995). Fish aged from 5 dpf to 10 dpf wer twice a day with rotifers and
baby powder, fish from 10 dpf to 15 dpf were fedhwiotifer supplemented with
uncapsulated brine shrimp, and fish from 15 dpf tmonth or older were fed with
uncapsulated brine shrimp. For adult fish, food wespared by mixing 4 parts of
tropical flakes (Aquatic Eco-systems, Inc. Apopkd, USA) and 1 part of brine
shrimp (Brine Shrimp Direct, Ogden, UT, USA) in &\ water. All studies were
conducted according to the NIH Guide for the Card dse of Laboratory Animals

and were approved by the animal care and use coeenaf Vanderbilt University.

RNA Extraction, cDNA Synthesis and Real Time Quantative PCR (Q-PCR)
Embryos were homogenized in lysis buffer with aisatismembrator (model
100, Fisher Scientific, Pittsburgh, PA, USA). ToRNA was extracted using an
RNeasy mini kit (Qiagen, Valencia, CA, USA) accaglito the manufacturer’s
instructions. To remove genomic DNA, on-column D&l&gestion was performed
using an RNase free DNase Set (Qiagen, Valencia,lGR). 1 pg of purified total
RNA was reverse transcribed with iScript cONA Sytis Kit (Bio- Rad, Hercules,

CA, USA). Q-PCR primers were designed by Beacorigbes 7.0 (Premier Biosoft
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International, Palo Alto, CA, USA) to minimize prém self-dimerization. Primers
used for Q-PCR: ghl (growth hormone) 1, forward primer 5
GCAGTTGGTGGTGGTTAG 3, reverse primer 5 GCGTTCCTGSCATAAG 3.
ghrh  (growth  hormone releasing hormone), forward prime&’
GTGCTATGCTGCTTGTTACTATC 3, reverse primer 5
ATACTTGACTGACGCTTTACATTG 3'. pomca(proopiomelanocortin a), forward
primer 5 TCTTGGCTCTGGCTGTTC 3, reverse primer 5
TCGGAGGGAGGCTGTAG 3'.pomcb(proopiomelanocortin b), forward primer 5’
GCTCGGGTTTGATAGACTGC 3, reverse primer 5
ACTCTGCTCCTCTACCTGTTC 3'.sstl (somatostatin 1), forward primer 5’
CCAAACTCCGCCAACTTC 3, reverse primer 5 CTCCAGAC@ACATCATC 3.
sst2(somatostatin 2), forward primer 5> AGCAACTCTTCTCTGTGG 3’, reverse
primer 5 TCTCTGGTATCTCTTCATCCG 3'’igfla (insulin-like growth factor 1a),
forward primer 5 GGTGCTGTGCGTCCTC 3, reverse psim 5
GTCCATATCCTGTCGGTTTG 3'.igflb (insulin-like growth factor 1b), forward
primer 5 GGTGGTCCTCGCTCTC 3, reverse primer 5
TCTGCTAACTTCTGGTATCG 3'.igf2a (insulin-like growth factor 2a), forward
primer 5 GTCTTCGTTCTGTCATTGTC 3, reverse primer ' 5
GCATTCCTCCACTATTCCTC 3'.igf2b (insulin-like growth factor 2b), forward
primer 5  CATCATTCTGTTTGCCATACCTG 3, reverse prime 5

GCTCTCCGCCACATAACG 3. pitl (pituitary specific transcription factor 1),

104



forwmard primer 5 GGTCCAGTCGTCCAAG 3, reverse primer 5
TTCCTGTGCTGCCAT 3. prolactin a forward  primer 5
CAGCACCTCACTCACCAATG 3, reverse prher 5
GAGACCGAGCCAATGACAAC 3. prolactin b forwad primer 5
GCACAGCCTCTCCAATGAC 3, reverse primer 5 TCACCTCCGIAACTCCTC
3. somatolactin a forward primer 5° TGGTTCAGTCGTGGATG 3’, reverse
primer 5° AAGATGGTGGAGGATGCC 3'. somatolactin b forward primer 5’
TCTCGGAGGAAGCQAAGTTG 3, reverse pmer 5
AGCCATCGGTCGGAAATCTG 3'. npy (Neuropeptide Y)forward primer 5’
TTCTCTTGTTCGTCTIGCTTG 3, reverse prer 5
AGCCATCGGTCGGAAATCTG 3'. crh (corticotropin releasing horome), forward
primer 5 CTCTGCTCGTTGCCTTTC 3, reverse primer 5
GACTGCCGCTCTCATC 3. trh (thyrotropin-releasing hormone),f@ard primer
5 CGCTCCATCCTCACAC 3, reverse primer 5 CGCTCCATCTIACCTC 3. tsh
(thyroid-stimulating hamone), forward primer 5° ACTGTGTGGG3ITCAAC 3,

reverse primer 5 CTGGTAGGTGAAGTGAG 3. cart (cocaine an@mphetamine
regulated transcript), ofward primer 5° CCCAAAGACCCAAACTAAAC 3,

reverse primer 5° ACGCTCGCCCAAATCAC 3. ghrelin, forward primer 5’
TCTGCTCCTGTGTGTTCTC 3, reverse pmer 5
TTCTCTTCTGCCCAQCTTG 3. All gene expression wasommalized to

house-keeping ane, efln reverse prirar 5
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ATCAAGAAGAGTAGTACCGCTAGCATTAC 3. Q-PCRs were penfmed using
2 pl of cDNA (20 ng) as template, 5 pmol of eacliarivard and reverse primers, 2X
Power SYBR PCR mix (Applied Biosystems, Carlsbadl, GSA) with nuclease free
water (Promega, Madison, WI, USA) to make the fwvallme to 2QIL in a 96 well
plate (Bioexpress, Kaysville, UT, USA). Q-PCRs weperformed using an
Mx3000PTM (Stratagene, Santa Clara, CA, USA). TRRRycle was performed
according to manufacturer’s instructions with gilitlenaturation at 95 °C for 10 min,
followed by 45 cycles of 95 °C 20 sec, 60°C 60 ge¢dhe end of the cycles, melting
curves of the products were verified for the speityf of PCR products. A standard
curve with serial dilutions of cDNA sample was peried on each plate. All
measurements were performed in duplicate and prfsth was used for the

interpretation and analysis of data.

Whole Mount In Situ Hybridization

Full length ghl and pomcasequences were cloned into pCR4-TOPO vector
(Invitrogen, Carlsbad, CA, USA) usinthe following primers: zGH1 full F
(forward): 5° CTTGGACAAAATGGCTAGAGCATTG 3, zGH1 fli R (reverse):
5 AGCAATACATTAGCGCCCTCTACAG 3. zPOMCa full F (faward): 5’
CGGGATCCCTTTGGTTACTGACTTCTTTC 3, zPOMCa full R (rerse): 5
CGGGATCCGACCCCCTATAACAACCTCTCC 3.

To generate antisense digoxigenin (Dig)-labeled &RiXobe, plasmids were
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linearized by digestion with Notl and subjectedirtovitro transcription with T3
RNA polymerase. For sense Dig-labeled cRNA prolteesmpids were linearized by
digestion with Spel and subjecteditovitro transcription with T7 RNA polymerase
according to the manufacturer’s protocol (Rochdianapolis, IN, USA). Zebrafish
embryos at different developmental stages werecigltl, manually dechorionated
and fixed in 4% paraformaldehyde in PBS at roompiemature for 3-5 hours.
Whole mountin situ hybridization was performed as described previousyiefly,
fixed embryos were treated with —20 °C methanol seiydrated with a series of
descending methanol concentrations (75%, 50% afi@) B5PBS. They were then
washed with PBS and treated with proteinase K (Eatas, Glen Burnie, Maryland,
MD, USA) for 10 minutes at room temperature at acemtration of 10 pg/ml in
PBS up to 24 hpf, 20 pg/ml from 24 hpf to 72 hpt &0 pg/ml up to 15 dpf.
Embryos were refixed with 4% paraformaldehyde irSR& room temperature for
20 minutes, washed 5 times with PBS, prehybridizétl hybridization buffer (50%
formamide, 5X SSC, 50ug/ml heparin (Sigma, St. EpMO, USA), 500 pg/mi
tRNA (Roche, Indianapolis, IN, USA), 0.1% Tween-80d 9.2 mM Citric Acid
(pH.6.0) at 65 °C for 3 hrs, then probed with eithatisense or sense Dig-labeled
probe at 65 °C overnight at 500 ng/ml in hybridiaatbuffer. Dig-labeled cRNA
probes were detected with 1:2000 diluted alkalineosphatase conjugated
anti-digoxigenin antibody (Roche, Indianapolis, INSA) in 2% BMB (Roche,

Indianapolis, IN, USA), 20% lamb serum (Gibco BRTarlsbad, CA, USA) in
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MAB (100 mM Maleic Acid, 150 mM NaCl, 0.1% Tween;2pH 7.5) at 4 °C
overnight, followed by staining with NBT/BCIP solonn (Roche, Indianapolis, IN,
USA) at room temperature for 2-5 hours. After PB&king, methanol was applied
to the stained embryos to remove the nonspecif@nstand refixed in 4%
paraformaldehyde in PBS. The embryos were moumed00% glycerol and
pictures were taken by axiovision (Ver3.1) softwaiigh a StemiSV11 Dissecting

Microscope (Carl Zeiss INC,).

Morpholino Oligonucleotides Injection, RNA Rescue Eperiment and Body

Length Measurement

Antisense morpholino oligonucleotide (MO) againsie tATG translation
initiation site ofagrp were designed and synthesized from GeneTools, lddtp
ATG MO: 5 ACTGTGTTCAGCATCATAATCACTC 3, zebrafishStandard
Control MO: 5'CCTCTTACCTCAGTTACAATTTATAS3’ were syrtesized as
control oligos (GeneTools LLC, Philomath, OR USMorpholino oligonucleotides
were dissolved in nuclease-free water and store@dn°C as 1 mM stock. Serial
dilutions were made using nuclease-free water 19 0.2, 0.3, 0.4 mM working
solution with 20% Phenol Red (Sigma, St. Louis, MEBA. 0.5% in DPBS, sterile
filtered, endotoxin tested). Before the injectidddOs were denatured at 65 °C for
5min and quickly spun to avoid the formation of maggtes. 3-5 pL was loaded in a

micro-injection machine and embryos at one or teib stages were injected with1-2
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nL of a solution containing antisense targeting{photino or standard control oligo.
Each MO oligo injection was repeated at least thirees and doses were adjusted to
optimize the phenotype-to-toxicity ratio. Followimgorpholino injections, embryos
were raised in egg water, changed daily, undedatahlight/dark cycle up to 6 days
post fertilization. Dead embryos were excluded dif1Embryos were assayed for
whole mount in situ hybridization and gRT-PCR atdgf. Linear body length
(forehead to tail fin) was determined using a muoeter at 5 dpf or 14 dpf. Embryos
were mounted in 2.5 % methyl cellulose and imageseviaken by AxionVision
(Ver3.1) software with a Lumar V12 Stereo Microsed@arl Zeiss).

Full length agrp including 5’UTR (un-translational region) sequenweas
cloned into PCS2+ vector using the following primezAgRP RNA BamHI full F
(forward): 5 AACGGATCCAGCCTGGGACGTGAGCACTACAGTCTG3,,
zAgRP RNA Xbal full R (reverse): 5
AACTCTAGATCTCTATGCATATTCGTTTTTGCAGG 3. PCS2+ plasih
carries a 5° SP6 promoter and 3' SV40 polyA taih ake 5 capped zebrafish
agrp RNA, plasmids was linearized by digestion with Nantild subjected to in vitro
transcription with SP6 RNA polymerase in present®.6 mM Ribo m7G Cap
Analog (Promega, Madison, MI, USA). RNA was pufiby mini Quick Spin™
Column (Roche, Indianapolis, IN, USA) according tbhe manufacturer’s
instructions.agrp ATG antisense MO was injected at 0.3 mM with orhwiit 30

ng/uL cappedagrp RNA. Embryos were raised at standard dark/lightlecyand
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body length was measured at 5dpf.

Immunocytochemistry

Zebrafish larvae were anesthetized in MS222 (ineanethanesulfonate; Sigma,
St. Louis, MO,USA) on ice and fixed whole with test Ringer's solution followed
by 4% paraformaldehyde in 0.1 M phosphate buff&; (¢H 7.2) for 1 hour at room
temperature. After fixation, larvae were washedPB and cryoprotected in 30 %
sucrose in PB overnight at 4°C. And then were erdéddin Tissue-TeK OCT
medium (Sakura Finetek, Torrance, CA,USA) in Tis$e& intermediate cryomolds
and stored at —80°C until sectioned on a cryostathe transverse, sagittal, or
horizontal plane at 1pm and collected onto Superfrost Plus slides (FiSwogntific,
Fair Lawn, NJ,USA). The immunocytochemical labelprgtocol followed Forlano
and Cone (Forlano and Cone, 2007) and is as fallskzkes were washed 10 minutes
in 0.1 M phosphate-buffered saline (PBS; pH 7.B)clked for 1 hour in PBS + 2%
bovine serum albumin (BSA) + 0.3% Triton-X-100 (PBSincubated overnight at
RT in primary antibody solution sheep antMSH (Chemicon, Temecula, CA)
diluted 1:30,000 and rabbit anti-AgRP (Phoenix Rfeueticals, Burlingame, CA)
diluted 1:2,000 in PBST, washed 3 x 10 minutesBi$ R 0.5% BSA, incubated for
2 hours at RT with secondary antibodies (anti-shakgxa Fluor 594 in red and
anti-rabbit Alexa Fluor 488 in green; Molecular Bes, Eugene, OR, USA) diluted

1:200 in PBST, washed 4 x 10 minutes in PBS, anerstipped with SlowFade
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Gold with DAPI (Molecular Probes, Carlsbad, CA, USAuclear counterstain to

provide cytoarchitectonic detail (blue).
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Results
agrp is Required for Normal Somatic Growth of Larval Zebrafish.

