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ABSTRACT

Nesfatinl, an 82 amino acidanorexigen is encoded in a secreted precursor,
nucleobindin2 (NUCB2). NUCB2 was named so due to its high sequence similarity with
nucleobindinl (NUCB1). It was recently reported that NUCB1 encodes an insulinotropic
nesfatinl-like peptide (NLP) in micelrisin, a muscle protein is encoded in its precursor
fibronectin type Il domain containing 5 (FNDC5) and released into blood from skeletal muscle.
Here we aimed to characterize NLP and irisin in fish, and to study whether these are novel
regulators of feding and cardiovascular functions in zebrafish and goldfish. Western blot
analysis and immunohistochemical studies determined the expression of NUCB1/NLP in central
and peripheral tissuas goldfish. Administration ofat and goldfish NLP at 10 and 100/qgqg
body weight doses caused potent inhibition of food intake in goldfish. NLP also downregulated
the expression of preproghrelin and oreAiMRNA, and upregulated cocaine and amphetamine
regulated transcript (CART) mRNA in goldfish brain. Intraperitongdt) administration of
NLP reduced cardiac functions in zebrafish and goldfish, downregulated irisin, and RyR1b
MRNA expression in zebrafish. Irisin was detected in zebrafish heart and skeletal muscle. Single
I.P. injection of irisin did not affect feedinbut its knockdown using siRNA caused a significant
reduction in food intake. Knockdown of irisin reduced ghrelin and or&xmRNA expression,
and increased CART mRNA expression in zebrabistin and gut. Meanwhilépjection of irisin
(0.1 and 1 ng/d.W) increased cardiac functions, while knockdown of irisin resulted in reverse
effects on cardiovascular physiology. Administration of propranolol attenuated the effects of
irisin on cardiac physiology. Collectively, my research discovered that NLP iaimdnrodulate
food intake and cardiac physiology in fish. Future studies should focus on the mechanisms of

action of NLP and irisin in regulating metabolism and cardiovascular biology in fish.
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Chapter 1

INTRODUCTION

1.1. GENERAL INTRODUCTION

Hormones and naturally occurring proteins play a major role in regulating physiological
processes in animals, especially in vertebrates that possess more complex neural and endocrine
regulatory networkq1-5]. A multiple redundant milieu of endocrine factors is essential for
enegy homeostasi$l, 6]. Food intake, an important aspect of energy balance is under the
control of a number of hormonef-17]. Similarly, hormons modulate cardiovascular
physiology[18-22]. Myocardial function is entirely dependent on the balance between the work
of the heart necessary to meet the requirements of the body and energy required to synthesize to
sustain excitatiortontraction couplind23]. The heart has high energy demands to maintain
cellular processes such asn transport and intracellular €ahomeostasis[23]. During
endurance, the heart has the ability to useentizan 90% of its oxidative capacity establishing a
strong relationship between oxygen consumption, energy homeostasis and cardiac work driven
by ATP-dependent pathway$23-25]. Some hormones ar&ey endogenous players in
maintainingboth energybalanceand cardiovasculdriology. Examplesinclude ghrelin, growth
hormone (GH), adrenocorticotropic hormone (ACTH), orexins, calcitriol, aldosterone and
angiotensin26-30]. In the postgenomic era, a large numbef peptides were discovered and
many of them were found to have roles in energy balance and cardiac physiology. One such

naturally occurring orphan ligand (receptor unknown) is nesfafii, 32]



In 2006, resfatinl (NEFA/nucleobindir2 encoded satiety and fatfluencing proteinl)
an 82amino acid peptide encoded in theé¥minal region ofts precursor, nucleobindi [32,
33] was discoveredNUCB?2 is cleaved by prohormone convertases into three different peptides,
namely nesfatirl (82 aminoacids), nesfati? (85163 amino acids) and nesfain(166396
amino acids), respectivelAmong these peptidesynly nesfatinl has been shown to have a
biological activity. The 3@mino acid miesegment of nesfatifi is considered as the bioactive
core, which has shown to affect appetite, the hypothalapitustary-ovarian axis, and to
modulate intracellular Gasignaling in mammal§34]. Upon its discovery, nucleobindih was
given its name due to its high sequence similarity to another secreted protein, nuclebbindin
(NUCB1). NUCB1 has been locadid in the stomach, testis, ovary, adrenal glandg38t.Our
lab, for the first timeproposedhe possiblepresenceof an endogenousesfatinl-like peptide
(NLP) in mice andreportedits insulinotropic actioron mice pancreatic beta celldUCB1 has
been shown to have a vital role in maintaining Cla@meostasis and interact withggoteins
and cyclooxygenasg86-38]. Chapters 2and3 of this thesigprovide nwel information on NLP