Since the endogenous antagonist of the MC4Rytagelated protein (AgRP) is
expressed as early as 1 dpf in the fish (Song.e2@03), we designedgrp ATG
targeting antisense morpholino oligonucleotides jNt®block translation of thagrp
gene in larval growth, allowing for increased MCA48gnaling. MO are
non-degradable synthetic nucleic acid analoguesctra be designed to hybridize to
complementary mRNA molecules to block translationsplicing (Summerton and
Weller, 1997). Non-targeting standard control M@d aMO targeting the other agouti
genes &sp and agrp2 were also injected. Dose-responsive suppressicsomatic
growth was clearly seen egrp morphants at 3-5dpf (Figure 3-1A-D); a decrease in
somite size, however was documented, but no dexzieaomite number (Figure 3-2).
An average body length of 4118+23 um (uninjecteatrads) or 4023+46 pm
(standard control MO injection) was reduced to 3Bbum by injection of 2.5 ng of
agrp MO, for a 29% decrease in body length. MO blockasyp (4137127 um) or
agrp2 (4000£23 um) did not affect linear growth. We atflsigned two independent
agrp MO to block splicing of theagrp mMRNA. These MO were both demonstrated,
using gPCR, to reduce full-lengttgrp MRNA levels by approximately 50%, and to
produce a statistically significant reduction ind¢h at 5 dpf (Figure 3-3).

2.5 ngagrp MO did not cause significant morbidity and motgaiin the first 5

days upon injection although the swim bladdershateforming normally (Figure 3-1).
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Following MO injection and measurement at 5dpfh fieere maintained as described
(Experimental Procedures). At 14dpf, the body langt 10 randomly chosen fish
from each condition was measured again with a mmeter. Growth normally
plateaus temporarily around 5dpf, and thus onbhslfurther growth was observed in
the uninjected or the control MO injected groum(fe 3-4 A-B). However, at 14 dpf,
agrp morphants receiving 2.5 ng of MO catch up in lan@om 3045+54 pm at 5dpf
to 3993+33 um at 14 dpf, although they were stthswhat shorter compared with
uninjected control (4193+55 um) and 2.5 ng standamotrol morphants (4187+58
pm). Thus,agrp MO injection does not cause a permanent develotahelefect,
since somatic growth catches up after inhibitioragfp expression by MO decays,
around 3-7 days after injection.

We tested the efficacy of ATG targetiagrp MO using an EGFP reporter assay.
The 25 nucleotide target site afgrp for the design of a translation blocking
morpholino oligonucleotide was fused into the EGBRJTR region of the
PCS2-EGFP vector. 2.5 nggrp MO, not standard control MO completely
suppressed the EGFP repression from 10@Ggmgp MO target fused PCS2-EGFP
vector (Figure 3-5 A-D). Finally, we also demontgrh specificity using a rescue
experiment. First, a construct was generated talym® agrp mRNA that was
genetically altered to minimize the suppressiontto§ mRNA by theagrp ATG
blocking MO. Next, we co-injected 30 pg 5 cappeabrafishagrp mRNA with 2.5
ng agrp MO oligo. Coinjection of 30 p@grp RNA produced a significant rescue
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from the growth suppression resulting from 2.5aggp MO (Figure 3-4 C-D). These
studies further support the hypothesis that nodarahl growth specifically requires

agrp expression.

agrp Regulates Somatic Growth Via thenc4r

Zebrafish AgRP is an antagonist of 5 of theebrafish melanocortin receptors,
with some specificity for the MC4R (Zhang et alQ1B). Several melanocortin
receptor subtypes are expressed in the teleost @¢8la-Reverter et al., 2003a)
(Cerda-Reverter et al., 2003b) (Klovins et al.,£290 To determine if the MC4R is the
pharmacological target for the inhibition of somagrowth by MO blockade adgrp,
we obtained three zebrafishc4r mutant strains from the Sanger Institute Zebrafish
Mutation Project. Wild type zebrafish MC4R protéias 326 amino acids while each
mc4r mutant carries a nonsense mutation resulting iempture translation
termination, and expression of truncated protefnk3p 30, or 185 amino acids; none
of these truncated proteins could be expected todma functional GPCR protein
(Figure 3-6 A). As a control, we first examined thality of mc4rloss to stimulate
larval growth, since pharmacological blockade & MiC4AR byagrp overexpression
was shown to produce larger adult fish (Song andeC&@007). Heterozygous or
homozygous loss ahc4r had no impact on length of fish at 5dpf (Figuré 8) in
sa0122 (sibling WT: 4002+15 pM; heterozygous: 4@#iIM; homozygous:
4013+16 pM), sa0148 (sibling WT: 3827+20 uM; hetygous 3847116 pM;
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homozygous 3822+18 pM) or sa0149 (sibling WT: 39BB#1M; heterozygous
3973+16 pM; homozygous 3997+20 uM). Increased leagd body weight resulting
from homozygous loss oimc4r was detectable, however, as early as 42 days
post-fertilization (Figure 3-7 B), and sustainedadult fish (Figure 3-7 C-F and
Figure 3-8).

To test the role of theac4rin growth inhibition 5 ngagrp MO oligo was injected
into offspring of matings between sa0149 MC4R +ish.f Significant growth
retardation was seen in sibling WT (3103+40 uM) pamed with uninjected control
fish (397817 uM).mc4r -/- fish, however appeared completely resistanthi®
growth suppressing effects agrp MO, retaining their body length (3960£13 pM) in
comparison with control group (3962+16 pM) (Figde C-D). MOs designed to
block agrp splicing (Figure 3-3) were also non-functionatie mc4r -/- background
(Figure 3-3 C). If the consequence agrp blockade is enhanced stimulation of the
MC4R by the endogenous ligandy-MSH, then reduction of thepomca
preprohormone gene encodingMSH should also reduce the consequencesgygb
blockade. Indeed, co-injection ofpwmcaMO with agrp MO blunted the inhibition
of somatic growth byagrp MO alone (Figure 3-7 A). Together, the data sup e
hypothesis thaagrp has a specific role in the regulation of somatiowgh as an
antagonist ofn-MSH mediated stimulation of MC4R signaling, anattthe MC4R
must be inhibited by AgRP during the larval perfod the normal rate of growth to

occur. Indeed, no effect on somatic growth was $seinjecting 200 pagrp mRNA
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or PCS2 plasmid over-expressiragrp in wild type larval fish (Figure 3-9).
Interestingly, we noticed that high levelsagrp mRNA are already observed in the
embryo at 1 dpf, as previously reportggbng et al., 2003), but that melanocortin
receptor expression appears to increase more dhaduam 1-3 dpf (Figure 3-7

G-H).

agrp Regulates Expression of Growth and Reproductive Hmones

Growth hormone is a key factor stimulating stmgrowth in teleosts. While
absence ofyh alone does not reduce larval growpitl mutant zebrafish lacking
growth hormone and prolactin exhibit severe dwarfed 1 month of age (Nica et al.,
2004). To identify the mechanism by whiahc4r signaling regulates growth,
expression of somatotropic and other pituitary hmres was examined. Whole mount
in situ hybridization at 4 dpf demonstrated a dramaticucidn of gh mRNA in
pituitary (Figure 3-10 A-B) followingagrp MO injection. To determine if there was a
general defect in pituitary gene expression, wenemad expression of another
pituitary preprohormone gene, proopiomelanocortifpamca Figure 3-10 C-D).
pomca mRNA levels appeared unchanged. Next, we quasditahe relative
expression at 4dpf ajh and other genes involved in somatic growth anditaity
function by PCR.gh appeared downregulated 4 fold, whgdarh was upregulated
3.8-fold, and both somatostatin genes were deadeapproximately 50% (Figure

3-10 E). The increase in hypothalangbrh and decrease isstl and sst2 gene
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expression argues thagrp blockade acts to blocigh expression at the level of the
pituitary, since the changes ighrh and sstl/sst2 would represent normal
neuroendocrine compensation in response to dedegiseexpression. Similarly,
while pituitary tsh was suppressed, hypothalantib expression was elevated, also
arguing for the pituitary as a primary site of anti Pituitary development appeared
normal, as levels of expression pitl and other pituitary genes such psmca
remained unchanged. As downstream mediators ofgtbesth hormone pathway,
insulin-like growth factors were also analyzed. (ofethe IGF genesigfla, was
significantly reduced (Figure 3-10 F). Interestingteveral other genes involved in
neuroendocrine regulation were also altered spadiiyi by agrp MO administration.
For example, the reproductive hormones folliclenstating hormone bfghb) and
luteinizing hormone bllib) all appeared suppressed d&grp MO treatment (Figure
3-10 E).

To confirm the role of thenc4rin regulation of the growth hormone axis dyrp,
we also examined expressiongif andpomcaby whole mounin situ hybridization
at 4dpf inmc4r/- fish treated with control oagrp MO. First, we characterized
baseline levels ghbomca pomch mc4r, agrp, gh, andghrhin WT andmc4r -/-fish by
gPCR; no significant differences were seen. Inmesttto WT fish, no change gh

expression was seennnc4r-/- fish treated wittagrp MO (Figure 3-11).

AgRP-ir and POMC-ir Fibers Project to the Zebrafish Pituitary
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The ability ofagrp to regulate multiple pituitary hormones implieduaique
neuroendocrine role for these neurons, and we sought to further characterize
AgRP and POMC neuroanatomy in the fish. Teleostterdifrom mammals in
hypothalamic-pituitary axis anatomy. The mammalipituitary is functionally
connected to the hypothalamus by the median em@neie a structure called the
infundibular stem (pituitary stalk) (Low, 2008); inontrast, teleosts lack the
hypothalamic-hypophysial-portal system and hypopiggpic neurons project
directly into the anterior pituitary (Janz, 2000he zebrafish pituitary sits juxtaposed
to the lateral tuberal nucleus (the ventral perirenlar hypothalamus, proposed
homologue to the arcuate nucleus), where AgRPimgpily expressed (Forlano and
Cone, 2007). To determine the anatomical basiglifect regulation ogh lhb, fshb,
and tshby agrp, we sought to determine if AgRP-immunoreactivevaefibers
projected from the lateral tuberal nucleus to panyi in the zebrafish. Double-labelled
immunofluorescence was performed directly on bssations from 5 dpf zebrafish,
staining for AgRP anax-MSH. Confocal imaging of a horizontal section clga
shows zebrafish AgRP-ir fibers, originating in hyfpedamic fiber bundles, projecting
from hypothalamus to the posterior and rostral ghstalis (RPD, PPD), while no
fibers were observed in pars intermedia (Figur&B-Putative pituitary melanotrope
cell bodies staining positively faxr-MSH dominate the Pars Intermedia (PI). While
hypothalamioca-MSH expressing POMC cell bodies, seen rostratly,largely out of
focus in this imagep-MSH-IR fibers are readily visible in the RPD anBP The
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AgRP-ir in the RPD appears to result from denserfliuindles encircling cells, rather
than staining of pituicytes. The inset is a magaifion of a region of the PPD
showing parallel AgRP-ir and-MSH-ir neuronal fibers. These data indicate that
hypothalamic AQRP and-MSH fibers project to multiple sub-regions in thiéuitary
where many hormones are synthesized, including trdvormone, gonadotropins
(FSH and LH) prolactin and somatolactin (Kaspealgt2006). Direct action of AQRP
and/or POMC peptides such@s$VISH in pituitary would likely require expressioh o
melanocortin receptors in this organ. Using RT-R@GR tissues from adult zebrafish,

we identified zebrafismc4r RNA expression in the pituitary gland. (Figure 31
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Figure 3-1 AgRP is required for normal somatic growth in larval zebrafish.

Standard control morpholino oligonucleotides, or rpholino oligonucleotides
designed to inhibit expression of each of the Zediraagouti proteins were injected
into wild type zebrafish zygotes on day 0. Bodygtis (jaw to tail fin) were
examined at 3-5 dpf in fish kept under standarddd@ms. (A) Collection of fish
injected with 2.5 ng of standard controlagrp MO oligonucleotides viewed at 4 dpf.
(B) Representative fish injected with different desof agrp MO oligonucleotides
viewed at 4 dpf. (C) Representative fish at 3 @fibiving injection of zygotes, with
the morpholino oligonucleotides indicated. (D) Qitation of fish body length at 5
dpf following injection with the morpholinos indied was performed using a
micrometer. Bar indicates meanzs.e.m. Statistiogthificance tested by one way

ANOVA followed by Dunnett post test comparing adindlitions with vehicle group.
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Figure 3-2 Decreased somite width imagrp morphant fish.

(A) Representative fish at 5 dpf following injectiavith 5 ng standard control MO
and 5 ngagrp MO. Fish trunk encompassing™é 18" somites of standard control
MO (B) andagrp MO (C) were enlarged. Outline of L4omite was labeled in red (B)
and green (C). (D) outlines of the "L4omite from B (red) and C (green) were

overlapped to demonstrate the altered somite width.
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Figure 3-3 Morpholino Oligonucleotides blockingagrp splicing reduce normal
somatic growth in larval zebrafish.

(A) Bar diagram showing the targets and predict@asequences of two morpholino
oligonucleotides designed to block splicing of #ggp mMRNA. (B) Efficiency of each
antisense MO was confirmed by RT-PCR at 2 dpf. &eows show predicted longer
form of agrp RNA with disruption of the first splice donor (Ellleft panel) and
shorter form ofagrp RNA resulting from blockade of first splice acoaptl1E2, right
panel) were seen on agarose gel fiaggnp E111 exon donor morphant aadrp I1E2
exon acceptor morphant, respectively. Predictedeprosequences of WT and
morphant AgRP proteins are indicated. (C-D) Boahgtas of wild type fish anchc4r
null fish injected with standard control MO, E111Qviand I1E2 MO were measured
with a micrometer at 5 dpf. Bars indicates meantrs.®esults were analyzed by one

way ANOVA followed by Tukey post test. (=36, 33dA42. ***, p<0.001).

124



£ - Bug'z OW DY dibe
*
a2 om - Bug'z oW |o1ju0D piepuelg
R L josu0) pejosiuiun
2 2 g 8 2
& g e a &
(W) yBuaT Apog
) A
3 S
18 '3
= =
< il 8
5 (W]

k%

Popn00°
Qo
A

(+]

kkk

8o

- 6doe WNN dibe +Bug oW dibe

+ Bug O dube

- 6UG'Z O [04JU0D piepUElS

4500

T % 2

] =3
= ®

(1) ybusn Apo!

2500

Control MO

h
_.
m

agrp MO+agrp RNA

125



Figure 3-4 Rescue of normal somatic growth by morpiino dilution or

co-injection of cappedagrp RNA.

Fish previously injected at day 0 with morpholingonucleotides were allowed to
continue developing under standard conditions. Adpf, body length of 10
randomly chosen fish from each condition was mesabagain with a micrometer. (A)
Representative fish at 14 dpf following injectiofi mygotes with 2.5 ng of the
morpholino oligonucleotides indicated. (B) Body d#ims corresponding to fish from
experiment in panel A were measured at 14 dpf. Balisate meants.e.m. Results
were analyzed by one way ANOVA followed by Tukeysptest. (n=10, *, p<0.05)
(C) Representative fish at 4 dpf following injecticof zygotes with 2.5 ng
morpholino oligonucleotide indicated, plus 30 pgpmed agrp RNA, where
indicated. (D) Body lengths corresponding to fisleni experiment in panel C,
measured at 5 dpf. Bars indicate meants.e.m. Resdte analyzed by one way

ANOVA followed by Tukey post test. (n=18-23; ***<0.001).
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Figure 3-5 Testing the efficacy of agrp translation blocking morpholino

oligonucleotide using an EGFP reporter assa

The 25 nucleotide target site cagrp for the design of a translation blocki
morpholino oligonucleotide was fused into the EGBRJTR region of the
PCS2EGFP vector. Combinations of vector and morpholin@se injected int
wild type zebrafish zygotes at th-2 cell stage. EGFP fluorescenwas examine
at 8 hours post fertilization. A: PC-EGFPTarget plasmid 1C ng; B:
PCS2-EGFPFarget plasmid 1C ng+agrp ATG morpholino 2. ng; C:
PCS2-EGFPFarget plasmid 1C ng+Standard Control morpholino : ng; D:

PCS2EGFP plasmid 1C ng+agrp ATG morpholino 2.5 ng.
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Figure 3-6 MC4R is required for suppression of som#c growth by morpholino

oligonucleotide blockade ofagrp.

(A) Bar diagram showing the size of wild type andtamt singlemc4r coding alleles

in three lines identified by TILLING (Sanger Insti¢). The maximal potential protein
coding segment of each receptor mutant is sa0123aalsa0148: 30 aa; sa0149: 185
aa. (B)mc4rmutations do not affect early larval growth. Offag from heterozygote
matings of sa0122, sa0148 and sa0149 were measufedipf, then genotyped by
PCR. Numbers of fish analyzed in each group frofh tie right are 29, 47, 20
(sa0122), 26, 40, 27 (sa0148) and 25, 49, 19 (€0Representative injected (5 ng
agrp MO) or uninjected control sa0149 fish at 5 dpfhwgienotype and experimental
treatment indicated (C). Body lengths of fish teehBs indicated (n=24-36) were
measured with a micrometer at 5 dpf, showing nectfobf morpholino blockade of
agrp on growth in the sa014@c4r -/- fish (D). Bars indicate meants.e.m. Results

were analyzed by one way ANOVA followed by Tukeysptest. (***, p<0.001).
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Figure 3-7 Role of MC4R, AgRP and POMC in zebrafistgrowth.

(A) Partial rescue oagrp MO inhibition of somatic growth by co-injection pbmca
MO. Body lengths at 5 dpf following injection of Mitype zygotes with 2 ng
morpholino oligonucleotide indicated, plus 0.4 pmmcaATG antisense morpholino
oligonucleotide showing partial rescue of growthr®8indicates meants.e.m. n=42, 42,
39. Statistical significance tested by one way AMCgllowed by Tukey post test.
(***, p<0.001). (B) mc4r-/- fish exhibit increased growth by 42 dpf. Fish fr@an
sa0149 mc4r +/- intercrossing were allowed to grmadulthood. Body lengths (jaw to
trunk terminus, tail fin excluded) of juveniles wemeasured at 42 days post
fertilization (B). Body length of female (C) and lmdD) as well as body weight of
female (E) and male (F) adult zebrafish was alsasueed at 8 months. Bars indicate
meanzs.e.m. Results were analyzed by one way ANfoMdwed by Tukey post test.
(N=5-53, *P<0.05;***P<0.001). (G-H) Developmentakmession of melanocortin
receptor and ligand genes. Relative expressiondefgG) mclr, mc3r, mc4r, mc5ra
and mc5rb and (H)agrp andpomcawere analyzed by Q-PCR. ~200 WT zebrafish
zygotes were raised and sacrificed at days indickie RNA extraction and cDNA
synthesis. 4 dpf group was normalized to 100% #rgkae expression was normalized

to the house-keeping gerefla orf-actin. Results are expressed as mean + s.e.m.
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Figure 3-8 Increased somatic growth iimc4r -/- adult fish.

Comparison of one year old female (upper panel)raald (lower panel) sa0148c4r
null adult fish with sibling wild-type. Genomic Heground of these fish used by
Sanger Institute is Hubrecht Longfin that was ovédjiy obtained from a Hubrecht pet

shop (The Zebrafish: Genetics, Genomics and Infiosad® Edition).
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Figure 3-9 No effect on somatic growth oagrp RNA over-expression in wild type
larval fish.

Wild type zygotes were uninjected or injected witilandard control morpholino
nucleotide,agrp ATG site blocking morpholino nucleotide, 200 pgcapped RNA,
PCS2-AgRP plasmid over-expressinggrp in vivo, PCS2-EGFP plasmid
over-expressing EGFP in vivo. Fish were raisedtandard conditions and body
lengths were measured with a micrometer at 5dpfars Bndicates meants.e.m.

Results were analyzed by one way ANOVA followedTikey post test. (n=40, 49,

42, 41, 37 and 32. *** p<0.001).
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Figure 3-10 agrp regulates expression of multiple pituitary hormons in
zebrafish.

Whole mountin situ hybridization ofgh (A-B) andpomca(C-D) in fish injected with
2.5 ng standard control (A,C) agrp MO oligonucleotides (B,D). Scale bars: 100.
Relative expression levels gh (growth hormone)ghrh (growth hormone releasing
hormone) sstl(somatostatin 15st2(somatostatin 2pomca(proopiomelanocortin a),
pitl (pituitary-specific positive transcription facto}, ml a(somatolactin a)sml b
tsh (thyroid stimulating hormone)trh (thyrotropin releasing hormone)crh
(corticotropin releasing hormondghb(follicle stimulating hormone)hb (luteinizing
hormone),gfla (insulin-like growth factor 1a), anidgflb, were analyzed by qPCR in
30-40 4 dpf fish injected with 2.5 ng standard calnor agrp MO oligonucleotides
(E-F). mRNA expression was normalizedefia mRNA. Results were expressed as
mean + s.e.m., and statistical analysis was done umpaired t-test

(*P<0.05;***P<0.001; NS: not significant).
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Figure 3-11No effect ofagrp MO in the mc4r-/- background

(A-D) Whole mount in situ hybridization ogh (A-B) and pomca (C-D) in
uninjected sa0149 wild type fish (A and C) or ujeated sa0149c4r-/- fish (B
and D) at 4dpf. Scale bar: 100um. (E) Relative esgion levels oagrp, mc4r, gh,
ghrh, pomca, pomctyere analyzed by Q-PCR. Offspring from sa0149rsgowild
type and sa0l14@c4r-/- matings were raised at standard condition. 30jecied
embryos from each condition were divided into 3ug®and sacrificed at 4 dpf for
RNA extraction and cDNA synthesis. Wild type grouas normalized to 100% and
all gene expression was normalized to the houspikgegene efla. Results are
expressed as mean + s.e.m., and statistical analgsi done by unpaired t-test (Not
Significant for all genes). (F-NVhole mount in situ hybridization ah (F-G) and
pomca(H-I) in mc4r-/- fish injected with 2.5 ng standard control ¢klaH) oragrp

morpholino oligonucleotides (G and I). Scale b&031m.
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Figure 3-12 Hypothalamic AgRP and a-MSH expressing neurons project to the
pituitary.

Horizontal view of larval zebrafish brain atpbdllustrating the pituitary and
underlying hypothalamus. White oval outlines théeak of the pituitary, and yellow
oval indicates the anterior zone equivalent comginlensen-MSH immunoreactive
(ir) (red) and AgRP-ir (green) fibers. Large arroimglicate hypothalamic AgRP-ir
fiber bundles, medium arrows indicate hypothalamgRP-ir cell bodies, and thin
arrows indicate AgRP-ir fibers projecting from hyjpalamus into the pituitary.
Inset is an enlargement from the PPD showing pra#lgRP-ir anda-MSH-ir
neuronal fibers PI, pars intermedia; PPD, proximals distalis; RPD, rostral pars
distalis; Hc, caudal hypothalamus; Hr, rostral ljgatamus. Scale bars: main image

=10um, inset = um.
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Figure 3-13 Expression ofncdr RNA in zebrafish pituitary.
RT-PCR amplification ofmc4r and efla from zebrafish pituitary. Pituitary was
carefully dissected and 1.9 ug total RNA was exédrom 42 one year old WT

adults. 10 ng was used for each reaction as descibexperimental procedures.
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Discussion

The many ascending hypothalamic AGRP and POk&&gtions in the zebrafish
exhibit conserved fiber pathways with their mamamalcounterparts (Forlano and
Cone, 2007). However, the data here represent armauroanatomical and
functional departure for the teleost melanocortipsteam. In mammals, the
melanocortin circuitry integrates information abarnergy stores with a subset of
endocrine axes by serving as a leptin-responswet ito hypophysiotropic neurons in
the hypothalamus, which in turn regulate pituitaoymone release (Cone, 2005) (Tao,
2010). For example, the mammalian melanocortinudscregulate the thyroid axis
(Nillni et al., 2000) (Fekete et al., 2000a). Usilegtin-mediated regulation of the
thyroid axis as an example, data show that TRH areurn the paraventricular
nucleus of the hypothalamus receive direct prapestirom arcuate POMC and AgRP
neurons (Fekete et al., 2000b) (Fekete et al., &0@arris et al., 2001) (Perello et al.,
2006) (Toni et al., 1990). Leptin acts directly these arcuate neurons (Perello et al.,
2006) (Bates et al., 2004) (EImquist et al., 1988)bschle et al., 2001) to control the
releasen-MSH and AgRP thus regulating the level of actiwtythe melanocortin-4
receptor (MC4-R), and perhaps to some extent dyrech the TRH neurons
themselves (Ghamari-Langroudi et al., 2010), tailete expression and release of
TRH to regulate activity of the thyroid axis. Inrtast, mammalian melanocortin
circuits have little impact on the reproductivesafirani et al., 2005), and have small

effects on growth that do not appear to result froeasurable increases, relative to
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normal individuals, in growth hormone or IGF exmies (Martinelli et al., 2011).
Some data suggests that the chronic blockade oM@GdR in the agouti mouse
results in decreased hypothalamic somatostatinddartin et al., 2006). Thus, the
available data thus far indicate that in mammalglamocortin circuits regulate
endocrine function via control of the hypothalaméteasing hormone neurons.

In stark contrast to what is known in mammaliastegns, data presented here
demonstrate that the larval teleost POMC and AgR&ans are hypophysiotropic,
project to the pituitary, and directly and coordéip regulate expression of multiple
endocrine axes. While the data indicate tinadr mRNA is present in the pituitary,
additional work will be needed to determine if ftional MC4R is expressed in
pituicytes such as the somatotropes, and regutaiesones such as GH in direct
response to AgRP an@-MSH released from hypophysiotropic AgRP and POMC
neurons. During the first 5 days post fertilizati@ebrafish larvae do not feed, but
rather acquire nutrients from the yolk sac. Duttinig period, mutations in the MC4R
do not measurably increase growth rate, which miighexplained by the relatively
high ratio of agrp/pomcaexpressed from 1-3 dpf producing chronic blockadle
MCA4R signaling (Figure 3-7 F). In contrast, suppr@s of agrp expression reduces
growth rate in a MC4R-dependent manner during pleisod. These data imply that
MCA4R suppression by AgRP is required for the makirate of growth during this
period, allowing rapid maturation and thus perhaggiicing predation. In contrast, at
some point after feeding behavior begins, duringedaod when growth and food
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intake can be regulated in response to mutable@nviental conditions, MC4R is no
longer fully suppressed, and reduced MC4R actigiigh as seen in mutant lines, can
increase growth rate.