in regulating feeding and cardiac physiology

A second example of an orphan ligand known to be involved in the physiology of mammals
is irisin, an exercisanducedmyokinecleaved fromits 212 amino acigbrecursor fibronectin type
1l domain containing SFNDC5) [39-41]. FNDCS5 is regulated byeroxisome proliferater
activated receptor gamma coactivatealpha(PGG1 alphg, which forms an integral part of the
muscle posexercise and causes an increase in energy expenditure in maj8gjaBGGC1
alphais a transcriptional cactivator that plays an important role in regulating mitochondrial

function and oxidative phosphorylation. P@Glpha is a major regulator of adipocyte browning



and thermogenesigl2-45]. Processing of FNDC5 by PGCalpha triggers the releasf irisin

into circulation [39, 46] In zebrafish, irisin promotk angiogenesis and modulates matrix
metalloproteinase activity through thextracellular signdlreguated kinase(ERK) signaling
pathway[47]. In mammals, intrdaypothalamic injection of irisin (5200 nmol/L) decreased
feed intake and upregulatecbcaine and amphetamine regulated transc(@ART) and
proopiomelanocortin(POMC) mRNA expression[48]. Intraperitoneal injection of irisin
suppressed feed intake and modulated appetite regulatory peptides in ddeifisbhapter 4
reports irisin regulation of feeding and feeding regulatory peptides in zebrafish. Meanwhile,
chapter 5 describesirisin effects on cardiac parameters and muscle proteins of interest in
zebrafish. In an effort to further our understanding on how irisin modulates cardiac physiology,
we studied the role of adrenergic signaling in modulating CV effects of irisin, anavtink is

detailed inchapter 6 of this thesis.

This review is primarily focused on the regulation of food intake and cardiovascular
physiology, two focus areas of my thesis research. Due to the extensive list of hormones that
regulate both processes, only selected factors known in fish, and studieg research are

discussed in detail.



1.2.FEEDING AND METABOLISM IN FISH

Food intake and nutrient composition determine fish metabolism and gfé®th51]
Metabolic hormones, and the growth hormone insliltia growth factor (GHIGF) axis regulate
feeding, metabolism and growfb2, 53] Nutrient availability and proper endocrine signalling
help organisms maintain metabolic homeostasis. The following sections will elaborate on the

importance of hormmes and nutrient requirements in fish metabolism.

1.2.1. Hormones that Regulate Feeding in Fish

Feeding and metabolismin fish are tightly interconnected procesdds, 54, 55]
Nutritional factors gained through feeding, the metabolic processing of food, and the partitioning
of energy substrates are essential to maintain reproduction. ddiadeegulatory and metabolic
hormones mainly act on the hypothalamus, the main metabolic control center of thid Brain
The hypothalamus is the primary certeait play an important relin modulating feed intake, by
regulating nutrient sensing systems that modulate energy metabolism directly or indirectly
through endocrine factof&7, 54, 55] Other regions of the brain including ventral telencephalon
and gustatory nucleus also play an important role in fed8igand olfactory tract lesions were
found to reduce feeding in telés$56, 57]. Regulation of feedingnd metabolism[17, 58]in
fish occur through an intricate, redundant and multifactorial hormonal miltarmones that

stimulate feeding are named orexigens, while those that inhibit are anorexigens.

Metabolism pays an important role in energy homeostasis and appetite behavior in both
mammals and nemammals. The regulation of metabolism involves integration of endogenous

and exogenous factors that provide adequate supply of energy to carryout biological processes



The endocrine system produces hormones and coordinates the activity of organs. Hormones,
primarily act on the brain, mainly hypothalamus to produce key factors that regulate feeding
activity in vertebrate§l7]. In fish, there are numerous peptide regulators of appetite regulation,
including neuropeptide Y (NPY), ghrelin, orexfn proopiomelanocortin (POMCyocaine and

amphetamineegulated transcripfGART) and nesfatii.