Taken together, the data provide a mechanistics bas understanding natural
variation in teleost growth and reproduction. Malee polymorphisms have been
reported in many teleost species including plaimildshipman (Brantley and Bass,
1994), blenny (Oliveira et al., 2001), guppy (Ttigaet al., 2009), and swordtail
platyfish Xiphophorus nigrensiandmultilineatug. The data presented here provide
an anatomical and functional basis for the co-r&guh of growth and reproductive
behavior seen in MC4Rariants encoded by thHelocus(Lampert et al., 2010). The
central melanocortin system is thus a unique satestior coordinate regulation of
endocrine function, and feeding and reproductiieali®r. This, in turn, suggests that
alterations in melanocortin signaling may play ko the evolution of the diverse
array of reproductive, growth, and feeding strasgibserved in teleosts. Finally, in
mammals endocrine function is coordinated with gpestate in large part via the
action of the adipostatic hormone leptin (Ahimaakt 1996) (Chehab et al., 1996)
acting on independent hormone target sites in ffpothalamus that project to and
regulate hypophysiotropic neurons. Leptin is poarnserved in non-mammalian
vertebrates, and may not even exist in birds (Copmkkt al., 2011); this, along with
the unique ability of the central melanocortin gits in teleosts to respond to energy

state (Song et al., 2003) and coordinately regutaitdocrine function also implies
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significant differences in energy homeostasis betwe mammalian and

non-mammalian vertebrates.
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Abstract

Energy homeostasis is maintained by balanamygy consumption and energy
expenditure. Many of the hormonal signals that lstguenergy intake in the human
are conserved in the teleost. However, there wasdeguate way to monitor energy
expenditure in the teleost, especially in larvalgst We exploit the non-fluorescent
and fluorescent properties of resazurin and itaced form resorufin (Alamar Blue®)
to monitor energy expenditure in response to drygplieation and genetic
manipulation in the zebrafish. We show here thptire insulin, and MSH increase
energy expenditure dose dependently. As previoestablished in the mouse,
etomoxir (carnitine palmitoyl transferase | inhdsjt blocks the leptin induced energy
expenditure in the zebrafish. Metformin, an antigic drug with the ability to
increase insulin sensitivity increases the insudiiuced metabolic rate. Finally, we
show that genetic knockdown of AgRP, the melanat@® receptor inverse agonist,
increases metabolic rate. Melanocortin 3, 4 andeSkptor are responsible for MSH
induced energy expenditure. Additionally, directretation between early somatic
growth and MCA4R activity allows us to screen eithenes or compounds for activity
at the MC4Rin vivo. We demonstrate, for example, isqquirement of melanocortin
receptor accessory protein 2a (MRAP2a) for the mbfomction in vivo of the MC4R,
and also demonstrate activity of the first allastenodulators of the MC4R. These
studies confirm that the larval zebrafish is a gaoddel for studying energy

homeostasis and the mechanisms regulating endog®hG4dR signaling.
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Introduction

Rodents have served as the primary model sgafor studying the control of
energy balance. However, zebrafish have many inbemdvantages as a model
organism that may lend credence to their use inethergy balance field. First,
zebrafish are small in size making them usefulhigh throughput rapid screening.
Second, genetic knockdown using morpholino techypis easy and quick relative
to the rodent. Moreover, because of the large nunabeoffspring and ease of
chemical mutagenesis, zebrafish are ideally sdidetbrward genetic screens. Finally,
90% of mammalian genes are found in zebrafish. Tihus reasonable to expect
findings in the zebrafish to translate directly noammalian species, including
humans.

Many of the hormonal signals that regulate energtake and energy
expenditure in the human have been shown to alswate@nergy intake in the teleost.
Leptin, Insulin, andx-MSH all decrease food intake in rodents (McMinralet 2000)
(Barrachina et al., 1997) (Brown et al., 2006), Aaste been shown to elicit similar
effects in goldfish (Cerda-Reverter et al., 200@jown et al., 2006) and rainbow
trout (Soengas and Aldegunde, 2004), respectivéiyrthermore, transgenic
overexpression of the melanocortin reverse agoigiRP, has been shown to
increase body weight in both mice (Ollmann et 8997) and zebrafisfSong and
Cone, 2007). Zebrafish AQRP and POMC neurons prégecultiple brain regions in

a highly conserved manner (Forlano and Cone, 20@nally, fasting increases the
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AgRP signal in both mice (Hahn et al., 1999) andraish (Song et al., 2003). Thus
hormonal regulation of food intake and food intakgulation of orexigenic and
anorexigenic peptides is conserved from teleostsammals.

Measurement of energy intake and energy expendguessential for metabolic
studies. Quantitative ways to assess energy meétabolf mice are well established
such as measurement of body composition, food éntak measurement of energy
expenditure using indirect calorimetry (Tschop ket 2012). However, due to the
small size and aquatic condition, it is not easynwasure energy flow in zebrafish.
AlamarBlue is an indicator dye that incorporatesoaidation-reduction (REDOX)
indicator that both fluoresces and changes coloesponse to the mitochondrial TCA
cycle (Voytik-Harbin et al., 1998) (Al-Nasiry et. a007). The alamarBlue assay was
designed to quantitatively measure the proliferatib various human and animal cell
lines, bacteria and fungi. In fact, alamarBlueosudse between pH 6.8 and pH 7.4, in
the physiological PH range in most animal cellsreHee designed a 96-well plate
based novel assay to monitor the hormonal regulatfoenergy expenditure in the
larval zebrafish. Energy expenditure changes wesdiated by drug application and
genetic manipulation, and monitored by measuring tbonversion of the
non-fluorescing resazurin to its reduced, fluonegdiorm resorufin (alamarBlue®).
Similar to the energy intake findings in mammalsyrhonal regulation of energy
expenditure is highly conserved in teleosts.

MC4R activity is tightly associated with early saimayrowth of larval zebrafish.
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To maintain optimal rapid growth within 5 days pdsttilization, central MC4R
signaling must be blocked by AgRP pepti§@eang et al., 2012). MC4R has been a
major target for pharmaceutical companies for teeetbpment of drugs for the
treatment of human obesiWikberg and Mutulis, 2008). Using an in vitro cell
culture system, we have screened the 160,000 Viittdeompound library for
positive allosteric modulators (PAMs) of the humsi€4R (Pantel et al., 2011).
Dozens of hits were identified recently with spiety for the human MC4R (Julien
Sebag, unpublished data). Since zebrafisiSH is 100% identical to human, we
proposed to use larval zebrafish as a whole aninealel to test these compounds for
MC4R specificity and toxicity. Using wild type arldC4R null fish, we identified
three non-toxic MC4R specific PAMs from 56 choseampounds that retained in
vivo MC4R activity in WT but not MC4R null fish.

Because of some facts that MC4R expressing newmmndroadly distributed
throughout the whole brain, there are no truly us®&fC4R expressing cell lines or
antibodies against MC4R, larval zebrafish has becammaluable tool to study genes
that regulate MC4R signaling in vivo. Functional RFC expression on the plasma
membrane requires a melanocortin receptor accessatein, MRAP, a single
trans-membrane protein. It's known that MRAP foramgi parallel homo-dimers and
is required for the ACTH mediated cAMP responsebé&seand Hinkle, 2007). In
addition, mammals have second melanocortin recegtoessory protein, MRAP2.

mrap2transcript was highly expressed in the brain &dole in vivo remains unclear
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(Sebag and Hinkle, 2009) (Chan et al., 2009). Redata from cell culture studies
suggest that MRAP2 was able to retain MC4R and M@&deins in the ER (Sebag
and Hinkle, 2010) (Reinick et al., 2012). Howewtie endogenous mechanisms for
how MRAP2 regulates MC4R expression remain unknoamg no data has yet
validated a role for MRAP2 in vivo. Zebrafish hagotmrap2 genes,mrap2aand
mrap2b (Agulleiro et al., 2010). In these studies, we ¢&exrl down translation of
these genes with antisense morpholino oligonudesti Our data are showing that
mra2b is a non-functional ortholog anchrap2a RNA is ubiquitously expressed,
similar with previously reported RT-PCR results (Mgiro et al., 2010). Suppression
of somatic growth irmrap2amorphant fish suggests that the MRAP2a proteable

to prevent the translocation of MC4R to the cetfate.
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Materials and Methods
Experimental Animals

Wild type Tab 14 strain zebrafish were raised bred at 26-28 °C, with 14 hour
light, 10 hour dark cycle. Larval stage was detasdi according to (Kimmel et al.,
1995). Fish aged from 5 dpf to 10 dpf were fed éwnic day with rotifers and baby
powder, fish from 10 dpf to 15 dpf were fed withtiier supplemented with
uncapsulated brine shrimp, and fish from 15 dpf tmonth or older were fed with
uncapsulated brine shrimp. For adult fish, food wespared by mixing 4 parts of
tropical flakes (Aquatic Eco-systems, Inc. Apopkd, USA) and 1 part of brine
shrimp (Brine Shrimp Direct, Ogden, UT, USA) in &\ water. All studies were
conducted according to the NIH Guide for the Care dse of Laboratory Animals

and were approved by the animal care and use coeenaf Vanderbilt University.

RNA Extraction, cDNA Synthesis and Real Time Quantative PCR

Embryos were homogenized in lysis buffer witsanic dismembrator (model
100, Fisher Scientific, Pittsburgh, PA, USA). ToRNA was extracted using an
RNeasy mini kit (Qiagen, Valencia, CA, USA) accaglito the manufacturer’s
instructions. To remove genomic DNA, on-column D&l&@igestion was performed
using an RNase free DNase Set (Qiagen, Valencia,lGG®). lug of purified total
RNA was reverse transcribed with iScript cONA Sytis Kit (Bio- Rad, Hercules,

CA, USA). Q-PCR primers were designed by Beacorigbes 7.0 (Premier Biosoft
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International, Palo Alto, CA, USA) to minimize premself-dimerization. Primers used
for Q-PCR: agrp (agouti related protein), forward primer 5
GGTGAATGTTGTGGTGATGG 3, reverse primer 5 GCGTGTGTCTTCTCTG
3'. pomca(proopiomelanocortin a) forward primer 5 TCTTGGCITGGCTGTTC 3,
reverse primer 5 TCGGAGGGAGGCTGTAG 3pomcb (proopiomelanocortin b)
forward primer 5 GCTCGGGTTTGATAGACTGC 3, reversgrimer 5’
ACTCTGCTCCTCTACCTGTTC 3'mclr(melanocortin receptor 1) forward primer 5’
ATCTTGGTGGTGTGGCTTGC 3, reverse primer: 5
CCGTGATGCGTCTTGAGTGG 3'mc3r(melanocortin receptor 3) forward primer 5’
TTCTTCTCGCCAGACTTCAC 3, reverse primer 5
TGAGGACAGGACACCAGTAG 3'.mc4r(melanocortin receptor 4) forward primer 5°
AACCTGACCAACCGTGAGAG 3, reverse primer 5
AGCGTAGAAGATTGTGATGTAGC 3'. mc5ra (melanocortin receptor 5a) forward
primer 5  TCCTGAACGCCACTGAGACC 3, reverse  primer ' 5
GACTGACGATGCCAAGGATGAG 3'. mc5rb (melanocortin receptor 5b) forward
primer 5  TCAGCGATGAGTCAAGTAGG 3, reverse primer '5
ACATTGGTGAGTGGAGGTTC 3. All gene expression was rmalized to
house-keeping gene,efla (Elongation Factor d) forward primer 5’
CTGGAGGCCAGCTCAAACAT 3, reverse primer 5
ATCAAGAAGAGTAGTACCGCTAGCATTAC 3. Q-PCRs were penfmed using

2 | of cDNA (20 ng) as template, 5 pmol of each afrfard and reverse primers, 2X
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Power SYBR PCR mix (Applied Biosystems, Carlsbadl, GSA) with nuclease free
water (Promega, Madison, WI, USA) to make the fw@lme to 20 pL in a 96 well
plate (Bioexpress, Kaysville, UT, USA). Q-PCRs weperformed using an
Mx3000PTM (Stratagene, Santa Clara, CA, USA). TRRRycle was performed
according to manufacturer’s instructions with gilitlenaturation at 95 °C for 10 min,
followed by 45 cycles of 95 °C 20 sec, 60 °C 6Q #¢c¢he end of the cycles, melting
curves of the products were verified for the speityf of PCR products. A standard
curve with serial dilutions of cDNA sample was peried on each plate. All
measurements were performed in duplicate and prfsth was used for the

interpretation and analysis of data.

AlamarBlue fish assay

Zebrafish were maintained in 10 cm petri dishes2&t°C from 0-4 days
post-fertilization (dpf). Egg water was replacedydaAt day 4 fish were rinsed with
fresh egg water and pippetted into a modified (Pli#= membrane was replaced with
nylon membrane) Millicell cell culture insert plafgé or 3 zebrafish/well; Millipore
Inc., Billerica, MA). The receiver tray was loadedth the assay buffer with or
without drug. The assay buffer is egg water supplgted to contain 0.1% dimethyl
sulfoxide (DMSO; Sigma-Aldrich, Inc., St. Louis, MO1% (10X) AlamarBlue®
(Trek Diagnostic Systems, Inc., Cleveland, OH), 4mdM Sodium Bicarbonate. The

fish-loaded insert plate was tamped dry on papeel®and transferred into the buffer
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loaded 96-well receiver tray. Fluorescence of tlepwas immediately read on a
spectromax M5 multi-detection reader with excitatiat 530 nm and emission
monitored at 590 nm. The plate was subsequentiybaed in the dark at 28°C for 24
h and read again. The change in fluorescence firmamQ@ to 24 h was calculated. Data
was corrected by setting the averaged of the ng dild type control to 1. The insert
plate and receiver plates were washed with watelr H00% ethanol. The nylon
membrane of the insert plate was photobleachedrumdiiorescent light for 24 h

prior to the next use.

Genotyping mc4r mutants:

Genomic DNA was prepared from embryos or tail fipsas follows. Embryo
or fin tissue was placed into 100 pl 50 mM NaOH hedted to 95 °C for 20 minutes.
Tubes were cooled to room temperature, then 10WuTds-HCI buffer (PH 8.0) was
added. Tubes were centrifuged at 14K rpm for 2 tesuand supernatant was
removed and stored at —20 °C. Primers used for RRd3triction Fragment Length
Polymorphism) amplification: for sa0122 and sa0M8C4R genotype F: 5
TGATCTACATGGTGGATGATG 3’; zMC4R genotype R: 5’
TGAGGCAGATGAGAACAGTG 3'. For sa0149, zMC4R  genotypeF2: 5
GACCGCTACATCACAATCTTC 3’ zMC4R genotype R2: 5
TCCAGTTGCTAAGTGCTGTC 3. DNA was amplified with priers and 2ul

supernatant in a 15 pl reaction using 2X GoTaq Grékaster Mix (Promega,
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Madison, MI, USA) with initial denaturation at 94 °for 3 min, followed by 40

cycles of 94 °C for 20 s, 58 °C for 20 s, 72 °C60rs with final extension at 72°C for
5 min. Prior to agarose gel electrophoresis, DNAs wiggested with NEB (New
England Biolabs, Ipswich, MA, USA) restriction emzgs in PCR mix according to
manufacturer's manual. For sa0122, Styl was usedifgestion with expected DNA
bands 146bp and 534bp for wild type; 146bp, 534t @80bp formc4rt/-; 680bp

for mc4r/-. For sa0148, Ddel was used for digestion witpeeted DNA bands
680bp for wild type; 185bp, 495bp and 680bp foc4r+/-; 185bp and 495bp for
mc4r/-. For sa0149, Msel was used for digestion witpeeted DNA bands 588bp

for wild type; 127bp, 461bp and 588bp fac4r+/-; 127bp and 461bp fanc4r/-.

Whole Mount In Situ Hybridization

Full length mrap2a and mrap2b sequences were cloned into pCR4-TOPO
vector (Invitrogen, Carlsbad, CA, USA). To generaatisense digoxigenin
(Dig)-labeled cRNA probe, plasmids were linearized digestion with Notl and
subjected tan vitro transcription with T3 RNA polymerase. For sense-Rigeled
cRNA probe, plasmids were linearized by digestiathvépel and subjected ia
vitro transcription with T7 RNA polymerase according tee tmanufacturer’s
protocol (Roche, Indianapolis, IN, USA). Zebrafestmbryos at S5dpf were collected
and fixed in 4% paraformaldehyde in PBS at roompiemature for 3-5 hours.

Whole mountin situ hybridization was performed as described previo(lgholls
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et al.,, 1995). Briefly, fixed embryos were treateith —20 °C methanol and
rehydrated with a series of descending methanoterumations (75%, 50% and
25%) in PBS. They were then washed with PBS anatddewith proteinase K
(Fermentas, Glen Burnie, Maryland, MD, USA) forrhthutes at room temperature
at a concentration of 3ig/ml in PBS up to 24 hpf, 20g/ml from 24 hpf to 72 hpf
and 50pg/ml up to 15 dpf. Embryos were refixed with 4% gfarmaldehyde in
PBS at room temperature for 20 minutes, washethéstiwith PBS, prehybridized
with hybridization buffer (50% formamide, 5X SS@ fg/ml heparin (Sigma, St.
Louis, MO, USA), 500 ng/ml tRNA (Roche, IndianamplilN, USA), 0.1%
Tween-20 and 9.2 mM Citric Acid (pH.6.0) at 65 °@ B hrs, then probed with
either antisense or sense Dig-labeled probe at@®vernight at 500 ng/ml in
hybridization buffer. Dig-labeled cRNA probes weatetected with 1:2000 diluted
alkaline phosphatase conjugated anti-digoxigentibady (Roche, Indianapolis, IN,
USA) in 2% BMB (Roche, Indianapolis, IN, USA), 20%mb serum (Gibco BRL,
Carlsbad, CA, USA) in MAB (100mM Maleic Acid, 150 Mn NaCl, 0.1%
Tween-20, pH 7.5) at 4 °C overnight, followed baising with NBT/BCIP solution
(Roche, Indianapolis, IN, USA) at room temperattoe 2-5 hours. After PBS
washing, methanol was applied to the stained ensbtyaemove the nonspecific
stain, and refixed in 4 % paraformaldehyde in PB$&e embryos were mounted in
100 % glycerol and pictures were taken by AxiondisiVer3.1) software with a

StemiSV11 Dissecting Microscope (Carl Zeiss INC,).

157



Morpholino Oligonucleotides Injection and Body Lengh Measurement

Antisense morpholino oligonucleotide (MO) agdirthe ATG translation
initiation site ofmrap2geneswere designed and synthesized from GeneTools, LLC:
agrp ATG MO: 5 ACTGTGTTCAGCATCATAATCACTC 3. mc3r ATG MO: 5
GAAACTGCAGATGTGAGTCGTTCAT 3 mc5rb ATG MO: 5
GTGTGGGCCACTCCGAAGAGTTCAT 3. mrap2a ATG MO: ¥
TGTTTGAAAGCTGGAACCTCGGCAT 3, mrap2b ATG MO: 5
AATATTCACTCATGTTTCAGCAGAT 3. Zebrafish Standard @tol MO: 5
CCTCTTACCTCAGTTACAATTTATA 3’ were synthesized as rdool oligos
(GeneTools LLC, Philomath, OR USA). Morpholino aigicleotides were dissolved
in nuclease-free water and stored in -20 °C as 1 siddk. Serial dilutions were
made using nuclease-free water to 0.1, 0.2, 043 working solution with 20%
Phenol Red (Sigma, St. Louis, MO,USA. 0.5% in DPBtgyile filtered, endotoxin
tested). Before the injection, MOs were denature@5°C for 5min and quickly
spun to avoid the formation of aggregates. 3-5 @ls Waded in a micro-injection
machine and embryos at one or two cell stages ingreted with1-2 nL of a solution
containing antisense targeting-morpholino or stashdantrol oligo. Each MO oligo
injection was repeated at least three times andsde®re adjusted to optimize the
phenotype-to-toxicity ratio. Following morpholinajéctions, embryos were raised
in egg water, changed daily, under standard ligink/dcycle up to 6 days post

fertilization. Dead embryos were excluded at 1 &phbryos were assayed for whole
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mount in situ hybridization and gRT-PCR at 4 dpihdar body length (forehead to
tail fin) was determined using a micrometer at 5 dp 14 dpf. Embryos were
mounted in 2.5% methyl cellulose and images wekertdby AxionVision (Ver3.1)

software with a Lumar V12 Stereo Microscope (Caisg).

Drug Treatment

Positive allosteric modulators used for fistsaas were identified from the
160,000 compound Vanderbilt small molecule librda®C4R specificity and cAMP
responsive curves of these compounds on human M®@d4R also tested as
previously described (Pantel et al., 20MJ/)ld type and sa014c4rnull zebrafish
zygotes were injected with 0.1 mM subthreshold dosagrp ATG morpholino
olgonucleotide (1 ng per egg) at day 0. Dead ensbrwyere excluded at 1 dpf and
live ones were dechorionated using 0.5 mg/ml prenager washing with egg water,
40-45 intact embryos were placed in each well oinvgl cell culture plate with 5
mL egg water and 0.1% DMS@-MSH, NDP-MSH and predefined human MC4R
positive allosteric modulators were applied intoteavell with final concentration to
10 uM. The culture plate was covered with a lid andcethinto fish the incubator
under standard conditions. Solution was changely déth fresh egg water and
compound. Dead embryos were also excluded everyTaeyjcity was recorded on
each well also. Body lengths from 20-30 fish ranfjoamosen from each well were

measured at 5 dpf. Statistical significance wateteby one way ANOVA followed
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by Dunnett post test comparing all conditions wighicle group.
Fasting and food intake measurement

Mixed sexes of 6 month old sibling wild type an@®®49 mc4r null adult fish
were placed in breeding tanks and incubated ifisheroom without any feeding for
3 days. Water was changed daily. Prior to feedimgmt with flakes, fish were
incubated with or without 10 uM compound #15 in%.DMSO for 2 hours. After
treatment, fish were rapidly replaced in fresh exystwater and fed with flakes.

Times for each fish biting the flakes were courite8l minute bins.

cAMP and CRE-Luc assays

HEK293 cells were plated in white 96-well plategnsfected the next day with
plasmids encoding zebrafish MC4R and MRAP2a, asch@nd used in experiments
the following morning. Cells were challenged witthicle or peptide in DMEM—F-12
supplemented with 0.1% bovine serum albumin (BSB)ncentrations of cAMP
were measured with the FRET-based LANCE cAMP ag#afPerkin Elmer). Cells
were incubated with 0.1 mM isobutylmethylxanthined avehicle or peptide for 20
min at 37°C before the assay. In the luciferasenep assay, cells were transfected
with a CREhc reporter plasmid (Chepurny and Holz, 2007) and iheubated with
vehicle, peptide, or forskolin (2@M) for 4 hours at 37°C. The medium was removed
and 100ul of One-Step luciferase assay reagent (Nanoligithmology) was added

and the dish was kept in the dark for 10 to 30 atiroom temperature. Luminescence
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was then measured with a Victor plate reader (Retkner).

Surface and total zebrafish MC4R detection by fixeatell eLISA

To measure MC4R on the extracellular side efglasma membrane, cells in 12-
or 24-well plates were washed with phosphate-bedfesaline, fixed for 10 min with 2%
paraformaldehyde, washed, blocked in 5% nonfat rdifk in phosphate-buffered
saline, incubated with 1:5000 mouse monoclonatidAtiantibody in blocking buffer
for 2 h at room temperature, washed three timessfonin in phosphate-buffered
saline, and incubated with secondary antibody andgssed for ELISA as described
(Sebag and Hinkle, 2007). The same protocol wa®eed in permeabilized cells to
measure total expression of proteins of interesthis case the blocking buffer used
was 5% milk in radioimmune precipitation assay buffl50 mM NaCl, 50 mM Tris,

1 mM EDTA, 10 mM NaF, 1% Triton X-100, 0.1% SDS, Bi9).

Immunoprecipitation and western blotting

Cells were lysed with 0.1%-dodecylf-maltoside and centrifuged, and
supernatants incubated with rabbit anti-mouse MRA&%clonal antibody at 1:1000
overnight at 4 °C, and immunoprecipitates wereeotld on protein A/G beads.
Where noted, deglycosylation was carried out ugpiegtideN-glycosidase from NE
Biolabs as recommended. Beads were washed thress,tisuspended in loading

buffer with 100 mM dithiothreitol, boiled 5 min, dncentrifuged. Protein
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concentration was measured using BCA (bicinchoréwmid)protein assay according
to the manufacturer’s instructions (Thermo Sci@jtifProteins were then resolved by
SDS-PAGE on 10 or 15% gels from Lonza. Routine Afesblotting was performed
as previously described (Sebag and Hinkle, 200ifjgushemiluminescent detection
methods. For quantitation, blots were probed wiRibye 800CW goat anti-mouse
IgG from LiCor, scanned on a LiCor Imaging Systend @nalyzed using Odyssey

software.

162



Results
Alamar blue assay to monitor metabolic rate of laral zebrafish

To confirm the assay would work in the zebrafishfist established that Alamar
Blue® would both enter and exit the fish to affacthange in reduction state and
fluorescent emission of the media. Figures 4-1 A Bnshow the color change of
Alamar Blue® immediately following addition of thenedia and 24 h after,
respectively. Figure 4-1 C is a confocal image @ @day old fish exposed for 1 h to
Alamar Blue® providing direct evidence that AlamBlue® enters the zebrafish
tissue. As we expected, 0.1% DMSO increased theabigt 2, 12, and 24 h (Figure
4-1 D). Through the use of confocal microscopy weetmined that DMSO enhanced
the ability of Alamar Blue® to enter the fish tiesuwhere it is reduced by NADH2.

In order to optimize the assay we monitored thange in fluorescence across
time (Figure 4-1 D) and with varying numbers ohfisell (Figure 4-1 E). As either
time (Figure 4-1 D) or the number of fish/well (4Q0 volume; Figure 4-1 E)
increased so did the change in fluorescence frone t0. Furthermore, since the
zebrafish is a poikilotherm it is known that metiboate is directly proportional to
the temperature of the environment. To confirm tha Alamar Blue® assay
measured metabolic rate changes associated witieatrtemperature we incubated
fish at 22 °C or 28 °C. Independent of the numbdisb/well, those fish maintained
at 28 °C had a higher metabolic rate than fish maed at 22 °C (P < 0.05).

Many drugs are provided as salts, thus we testedensitivity of the assay to a
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range of sodium chloride concentrations up to 10 (Mdgure 4-1 F). The relative

change in fluorescence was not affected by the emdration of sodium chloride.

Furthermore, because we wanted to examine thet eff@eptide hormones on energy
expenditure, we tested and confirmed that there m@ason-specific response to
proteins, specifically 100 uM BSA (Figure 4-1 G).

B-adrenergic receptor stimulation with isoprotereriotreases cAMP and
metabolic rate in cells (Owicki et al., 1990). Weow here that isoproterenol can
increase metabolic rate of zebrafish (Figure 4-1 EAMP is degraded by
phophodiesterases (PDE) within the cell. Phosplsteliase inhibitors will result in
increased intracellular cAMP by blocking cAMP detpton. Imperatorin and
Rolipram, phosphodiesterase inhibitors, increaded rhetabolic rate of zebrafish
(Figures 4-1 | and J). With the control experimetéscribed above completed, we
next established the ability to measure expecteases in metabolic rate following
drug application.

The melanocortin system is an essential neuroeimgocircuit regulating energy
homeostasis and energy expenditure in mammals.gUtie novel assay, we
investigated the role of the zebrafish melanocogystem in the regulation of
metabolic rate. Dose-responsive elevation of médishdy a-MSH was observed in
wild type zebrafish, with maximal response at 1@ a-MSH (Figure 4-2 A).
Melanocortin 1 receptor regulates melanin synthesisl dermal pigmentation.