Neuropeptidey (NPY), a 36amino acid orexigen, has been identified in a large number
of fishes with strong expression identified in pituitary, pancreas, intestine and nervgSthers
63]. Intracerebroventricular jaction (ICV) injection of NPY stimulated food intake in goldfish,
salmon and catfisf64, 65] In goldfish, administration of NPY stimulated food intake, while
food deprivation caused an increase in NlBRRNA in the hypothalamuf66, 67] Meanwhile,
re-feeding after 7zh reversed the effects of food deprivation on brain NPY mRNA in goldfish
and catfish[62, 67] Exposure to high carbohydrate or fat diets exhibited changekei

expression of NPY in brain suggesting a strong relationship between NPY arid tst$68].

Ghrelin, a gut hormone has been identified in numerous fishedbd®ws shown to
stimulate food intak§8, 69, 70] The physiological functions of ghrelin is exerted by binding to
the growth hormone secretagogue recefpto(GHs-R1a/ghrelin receptof)/1]. Ghrelin mRNA
has been widely expressedfish gut and also moderate levels in the bf@R74]. The cDNAs
of ghrelin receptor has been identified in pufferfish and seabream and are highly expressed in the
pituitary and brain[75, 76] Central and peripheral injections of ghrelin resulted in the
stimulation of food intakein goldfish[73, 77] In goldfish, 7 days of food deprivation increased

preproghrelin mRNA expression in the hypothalamus and gut. Increased levels of ghrelin



modulated liver glycogwmlysis in burbot during spawnirgg burbot[78]. These results suggest a
major role for ghrelin in feeding and energy metabolism in fish. Other physiological functions of
ghrelin include GH release from the pituitary, glucosgulation and lipid metabolism, and

cardiovasculaeffects in fish79].

Orexins/hypocretins, are neuropeptides that contains two forms, @exiidl orexinB,
both cleaved from the same precursor, preproorg2dn 80] In fishes, mMRNAs encoding the
precursor, preproorexin have been identified in pufferfish and zebf&fis82] In fish, orexins
possess modulatory effects on varioupedjpe regulators such as NPY, galanin (GAL) and
CART [29, 83] In fish, high doses of orexin A stimulated NPY expression and increased food
intake indicating that NPY and orexikare dependent on each other in affegfeed intake and
feeding behavior in goldfis§84]. Administration of CART and leptin inhibited orex#
induced feedig, suggesting a functional interdependence between orexin and anorexigenic
peptides in controlling energy balance in tele¢$is 85] Other physiological roles of orexins
include regulation of wakefulness, hyperphagia, sleep cycles, daily rhythm, locomotor activity

and energy homeostasis in goldfish and zebr§fish82, 86]

POMC, which encodes melanocyte stimulating hormone (MSH) is a0 acid
neuropeptide sece by the corticotropic cells of the anterior pituitary as well as by
melanotropic cells of pars intermedia in teled8]. In fish, POMCencodes for number of
MSHs: a- MSH andb-MSH in bony and cartilaginous figB8-92]. In goldfish, POMC neurons
have been widely distributed within the lateral tuberal nucleus and central administration of

MSH receptors suppressed feeding intake ith@4r food deprived goldfishn a dose dependent



manner[89]. a-MSH suppresses food intake, modulates lipase activity and enhances energy

expenditure in fisi87, 89, 93]

CART is an anorectic neuropeptide encoded in either aafrfiio acid preCART or a
120-amino acid preCART in goldfish[11]. In goldfish, CART mRNAs are widely expressed in
brain, pituitary and other peripheral tissues such as eye, gonads and [Hidn&4] Food
deprivation caused a decrease in CART mRNA levels in the hypothalamus, and CART Il mRNA
expression in thelfactorybulbs[94]. ICV injections of CART (6276) decreased food intake in
goldfish [11]. CART (55102) injection decreased NPY and oreArmRNAs and suppressed

feeding in fisn94].

Nesfatinl, an 82amino acid peptide encoded in nucleobir®ins an anorexigenic
peptide shown to reduce feeding and regulation of hypothataituitary ovarian axisin mice
[34]. Nesfatinl is processed from precursor nucleobir2liiNUCB2) and in fish two isoforms
of NUCB2 have been identified (NUCB2A and NUCB2PB)%]. NUCB2A mRNA has been
widely expressed in brain (hypothalamus), liver, gonads, liver and hepatopancreas of goldfish
and Ya fish[95, 96] In goldfish, nesfatifl was detected in the hypothalamus localized in the
nucleus lateralis twdyis (NLT) by immunohistochemical studi¢85]. Peripheral or central
administration of nesfatit suppressed feeding and affected appetite regulatory peptides such as
orexinA, and ghrelin suggestinghanorectic and metabolism role in goldf[{SB]. Post feeding,
NUCB2A mRNA expression was increased in the intestine and hypothalamus, while upon food
deprivation or short term fasting, NUCB2A mRNA eggsion was found to be increased in the