Melanocortin 2 receptor modulates adrenal stregsorese and is regulated by ACTH
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peptide rather than-MSH and we didn't see detectabiec2r expression within 5
days post fertilization (Zhang et al., 2012). Thug3r, mc4rand twomc5r fall into
the candidates that might be responsible for treeieda-MSH response. Next we
repeateda-MSH treatment inmc4r homozygous mutant zebrafish. Similar results
were observed inmc4r null fish at 1M o-MSH (Figure 4-2 B). Based on this
finding, we designed and injected wild type fishthvmc3r and mc5rb translation
blocking antisense morpholino oligonucleotidesést tthe role of these receptors in
the metabolic response t6MSH in the zebrafish. Similam-MSH dose responsive
metabolism change were seen in boitBr (Figure 4-2 C) ananc5rb (Figure 4-2 D)
morphant fish. Next we generatad3r, mc5rsingle or double morphants in threc4r
null backgroundmc4r null mec3r morphant fish still responded ¢t6MSH (Figure 4-2
E) but mc4r null me3r/mc5rb double morphants were quite resistantatd/SH
treatment (Figure 4-2 F). Combined, these dataesighat zebrafish MC3R, MC4R
and MC5Rb were all required for MSH response.

Fish have endogenousMSH peptide deriving from the proopiomelanocortin
(POMC) preprohormone precursor that is 100% idahtio human and mice. We
tested the endogenousMSH tone by blocking the AgRP translation using G\T
targeting morpholino oligonucletide. First we exaed the standard non-targeting
control morpholino in our assay. Different dosesstdndard control morpholino
oligonucletide up to 2.4 ng per fish do not affde¢ basal metabolism in WT fish

(Figure 4-3 A). Dramatic metabolic increase waseobesd inagrp morphant fish at
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1.6 ng per fish, in both wild type (Figure 4-3 B)damc4r null fish (Figure 4-3 C).
The partial response to 1.6 agrp MO injection inmc4r null fish confirmed that
MC4R is not the only melanocortin receptor requifed the a-MSH responsive
metabolism change (Figure 4-3 C). However, robustting of the response mgrp
and mc3r double morphant fish indicated that MC3R made iigant contributions
to the a-MSH-induced metabolic response (Figure 4-3 D). Th&SH cAMP
responsive curves for all zebrafish melanocortoeptors except MC2R were already
examined in vitro using HEK-293 cells (Zhang et 2D10). Furthermore, zebrafish
AgRP C-terminus was proven to be a potent antagtonisll zebrafish melanocortin
receptors (Zhang et al., 2010).

We still do not know the reason why basal metabealte increases dramatically
in mc3r morphant fish treated withgrp MO. Relative mMRNA expression @grp,
pomca, pomcland several melanocortin receptors were measwsied) gRT-PCR.
No significant changes @fgrp, pomca, pomcb, mc8r mc4rwere observed imc4r
null fish compared with wild type siblings (Figude4 A). In addition, no significant
changes ogagrp, pomca, mclr, mc3r, mc4r or mcSware seen imc5rb morphant
fish relative to control group (Figure 4-4 C). Hoxge, due to unknown reasons,
pomcaandmc5rbmRNA level were dramatically up-regulatednit3r morphant fish
(Figure 4-4 B). These findings might explain thepous observed basal metabolic

elevation and hyper-MSH sensitivity wic3rmorphants.
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Use zebrafish as an in vivo system to screen pogéi allosteric modulators for
MC4R

Visible and measureable correlation between bodgtle and MC4R activity
during larval stage of zebrafish allows us to malae this system using morpholino
oligonucleotides, or peptide and small moleculegyslr Suppression of linear growth
happens chronically by continuously activating MCéiBnaling from fertilization to
5 days post fertilization. Incubation with excegpmist above physiological level
may be able to mimic the phenotypeagrp morphant fish. Based on Alamar Blue
fish assay, we modified the incubation protocolhwireserved 0.1% DMSO and
extended treatment to 4 days. However, we did heeve any growth retardation of
intact wild type fish when directly incubated will® yM a-MSH or NDP-MSH,
possibly due to high levels of endogenous AgRP esgion (data not shown). In
order to release the blockage of MC4R by endogeAg& protein, we injected low
dose (1 ng per egg) @igrp ATG morpholino oligonucleotide into zygote andsthi
dose had been shown not to significantly suppressatc growth (Zhang et al.,
2012). Zebrafish eggs are naturally surrounded Hey dhorion. To maximize the
exposure of injected fish to compounds, embryosvaechorionated at 1 dpf using
pronase. 40-50 fish were then placed into each ofell 6-well cell culture plate with
4-5mL egg water and 0.1% DMSO. 10 mM compound qtide stock was applied
into each plate to a final concentration ofilD Solutions were changed every day to
5 dpf when the body lengths were measured. As aiysontrol, 10uM a-MSH or
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NDP-MSH dramatically suppressed the body lengthvitd type fish by 10% while
mcd4r null fish remains stable (Figure 4-5 D-E). 56 s#lee positive allosteric
modulators for human MC4R were identified from dugh throughput screening
with the ability to elevate MC4R signaling in prase of an Eg dose ofa-MSH.
Using this assay system, 39 of 65 compounds exliligxicity with the capability to
kill them or affect normal development, in varyidggrees. 17 non-toxic compounds
were then examined on both wild type and4rnull fish for MC4R specificity. Three
of them (#2, #15 and #16) were shown to delayitieal growth in a MC4R specific
way (Figure 4-5 D-F). All three compounds were sile PAMs of the human
MC4R (Figure 4-5 A-C). In fact, these non-toxic quounds were also active in adult
fish. 8-10 wild type andncdr null adult fish were fasted for 3 days without any
feeding. On day 4, these fish were incubated withS® or 10 uM compound #15
for 2 hours before being fed with fish flakes. leach fish, number of bouts of eating
or actively touching the flakes was counted in Bute test periods. Preliminary data
indicate that compound #15 is able to suppress fiotake, measured with this

behavioral assay, in an MC4R dependent mannerr@gpb G-H).

Modulation of endogenous MC4R activity by melanocdin accessory protein 2
We next used the MC4R growth assay to test thenpiateole of themrap genes
in mc4r function. Unlike mammals, in which only ormarap2 gene was found,

zebrafish has twanrap2 genes,mrap2a and mrap2b We cloned these genes and
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whole mount in situ hybridization was carried out 5 day old embryosmrap2b
transcript was only observed to be expressed imiged distribution proximal to the
swim bladder (Figure 4-6 B, D, F and H). Quite eifintly, mrap2ais ubiquitously
expressed (Figure 4-6 A, C, E and G). We designeaslation ATG site targeting
morpholino oligonucleotides for both genes. Somafiowth of single or double
morphant fish was monitored to 5 dpf. While nothimppens immrap2bmorphants,
mrap2a or double morphant fish exhibit thagrp MO like phenotype, MC4R
dependent growth retardation (Figure 4-7). We sotmtiest the ability of zebrafish
mrap2a to regulate MC4R signaling in vivo, becaus@ap2g not mrap2b is
expressed in the brain (Figure 4-6)rap2aMO was proven to be able to block the
translation of endogenousrap2a mRNA since robust down-regulation of protein
level was seen on western-blot with polyclonal ambuse MRAP2 antibody (Figure
4-8 A-C). A putative role of MRAP2a is to retain MR protein in ER, preventing its
translocation to the cell surface. Co-transfectadnmrap2a reduced the surface
expression of HA-tagged zebrafish MC4R protein bput 60% (Figure 4-8 D-E).
Co-transfection ofmrap2aalso reduced the ECmax of a cAMP responsive cafve
zebrafish MC4R to about 50% of the normal leveg(fe 4-8 F), without altering the
ECso of the MSH response of the zebrafish MC4R. This daipports the hypothesis
that MRAP2a regulates MC4R signaling by controllitthg expression level of the

receptor on the plasma membrane.
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Figure 4-1 Development and validation of Alamar Ble assay in larval zebrafish.

Image of 3 zebrafish in a well of a 96 well plateéAx 0 h and B) 24 h of incubation in
Alamar Blue®. C) Confocal microscopy image of AlanBlue® within a zebrafish
after 1 hour exposure to assay solution. The weathange in fluorescence increases
with D) time (0-24 h) and the addition of 0.1% DMS$®@assay medium (n =8), as
well as, E) the number of fish/well and the tempae of incubation (n =7-8). The
relative change in fluorescence does not vary WjtiNaCl concentrations up to 10
mM (n =7-8) or G) BSA concentrations of 100 uM (id)=Direct stimulation of
CcAMP by H) Isoproterenol at 1 pM (n =8) and indirestimulation of cAMP by
blocking endogenous phosphodiesterase activity ugiro treatment with 1)
Imperatorin (n =8) or J) Rolipram (n =8) increa#®s relative change in fluorescence

of the Alamar Blue® media.
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Figure 4-2 Melanocortin receptors are required for MSH induced metabolic

response in larval zebrafish.

1 (B) or 3 (A, C-F) fish were incubated in a 4 mNt&b with 10% AlamarBlue®
solution. Fluorescence of the solution was measwaedime 0 (4 days post
fertilization; dpf) and 24 hours later (5 dpf). Bas reported as the relative change in
fluorescence (Mean + SEM). Numbers within the Ipalidate n. AJo-MSH response
in wildtype AB fish expressing all melanocortin eptors. Panels B-F show the
a-MSH (10 uM) induced metabolic rate in fish lacking 1 or niplé melacortin
receptors. B) Melanocortin 4-Receptor (MC4R) wifukty(+/+), heterozygous (+/-),
and knockout (-/-) fish. C) Fish treated with 0@8, or 1.6 ng/embryo of a
morpholino targeted to knockdown Melanocortin 3-&#or (MC3R). D) Fish treated
with 0.8, 1.6, or 2.4 ng/embryo of a morpholinayteted to knockdown Melanocortin

5-Receptor b (MC5Rb). E) MC4R -/- fish treated witlh ng/embryo of a morpholino
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targeted to knockdown MC3R. F) MC4R -/- fish trekateith 3.2 ng/embryo standard
control morpholino, 1.6 ng/lembryo MC5R morpholinlug 1.6 ng/embryo control

morpholino or 1.6 ng/embryo MC5R morpholino and In§/embryo MC3R

morpholino.
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Figure 4-3 AgRP proteins regulate metabolic state yo modulating MC3R and

MCA4R activities.

3 fish were incubated in a 4 mM bicarbonate buffgh 10% AlamarBlue® solution.
Fluorescence of the solution was measured at tirfle days post fertilization; dpf)
and 24 hours later (5 dpf). Data is reported asréhative change in fluorescence
(Mean = SEM). Numbers within the bar indicate numsbe A) Response to
injection of a standard control morpholino usedtlas control (0) treatment in the
agrp morpholino studies. Bagrp morpholino dose response in wildtype AB fish. C)
agrp morpholino dose response in MC4-R mutant fishRB¥ponse to 1.6 ng/embryo
of agrp morpholino in fish injected with 1.6 ng/embryorsdard control morpholino

(Clear) or 1.6 ng/embrymc3rmorpholino.
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Figure 4-4 mRNA expression of melanocortin systermisa0149mc4r -/-, mc3r

and mc5rb morphant fish.

(A) Melanocortin system mRNA expression in controt anc3r (B) or me5riC)
morpholino injected zebrafish at 5 dpf. Wild Typecontrol group was normalized to
100 percents. Results were expressed as meannt,saed statistical analysis was

done by unpaired t-test.
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Figure 4-5 Selective PAMs for human MC4R regulate ebrafish somatic growth
and food intake.

CAMP response curve of human MC4R with compound\}(2¢15(B) or #16(B) in
presence of Efg dose ofa-MSH. 1 ngagrp ATG MO injected wild type (D) omc4r
null (E) fish were treated with 10 uM ofFMSH, NDP-MSH, or 1AM of compound
#2,#16(D-E) or #15(F) for 4 days. Body lengths wemneasured at 5 dpf. Bars
indicates meants.e.m. Results were analyzed byvageANOVA followed by Tukey
post test (n=18-42 *,p<0.05; *** p<0.001). Timesirty fish flakes of wild type (G)
or mc4r null fish (H) with vehicle or 10uM of compound #i#ere counted. Bars
indicate mean+s.e.m. Results were analyzed by tegpéaiest (n=4 *,p<0.05; ns, not

significant).
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mrap2a mrap2b

Figure 4-6 mrap2a is ubiquitously expressed in the zebrafish.
Whole mount in situ hybridization gfirap2a (A ,C, E and GAndmrap2b (B, D, F
and H)in 5 days old zebrafish larvae. Dorsal view of héad), lateral view of head

(C-D), yolk sac (E-F) or trunk somites (G-H). Sché: 10Qum.
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Figure 4-7 mrap2a not mrap2b are required for early somatic growth in larval
zebrafish.

Wild type and sa0Ol4fncdr-/- zygotes were injected with 2.5 ng of standeodtrol,
2.5 ng mrap2a, 2.5 ng mrap2b or1.25 ng mrap2a and 1.25 ng mrap2b MO
oligonucleotides at day 0. Fish were raised atdstethconditions and body length was
measured at 5 dpf. Bars indicate mean+s.e.m. Rewdte analyzed by one way

ANOVA followed by Tukey post test (N=30-65, ***,P<01).
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Figure 4-8 MRAP2a regulates surface expression oébhrafish MC4R.

400 wild type zebrafish were injected with 2.5 rignslard control MO or 2.5 ng
mrap2aATG MO. Each group of fish was pooled at 3 dpfi@stern-blot analysis. (A)
Protein concentration was measured using BCA a@&pyiotal protein band on each
lane was quantified with Photoshop (C). PCl-neotarecontaining HA tagged
zebrafishmc4r or mrap2agene fragment was transfected into HEK-293 cdltdal
MC4R protein level (E) and cell surface level (Dpsvmeasured using HA tag
antibody. cAMP responsive curve of each conditiaswneasured by normalizing to

Emax dose of forskolin level (F).
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Discussion

Monitoring and measuring the metabolic stateueately in zebrafish larvae is
technically difficult. Here we developed a novedagto monitor the metabolic rate in
larval zebrafish in a 96-well plate format. We dersivated here that this zebrafish
assay was not salt or protein sensitive. Isoprotdrelmperatorin, Rolipram and
a-MSH treatments, all expected to elevate intratallcAMP, increased metabolic
rate in this assay. MC3R, MC4R and MC5R all appetare play a role in the
metabolic response toMSH treatment. Using MC4R null fish, aadrp, mc3r,and
mc5rb morpholino oligonucleotides, we carefully analyzéd metabolism of these
morphant fish in our assay. Combined data sughestMC3R, MC4R and MC5Rb
are all required fora-MSH induced metabolic response although the detail
downstream signaling cascades upon cAMP elevati®istdl unknown. In mammals,
many studies suggest that MC3R/MC4R signaling aiphith CNS controlled
thermogenesis via brown fat tissues. However, figly not have brown fat tissues
and unlike mammals, fish are poikilotherms. Moserd findings indicate that MC4R
crucially regulate energy intake and somatic growtitieleost (Zhang et al., 2012).
MC5R is not well studied in zebrafish. Most recegytorts in sea bass suggested that
MCB5R is expressed in liver and involved in hepépa metabolism (Sanchez et al.,
2009a). The data obtained from our assay indida@e NIC5Rb may modulate basal
metabolism in peripheral tissues in the fish. Hogregome correlations also emerged

from these studies suggesting that MC3R may reguolabrb mRNA expression, and
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the detailed mechanism needs further investigation.

Early rapid somatic growth requires completepsassion of MC4R signaling by
AgRP peptide (Zhang et al., 2012). This finding emlkarval zebrafish an appropriate
model to manipulate MC4R signaling using multigehniques. A novel application
of this system is to utilize fish pretreated witibthreshold levels cagrp MO as a
biological preparation for the analysis of MC4R maigts. We demonstrate here that,
while zebrafish larvae exhibit a toxic responseatcignificant percent of small
molecules, some non-toxic compounds can faithfdtgin MC4R-specific activity in
this assay.

Regulation of MC4R signaling is complex. Ariegs known to desensitize and
internalize MC4R signaling by binding to ligand activated MC4Rd inducing
endocytosis (Shinyama et al., 2003) (Gao et alQ3R0AgRP is involved in this
procesgBreit et al., 2006). Recent data from cell cultstedies suggest that MRAP2
peptide is able to retain functional MC4R in the, [pReventing its translocation to the
cell surface (Sebag and Hinkle, 2010) (Reinicklgt2®12). However, in vivo proof
for a role of MRAP2 in MC4R activity had not beeengonstrated. Using zebrafish as
a physiological whole animal model, we report hdrat MO down-regulation of
zebrafishmrap2a appears to increase MC4R activity in vivo. Becaosap2ais
ubiquitously expressed in the zebrafish, furtherkwis needed to investigate the
potential interaction of this protein with other lax@cortin receptors. By regulating

other melanocortin receptors, MRAP2 may also régytégmentation, lipid secretion
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or the hypothalamic-adrenal axis.
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Abstract

Human Genome-wide Association Studies (GWAS) gapidly identifying
single nucleotide polymorphisms associated with yneammon diseases, including
obesity and diabetes. As of 2009, 17 such SNPs bhaee identified for obesity.
Three of the most statistically significant SNPS adjacent to the previously
identified obesity genespc4r, bdnf andsh2bl while most are associated with genes
not previously associated with obesity. Validatadrihe role of these genes in obesity
using conventional gene knockout studies in miceo#&ly and time-consuminggrp
and pomcare two most important endocrine regulators inrggéomeostasisagrp
over-expression or genetic ablation mémc results in obesity in mammals. Most
obese mice induced by genetic manipulation exlalb@redagrp/pomcexpression in
the central nerve system. Since the melanocortinuitty involved in energy
homeostasis is conserved in zebrafish and moselfafish orthologies of human
GWAS hits were identified in the genome, we desigh®rpholino Oligonucleotides
(MO) targeting these ortholog genes in zebrafisth examined thegrp/pomcgene
expression in these morphants during an early dpusntal stage. Using
Morpholino Oligonucleotides, the powerful tool fgenetic knockdown in zebrafish, a
fast developing vertebrate, we developed a rapil afordable animal model for

validating new putative obesity genes identified3/AS.
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Introduction

Obesity is one of the leading public healthagns in the U.S., and as such,
increasing our knowledge of the genes that increesde of obesity is of critical
importance. Over 20 percent of the US populationlisse with BMI (Body Mass
Index) over 30. Obesity mostly results from alteeegilibrium of energy intake and
expenditure (Balthasar et al., 2005). Previous meustudies have discovered many
obesity associated genes includiegtin, leptin-r, agrp, pom¢ mc4r andfto. leptin,
leptin-r and mc4r deficiency lead to obesity in micenc4r regulates a key signaling
cascade in hypothalamus regulating appetite and fotake. As antagonist and
agonist ofmc4r, agrp andpomcare crucial endocrine regulators of energy balance
Ectopic over-expression ofgrp, or genetic knockout ofpomc results in a
hyperphagic obesity syndromagrp knockout or overexpression gbmc leads to
reduced fat mass and lean mass. In human studigstioms of these genes were
reported in many patients. However, approximatedy99% of severe syndromic
early onset obesity lacks a clear genetic etiolagg thus it is likely that many other
genes involved in causing syndromic obesity renaioe discovered.

Genome-wide association study (GWAS) involvealgsis of large numbers of
common single nucleotide polymorphisms, often ug tmillion per study, and the
association of variation at each SNP with a pheapgpch as obesity. These studies
normally compare the DNA from thousands of partaifs: people with the disease

(cases) and similar people without (controls). Batthan reading the entire DNA
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sequence, these systems usually read SNPs thahaesrs for groups of DNA
variations. The human genome contains millions ofmmon single-nucleotide
polymorphisms (SNP), and thousands more variationthe number of copies of
large and small segments of the genome (copy nurdr@tion), which may either
directly cause changes in phenotype or which taghyemutations containing the key
differences that influence individual variation asaisceptibility to disease. To date,
GWAS have identified risk and protective factors &sthma, cancer, diabetes, heart
disease, mental iliness, and other human diffeenoe2009, GWAS on body mass
index (BMI) identified a collection of novel putaé obesity genes (Willer et al.,
2009). Of the eight obesity-associated genes rigcet@ntified by Willer et al., one
was conformation of a gene known to be linked tesity, the melanocortin 4
receptor fnc4rn (Huszar et al.,, 1997). A second gene, the fatsnasd obesity
associated proteinft¢) had recently been linked to obesity and diab&testher
GWAS (Frayling et al., 2007) (Dina et al., 2007 ¢8 et al., 2007) (Scuteri et al.,
2007), while,sh2b1 another GWAS hit, had been associated Veifiin signaling. In
fact, the sh2b null mouse exhibits an obese phenotype (Ren et28D7). The
remaining 5 genes recently linked with high BMI yplanknown roles in the obesity
phenotype. Yet, all are expressed in the centmalons system and some are highly
expressed in the hypothalamus (Willer et al., 200%)s suggests that these genes
may play a role in central nervous system regutatioenergy balance.

A major problem in the quantitative genetics fidhwever, is identification of
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rapid and affordable methods for validating new G8VAits. Knocking out the 14
uncharacterized new candidate obesity genes in amdebreeding and characterizing
the resulting strains is exceedingly expense, andome cases, homozygous gene
deletion may be expected to cause anembryonicllptienotype. Thus a rapid and
inexpensive method for characterization and piaiion of these genes is of broad
value to the genetics field.

Because of their small size, rapid growth, aadsparency during development;
zebrafish are an excellent vertebrate model foildhamssessing the role of multiple
candidate genes on the expression of key markezsgena physiological pathway.
Since we have demonstrated thatploencandagrp genes are conserved in both their
tissue distribution of expression and function nmergy homeostasis in the zebrafish
(Song et al., 2003) (Song and Cone, 2007) (Forkmb Cone, 2007) (Zhang et al.,
2012), we hypothesized that some obesity genes fomagtion by disrupting the
expression, regulation, or development of thesegeptides or the neurons in which
they are expressed. Thus, we sought to validatdeafar genes residing near obesity
GWAS hits, by testing the ability of gene knockdowsing MO, to alter the pattern
or amount of expression of eith@omcand/oragrp. Seven genes from obesity GWAS
hits listed in (Willer et al.,, 2009) were picked dan identified their zebrafish
orthology using BLAST. Morpholino oligonucleotidegere designed to target the
genes based on the mRNA sequenagep/pomcgene expression was examined at 3-4

dpf using whole mount in situ hybridization and ntaive RT-PCR.
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Material and Methods
Experimental Animals

Wild type Tab 14 or AB strain zebrafish were raised bred at 26-28 °C, under
14 hour light, 10 hour daxycle. Larvae stage was determined according tonghé!
et al., 1995). Fish aged from 5 dpf to 10 dpf wier@ twice a day with rotifers and
baby powder, fish from 10 dpf to 15 dpf were fedhwiotifer supplemented with
uncapsulated brineshrimp, and fish from 15 dpf tmdnth or older were fed with
uncapsulated brineshrimp. For adult fish, food wespared by mixing 4 parts of
tropical flakes (Aquatic Eco-systems, inc) and it g brine shrimp (Brine shrimp
Direct) in system water. All studies were conducaedording to the NIH Guide for
the Care and Use of Laboratory Animals and wereaygal by the animal care and

use committee of Vanderbilt University.

RNA Extraction, cDNA Synthesis and Real Time Quantative PCR (Q-PCR)
Embryos were homogenized in lysis buffer with aisatismembrator (model
100, Fisher Scientific, Pittsburgh, PA, USA). ToRNA was extracted using an
RNeasy mini kit (Qiagen, Valencia, CA, USA) accaglito the manufacturer’s
instructions. To remove genomic DNA, on-column D&l&@igestion was performed
using a RNase free DNase Set (Qiagen, Valencia, {3%). lug of purified total
RNA was reverse transcribed with iScript cDNA Swsis Kit (Bio-Rad, Hercules,

CA, USA). Q-PCR primers were designed by Beacornigdes 7.0 (Premier Biosoft
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International, Palo Alto, CA, USA) to minimize pmmself-dimerization. Primers used
for Q-PCR: agrp, forward primer 5 GGTGAATGTTGTGGTGATGG 3, reverse
primer 5 GCGTGTGCCTCTTCTCTG 3’pomca (proopiomelanocortin a), forward
primer 5 TCTTGGCTCTGGCTGTTC 3, reverse primer 5
TCGGAGGGAGGCTGTAG 3'.pomcb(proopiomelanocortin b), forward primer 5’
GCTCGGGTTTGATAGACTGC 3, reverse primer 5
ACTCTGCTCCTCTACCTGTTC 3. All gene expression wa®rmalized to
house-keeping genesfla (Elongation Factor 1 alpha) with forward primer 5
CTGGAGGCCAGCTCAAACAT 3, reverse primer 5
ATCAAGAAGAGTAGTACCGCTAGCATTAC 3. Q-PCRs were penfmed using
2ul of cDNA (20 ng) as template, 5 pmol of each afrfard and reverse primers, 2X
Power SYBR PCR mix (Applied Biosystems, Carlsba#l, GSA) with nuclease free
water (Promega, Madison, WI, USA) to make the fi@lme to 2QuL in a 96 well
plate (Bioexpress, Kaysville, UT, USA). Q-PCRs weperformed using an
Mx3000PTM (Stratagene, Santa Clara, CA, USA). TRRRycle was performed
according to manufacturer’s instructions with gilitlenaturation at 95 °C for 10 min,
followed by 45 cycles of 95 °C 20 sec, 60 °C 6Q #¢c¢he end of the cycles, melting
curves of the products were verified for the speityf of PCR products. A standard
curve with serial dilutions of cDNA sample was peried on each plate. All
measurements were performed in duplicate and prfsth was used for the

interpretation and analysis of data.

190



Whole Mount In Situ Hybridization

Full length agrp and pomcasequences were cloned into pCR4-TOPO vector
(Invitrogen, Carlsbad, CA, USA) using the followingimers: zAGRP full F
(forward): 5° GGATCCGTCTGAGTGATTATGATGCTGAACAC 3'zAGRP full
R (reverse): 5 GGATCCGCAGCCAATGGTGCACTCTATG 3. @®ICa full F
(forward): 5° CGGGATCCCTTTGGTTACTGACTTCTTTC 3, zR@Ca full R
(reverse): 5 CGGGATCCGACCCCCTATAACAACCTCTCC 3.

To generate antisense digoxigenin (Dig)-labeled ARbbe, plasmids were
linearized by digestion with Not | and subjectedirtovitro transcription with T3
RNA polymerase. For sense Dig-labeled cRNA prolesrpids were linearized by
digestion with Spe | and subjectediiovitro transcription with T7 RNA polymerase
according to the manufacturer’s protocol (Rochdijdnapolis, IN, USA). Zebrafish
embryos at different developmental stages wereecigltl, manually dechorionated
and fixed in 4% paraformaldehyde in PBS at roomptemture for 3-5 hours.
Whole mouniin situ hybridization was performed as described previo(Bhang et
al., 2010). Briefly, fixed embryos were treatediwi20 °C methanol and rehydrated
with a series of descending methanol concentrat{@f%o, 50% and 25%) in PBS.
They were then washed with PBS and treated witteprase K (Fermentas, Glen
Burnie, Maryland, MD, USA) for 10 minutes at rooemtperature at a concentration
of 10ug/ml in PBS up to 24 hpf, 20g/ml from 24 hpf to 72 hpf and 58y/ml up to
15 dpf. Embryos were refixed with 4% paraformaldihyin PBS at room
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temperature for 20 minutes, washed 5 times with ,PB&hybridized with
hybridization buffer (50 % formamide, 5X SSC, 50migheparin (Sigma, St. Louis,
MO, USA), 500ug/ml tRNA (Roche, Indianapolis, IN, USA), 0.1% Twe20 and
9.2 mM Citric Acid (pH.6.0) at 65 °C for 3 hrs, therobed with either antisense or
sense Dig-labeled probe at 65 °C overnight at 5@@nhin hybridization buffer.
Dig-labeled cRNA probes were detected with 1:2000tetl alkaline phosphatase
conjugated anti-digoxigenin antibody (Roche, Indiawmlis, IN, USA) in 2% BMB
(Roche, Indianapolis, IN, USA), 20 % lamb serumbEi BRL, Carlsbad, CA, USA)
in MAB (100mM Maleic Acid, 150 mM NacCl, 0.1% Twe&®, pH7.5) at 4 °C
overnight, followed by staining with NBT/BCIP salon (Roche, Indianapolis, IN,
USA) at room temperature for 2-5 hours. After PB&king, methanol was applied
to the stained embryos to remove the nonspecifienstand refixed in 4%
paraformaldehyde in PBS. The embryos were mounted00% glycerol and
pictures were taken by AxionVision (Ver3.1) softeavith a StemiSV11 Dissecting

Microscope (Carl Zeiss INC,).