hepatopancreas of goldfi$@5]. In zebrafish, nesfatith is expressed abundantly in the liver and



anterior Gl tract. NUCB2/nesfatitr like immunoreactivity iexpressed in zebrafish gut and co
localized with ghrelin[97]. Food deprivation for a period of-days resulted in decreased
NUCB2 mRNA in zebrafish gut, brain and liver, supporting evidences that nekfatissess
anorexigenic roles in fishg97]. In addition to the hormones that regulate feeding and energy
metabolism, ntient availability is required for the adequate supply of energy to maintain

metabolic homeostasis.



1.2.2. Nutrient Requirements

Nutrients are classified as organic compounds that are essential for any living organism
to support reproduction, growth and maintenance of life procg98¢sThe availability of
nutrients is critical to support cellular energy requiremgd®. Nutrients can be divided into
two subclasses: macronutrients and micronutrients. Macronutrientaréner fclassified into
carbohydrates, lipids and proteins/amino acids, while micronutrients are composed of vitamins
and mineralg100]. Nutritional requirements are species specific, and are determined by various
external and internal factors including environmental conditions, growth, araluepive status
of the organisnf101]. Dueto thediet and feeding studigacluded inthis thesis research, we
will briefly discusshow macronutrients and micronutrients are essential for fish metabolism,

growth and reproduction.

1.2.2.1 Macronutrients

Proteins are dietary macronutrients that are essential for growth, fish digestion and other
life processes. All cell types contain proteins, and synthesize proteins throughout their life cycle.
The requirement of protein is highest for young growing arsiraatl gradually decreases as they
mature due to the fact that adequate amount of proteins is only required to maintain body tissues.
Proteins are digested or hydrolyzed and released as free amino acids which form an essential
component of the diet of allnanals to supply energyl02]. Amino acds are essential
components of nutrients required by all animals to build new proteins responsible for growth and
reproduction and replace existing proteins to maintain homeostasis. In addition to these, some
proteins are enzymes that play a vital rolecatalyzing various reactions, muscle metabolism

and transport of nutrients and oxygen across membfa8e$03]



In fish, carbohydrates stored as glyengis vital for the organism tmeet energy
demands whenever necessdrye energy source in carbohydrates is glucose, a monosaccharide
(6 carbon atoms) that is important for the regulation of metabolism in vertebrates. The
availability of glucose requireéor cellular processes is met by ingestion of glucose by the
organism, or by its breakdown from stord@®4, 105] In recent years, various studies in fish
have been demonstrated the discovery of glucose sensing mechanisms in endocrine tissues
including thehypothalamus, pancreatic endocrine cells and integbjeln fish, the presence of
glucokinase dependent glucosensors regulate feed insakbmodulate appetite regulatory
peptides [104-108]. Brain areas that secrete AgRP/NPY and POMC neurons express
glucokinasesuggesting an intiémk between glucosensors and appetite regulatory neuropeptides
in fish [109]. With respect to energy metabolism, central administration of glucose resulted in
increased glucokinase activity inetlBrockmann bodies (centre where pancreatic endocrine cells
are located in most fish species) of rainbow t{@d0]. Similarly, in zebrafish, exposure to high

glucosestimulated thegeneexpression of insulifil11].

Lipids (fat) areenergy rich fatty acidgompounds that are used as a substitute for protein
in most aquaculturéeeds. In fish, lipids are considered as the main nutrient component that is
responsible for regulating various physiological processesssary for growth and reproduction
[112]. In fish diet, lipids constitute around -PO % consisting of essential fatty acids, serve as
energy providing nutrients necessary to allow protein to be efficiently utilized for fish growth
and metabolism and avoiding excessive lipigatgtion in fish tissues. Lipids include fatty acids
and triglycerols. Fish requires omegaand omega 6 (B; n6) fatty acids. Fatty acids can be

grouped as saturated fatty acids, polyunsaturated fatty acids (Pdr@éhighly unsaturated

1C



fatty acids (HUFA). Several studies have shown the role of fatty acid in regulating feed intake in
fish. In rainbow trout and grass carp, fatty acid sensors have been detected in the hypothalamus,
the main metabolic centre of the brain that regulate feeding intake @atatem in fish[113,

114]. In rainbow trout, fatty acid sensohave been reported to decrease lipogenic and fatty acid
oxidation. In rainbow trout, use of lipolysis inhibitors led to the inhibition of fatty acid sensing
systems, decreased fatty acid levels and inactivation of hypothajataitary-interrenal axis

(HPI axis)[115].