Morpholino Oligonucleotide Injection

Antisense morpholino oligonucleotide (MO) againsie tATG translation
initiation site or 5’ UTR region of GWAS genes welesigned and synthesized from
GeneTools. (See Table 1) Zebrafish Standard CoMi©l was synthesized as a

control oligo (GeneTools LLC, Philomath, OR USA)oNhsholino oligonucleotides
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were dissolved in nuclease-free water and store@in°C as 1 mM stock. Serial
dilutions were made using nuclease-free water 19 0.2, 0.3, 0.4 mM working
solution with 20 % Phenol Red (Sigma, St. Louis, MBA. 0.5% in DPBS, sterile
filtered, endotoxin tested). Before the injectidhOs were denatured at 65°C for
5min and quickly spun to avoid the formation of maggtes. 3-pL was loaded in a
micro-injection machine and embryos at one or twb stages were injected with
1-2 nL of a solution containing antisense targetmgpholino or standard control
oligo. Each MO oligo injection was repeated at taghsee times and doses were
adjusted to optimize the phenotype-to-toxicity aatiFollowing morpholino
injections, embryos were raised in egg water, chdndaily, under standard
light/dark cycle up to 6 days post fertilizatiored& embryos were excluded at 1 dpf.
Embryos were assayed for whole mount in situ hykaiibn and gRT-PCR at 4 dpf.
Embryos were mounted in 2.5% methyl cellulose amédges were taken by

AxionVision (Ver3.1) software with a Lumar V12 SéerMicroscope (Carl Zeiss).
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Results

Two antisense and 2 control morpholinos foresewf the genes identified by
GWAS (Figure 5-1) were designed in conjunction witne Tools, LLC (Philomath,
OR). We injected morpholinos into the yolk of 1-dllcstage zebrafish embryos at
doses ranging from 0.1 mM to 0.4 mM, and doses \adpested as needed to optimize
the phenotype-to-toxicity ratio. Non-targeting stard control MO was injected as
negative control. Following morpholino injectiorenbryos were raised at standard
conditions to 4-5 dpf without feeding. Embryos wassayed for whole mount in situ
hybridization of pomc and agrp at 4 dpf. Relative mRNA expression was also
examined by real time PCR at 3 and 4 dpf.

Of the seven genes tested, one had a cleactrmppomcandagrp expression, and
preliminary studies on one of these genes are igigkd in this chapter. Briefly,
morpholino oligonucleotide against the 5-UTR regminegrl (neuronal outgrowth
regulator 1) was injected into wild type zebrafisygotes at day 0. Morphological
defects were observed in thegrl morphant, with altered body length, head size and
lack of lateral fin (Fig 5-2 A-B). Whole mount ints hybridization demonstrated a
diffused expression pattern afirp mRNA in the hypothalamugpomcaexpression was
also altered with reduced hypothalamic expressiamth @displaced posterior pituitary
staining (Figure 5-2 C-F). Gene expression levgpeared unchanged at 3dpf by
quantative RT-PCR. However, a 7-fold transient &iem of pom@ mRNA levels was
seen at 4dpf (Figure 5-3).
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Conclusion and Discussion

Zebrafish are an excellent model for rapidisessing gene function in a vertebrate
system, because they respond to morpholino-mediateckdown of gene expression
for several days after embryonic injection (Coragl &brams, 2001), allowing for rapid
evaluation of gene loss effects. Given that thesgnificant evidence for conservation
of mammalian mechanisms of energy homeostasiseiizabrafish (Forlano and Cone,
2007), and that zebrafish express homologues of #ik initial GWAS identified genes,
we conclude that the zebrafish is an excellent inmdeapidly validate and categorize
some of these candidate obesity genes. The mostiging of these targets can
subsequently be studied with more focus and ovexsnded timeframe in mammalian
model systems.

Gene knockdown using morpholino ologonucleotat#nology is a powerful tool
to investigate genes of interest during early dgwekent in zebrafish. It quickly provides
us some valuable clues on how obesity associategsgegulate endocrine circuits in
the CNS. However, certain aspects of physiologiegulation of adult animal may
differ from larval stage. Specific knock out animnabdels are still needed in this case.
Nonetheless, these studies may provide valuablengrary data on the validity and
function of genes residing near SNPs associatéddigease by GWAS.

Alteredagrp/pomcexpression and hypothalamic morphologyégrl morpholino
injected embryos indicate a role for this geneyipdthalamic development and energy
homeostasis. As a neuronal growth regulategrltranscripts are seen in most mouse
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brain regions including hypothalamus. It may retgularain development by modulating
protein-protein interactions. Further approachetuge second non-overlappimggrl
MO and examination of thagrp/pomcneurons in MC4R nulhegrl morphant fish.
Most recent GWAS reports from different human pepahs also confirmed the
metabolic related functions akgrl(Wang et al., 2011(Sandholt et al., 2011Hotta et
al., 2011a)Hotta et al., 2011)Ng et al., 2010) (Delahanty et al., 201€heung et al.,
2010). Based on my data, we predict thagrl knockout mice will exhibit eating
associated disorders and altered body weight réguleesulting from malfunction of
hypothalamicagrp/pomc neuronal circuits. To further advance this tecbgypl for
analysis of genes required for norm@dmc and agrp expression, we now have
engineered zebrafidhacterial artificial chromosome8AC) containing 13kkagrp or
137kbpoma@ promoter DNA sequenceagrp andpomccoding regions were replaced
with Apple or EGFP cassettes respectively, exprgssariants of the green fluorescent
protein with largely non-overlapping fluorescentigsion spectra. These BAC DNAs
successfully drove the expression of fluoresceateprs in either hypothalamiagrp
neurons, or hypothalamjgomc neurons anghomc pituicytes of FO fish derived from
injected embryos (Figure 5-4). We expect to obtdable transgenic lines in the F1
generation. These two transgenic fish lines woeldjbite useful for large scale genetic

studies in either morpholino morphant fish or fdrole genome mutagenesis studies.
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Figure 5-1 Obesity genes identified by human GWASma antisense morpholino

oligonucleotides for zebrafish homologues.

The table shows the obesity genes identified bylléVet al., 2009), excluding
melanocortin 4 receptormc4r) and two non-overlapping translation blocking

morpholino oligonucleotides designed for each gene.

198



agrp

E | pomca| F . ey 7pmca

199



Figure 5-2 negrl regulates the pattern of expression ofgrp and pomca genes in

the zebrafish.

(A-B): Lateral (A) and dorsal (B) view of standazdntrol morpholino (upper fish in
A, left fish in B) andnegrl antisense morpholino (bottom fish in A, right fishB)
injected zebrafish larvae at 4dpf. (C-F) Whole-ntomnsitu hybridization foragrp
(C-D) or pomca(E-F) at 4 dpf after injection with standard cohtO (C and E) or
negrl5UTR MO (D and F). After BM Purple AP staining, leryos were mounted in
2% methyl cellulose, and pictures were taken usixigvision 3.1 software with a
Lumar V12 stereo microscope (Carl Zeiss). At lez&tembryos for each condition

were analyzed. (Scale bar in C-F: 100)
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Figure 5-3 gPCR analysis of relative expression lels ofagrp, pomca and pomcb

in negrl morphant fish.

Two hundred wild-type zebrafish zygotes were igdawith standard control MO and
negrl 5UTR MO at day 0. Embryos were kept in eggter, changed daily, with
14h/10h light/dark cycle at 28 °C. Thirty embryesm each condition were divided
into three groups and killed at 3 dpf (72 h) andp# (96 h) for RNA extraction and
cDNA synthesis. Results are expressed as mean + 8EBistatistical analysis was

done by unpaired t test. *< 0.001.
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AgRP-APPLE POMC-EGFP

Figure 5-4 FO generation ofagrp-APPLE and pomca-EGFP transgenic zebrafish.

Photos are showing the FO generatiorm@ifp-APPLE (left panel) anggomcaEGFP

(right panel) transgenic fish at 4dpf.
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CONCLUSIONS

The mammalian melanocortin system is encoded byelanocortin receptor
genes, one POM@ene and two genes encoding agouti peptides, agodtAgRP. As
endogenous antagonists, mammalian agouti protedgsilate multiple functions
including pigmentation and energy homeostasis. Amtent antagonist for MC1R,
agouti is expressed in hair follicles and modulaties eumelanin/phaeomelanin
pigment switch. Agouti related protein (AgRP) ispessed predominately in the
hypothalamus. By antagonizing MC3R and MCA4R signglAgRP regulates energy
homeostasis, both physiologically and behaviordllyese physiological roles were
very well studied in mammals. In an effort to deyethe zebrafish as a genetic model
for the study of the central melanocortin systemy rhesis focused on
characterization of the zebrafish agouti protemsfl in the CNS.

The zebrafish agouti system is functionally semed in certain aspects.
Zebrafish agouti genes all share highly conservedr@inal motifs. Hypothalamic
agrp expression is sensitive to the fasting state. @xpression oagrp mimic mc4r
null phenotype of mice with an obesity syndrome amckeased linear growth.
However, novel features of the melancortin systegnevobserved in the fish. Teleosts
have undergone two rounds of genomic duplicationsind evolution. Several
zebrafish genes studied in my thesis include télgpscific gene duplications;
examples includeagrp, pomc, mc5r, pm¢hmrap2 as well asinsulin-like growth

factor, somatolactinand somatostatin Diverse features of the central zebrafish
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melanocortin system resulting from multiplagouti genes were systemically
addressed in my dissertation. Blockade of MC4Raigg by high levels of AgRP
peptide is essential for rapid somatic growth invda zebrafish. In a significant
departure from the mammalian system, zebrafish AgiR&® POMC neurons are
hypophysiotropic and coordinately regulate the egpion multiple pituitary genes.
agrp2is a teleost-specific agouti gene expressed exalysin the pineal gland that
regulates teleost background adaptation by up-a¢iggl hypothalamipmchgenes.

Moreover, zebrafish melanocortin receptors expressed more broadly than
their mammalian counterparts. In additionn@3r and mc4r, mclr and twomc5r
genes are also expressed in the brain in the Ifisfact, our data suggest thaiclr
may be required for hypothalamipmch synthesis response to pineal AgRP2
projecting neurons.

In mammals, leptin is an adipose derived catof hormone that crosses the
blood brain barrier and regulates hypothalamic AGRIMC neurons. However,
zebrafish has twdeptin genes and the mRNA is found mainly in the livenlikk
agouti genesJeptin is poorly conserved in non-mammalian vertebrates may not
even exist in birds. Further investigation wigptin or leptin receptomull zebrafish is
needed to clarify the respective roles of leptid #re central melanocortin system in
sensing and responding to metabolic state.

Studies of the teleost melanocortin system lsdse provided novel insight into

vertebrate evolution. As we know, most fish specés extremely fecund in
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comparison to mammals. Laboratory zebrafish aduftales spawn hundreds of eggs
per week. Fish embryos develop rapidly. Fertilizegys of most teleosts need only
couple of days to become free swimming animalshWifectively unlimited yolk
nutrients, AgRP seems critical for zebrafish to mte&in maximal somatic growth
within 5-7 days post fertilization. Meantime, inder to avoid predators, zebrafish
developed the pineal-SCN AgRP2 neuronal circuitegulate background adaptation
in larvae, a way to hide themselves in the natuahitats. Thus, the novabgrp2 gene,
and the novel growth functions @fgrp in larval fish may both be adaptations
involved in improving the survival efficiency ofrizal fish. Given the singular nature
of the melanocortin system in coordinate regulatérendocrine function in larval
fish, one may anticipate additional variants in $ggtem, such as the P locus-induced
size morphs in male fish, involved in unique adaptes of lower vertebrates to their
environments.

Small size, rapid growth and visible directretation between linear growth and
endogenous MC4R activity allow us to develop robassays to analyze the
mechanisms of MC4R signaling and regulation. Weaddle to assess positive MC4R
allosteric modulators using low doagrp morphant fish. Non-toxic MC4R specific
drugs simulate the measuraldgrp MO phenotypes with the ability to suppress
normal somatic growth. Indeed, one compound has bgplied to adults and the
capability to suppress food intake in fasted fishsvobserved. Alamar Blue assay

promotes our understanding of melanocortin systerarergy expenditure. Zebrafish
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MC3R, MC4R and MC5Rb are all involved in MSH respior metabolic elevation.
In addition, novel findings of MC4R regulatory meciisms in an in vitro system can
be directly tested in zebrafish. Here we also destrate that zebrafisimrap2ais a
functional allele required for controlling endogesoMC4R surface expression, in
accordance with cell culture results.

My dissertation successfully characterized tlowel functions of two agouti
related genes in zebrafish. Findings of novel gedlearacterizing novel functions of
extra alleles, powerful morpholino based knock-dowgthniques and novel
developed assays to monitor the metabolic statemag&brafish a valuable system to
study the evolutionary aspects of melanocortinesysiThese studies will expand our
views on the diverse regulatory mechanisms of beate melanocortin function and

how animals efficiently utilize them to profit tmesurvival.
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