1.2.2.2 Micronutrients

Vitamins are organic compounds that are important components of the fish diet for
metabolism, growth and health. These organic compounds are not synthesized by the animal and
must be supplied as part of the diet. The omission of a single vitamin fronethod the species
might result in vitamin deficiency, ultimately leading to mortality. Vitamin deficiencies lead to

retarded growth, improper bone mineralization, scoliosis and reduced growth and appetite.

Minerals are classified as inorganic compouimdthe diet that play a significant role in
various body functions including bone formation, regulation of cellular metabolism and acid
base balanc§l16]. Minerals are grouped into macrominisrand microminerals based on the
requirement in the diet and amount present in fish. Macrominerals include calcium, sodium,
phosphorus, chlorine and magnesium that regulate extracellular osmotic balance, maintaining
osmotic pressure and development ofdatructure. Microminerals include iodine, zinc, iron

and manganese play an important role in absorption and transport of nutrientskishsl can
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absorb many minerals by the process of osmoregulation through their gills and skin, thereby

avoiding mneral deficiencies through their d[at16].
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1.3. CARDIOVASCULAR PHYSIOLOGY IN FISH

Heart is the first organ to develop and function during the embryonic development in
vertebrates. The delpment of heart begins with the growth of myocardial and endocardial
progenitor cells (atrial and ventriculdd)17]. The atrial progenitor cells are localized ventrally
when compared to the ventricular gemitor cells[118]. Devebpmental size of the myocardial
progenitor cells is restricted by retinoic acid signaling path{td®]. Heart pumps blood to
different tissues across the body to provide adequate nutrients and supply of oxygen, and also to
remove waste matials. The wall of the heart is subdivided into three layers, the epicardium,
myocardium and pericardium. Human heart consists of atria (left and right), ventricle (left and
right), aorta, vena cava (superior and inferior), pulmonary arteries and veinandl right),

mitral valve and tricuspid vald 20].

Fish heart exhibits slightly different anatomical structure when compared to mammali
heart, and issubdivided into four chambers: sinus venous, atrium, ventricle and bulbus
arteriosus. The fish heart is also comprised of cardiac muscle and elastic fi2ddle
Ventricular layer of fish heart is single chambered constituting inner spongiosa layer and outer
compacta layer. Atrial wall of heart is contractile athih layered containing afferent and
efferent arteries, where the former has a thick wall and facilitates transport of blood from heart to

gill tissue while the latter transport blood from gills to different parts of the [ddhy}.

Circulatory system in fish is closed with slight variation in its characteristics depending on

the species. In this type of circulatory system, the deoxygenated blood enters into the right

atrium (systemic circulation) from theinus venosug27]. The blood then enters the right

13



ventricle wherein it is pumped out (pulmonary circulation) through the pulmonary artery. The
blood in the lungs receives adequate supply of oxygen and enters tragrileft through
pulmonary veing27]. The blood then enters into the left ventricle via mitral valve and into the
bulbus arteriosus=rom thebulbus arteriosyghe oxygenated blood passes through arteries and
capillaries to reach various cells, whileetdeoxygenated blood enters into the right atrium to
repeat the whole procesgentral aortatransport deoxygenated blood from the aorta located
ventrally onto the gills, while thelorsal aortaassistsin transporting oxygenated blood to the

aorta and coulated to the different parts of the body.

The electrical signaling of the heart is mediated thg sinoatrial node (SA node),
atrioventricular node (AV nodegand Purkinje fiber bundles. Atrial contraction is activated by
the signals originating fromhé SA node. The signals are then conducted to the Purkinje fiber
bundles that are present in the ventricular walls of the heart causing an action potential. This
action potential results in the myocardial wall to undergo ventricular contraction. Systode is
period when heart undergoes contraction, regulating heart to pump blood, while diastole is
defined as the period when heart undergoes a relaxation state allowing the filling of heart
chambers and therefore continuing cycle of systole and diastolesyltelic and diastolic
volumes of the heart are functions of atria and the ventricles. Stroke volume (SV) is defined as
the volume of blood pumped from the left ventricle duritfge contraction (systole) and
relaxation (diastole) state of the heart. S¢radolume is obtained by subtracting end diastolic
volume from end systolic voluni@l, 122] Heart rate (HR) is calculated by the number of heart
beats per minute. Cardiac output (CO) is defined as the amount of blood that is pumped out by

the ventricle per minute, and is calculated by multiplying stroke volume and heart (SV*HR).
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Stimulation of cardiomyocytes results in the opening of voltage gated calcium ion channels
causing an influx of calcium ions from the extracellular matrix resulting in release?ofo@a

from ryanodine channel$ollowed by muscle contraction at the hedrt. addition b that,
sarcoplasmic ATPase pump is responsible for resequesterfiigo@zk into the sarcoplasmic
reticulum, thus causing muscle relaxatidhese actions show the role of calcium ions in playing
an important role in contraction and relaxation of hearsateutissue. As these are among the
aspects studied itis thesis research, we will briefly discuss the nenangsendocrinsystens,

and calcium bindingnoteins and their involvement @V functions[21, 123127].
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1.3.1. Nervous Regulation of Cardiovascular Physiology

In vertebrates, the cardiac contraction, control of vascular resissanedated by the
input from the autonmic nervous system (ANS; parasympathetic and sympatH&8) 129]
The ANS is comprised of sympathetic and parasympathetic syft8Msl31] The sympathetic
nervous system is initiated when body receives signals for emergency responses (flight or fight
response). The cardiac sympathetic nervous system is mediated in the ANS when body
underges stresg§27, 130] The preganglionic neurons arising from the sympathetic nervous
system is localized at the upper thoracolumbar region of the spinal cord. The preganglionic fibres
exit the spinalnerves through white rami branches followed by entry into the sympathetic
ganglia. The cardiac neurons form the sympathetic ganglia are located along the visceral column
(paravertebral ganglia with projecting into the postganglionic neurons). In ordexdiatenthe
activity of the sympathetic nervous system, sympathetic neurotransmitters are involved.
Sympathetic neurotransmitters are substances that are released into the synaptic cleft in response
to action potentials by transmitting signals from one owealr cell to the target cell across the
synaptic barrier. During this process, the preganglionic neurons of sympathetic and
parasympathetic systems secrete ACh, referred to as the cholinergic system, while the
postganglionic neurons of the sympathetic pass system secretesorepinephrine(NE),
released from the enterochromaffin cefslrenergic receptors are composed of two typdbi,
b2 andbs) anda (a1 anda>) adrenergic receptof7]. Amongst the two adrenergic receptdrs,
adrenergic receptors are predominant in the myocardium constituting8@%@Svhen compared
to b2 (15-18%) andbs (2-3%) receptor$27]. b1 adrenergic receptors are abundantly expressed in

the SA node, X node and cardiomyocytes while the adrenergic receptors are localized in

smooth muscle and skeletaluscle The role ofb receptors increased heart rate, thereby
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increasing contractility rate and intracellular Caelease by the sarcoplasmic reticulum

response to norepinephrine adtenaline

The parasympathetic nervous system is generally responsible for the basal organ system
function. The regulation of parasympathetic nervous system plays an antagonistic role in cardiac
function[27]. The peganglionic neurons associated with the parasympathetic nervous system is
expressed from the neurons located in the mid brain region and medulla obl@1gat&2,

133]. The preganglionic fibers innervate the organs of the thoraxuppdr abdomen, which
carries around 75% parasympathetic nerve fibres passing to the heart and other peripheral
organs. These fibers synapse with the ganglion, and then reach the target organs via short
postganglionic fibers[27, 128] The predominant neurotransmitter of the parasympathetic
nervous system is acetylcholine (ACh). ACh bind to two types of receptors namely, nicotinic and
muscarinic receptors. Nicotinic receptarse expressed between the pre and post ganglionic
synapses of thesympatheticand parasympathetic nervous system pathwi@g 132]
Neuromuscular junctions located between the skeletal muscle fibers are nicotinic and elicits
rapid, excitatory response upon activation. Muscarinic receptors are expressed at the membrane
ends of posganglionicparasympathetinerves and chiolergic sympathetic nerve fibers and are
classified into two types: Mand M [27, 134, 135] M2 receptorsare widely expressed in the

heart tissue with abundant expression in nodal and atrial tissuesmans Binding of M
receptors to ACh results in lowering heart rate, reducing conduction velocity via AV nede. M
activation results in decreased contragtitates causing reduced stroke volume, heart rate and
cardiac outpuin mammalg27]. Msreceptors are expressed in vascular endothelial cells and its

activation results in dilatation of the vesselsd causes endothelium dependent release of
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prostadandins [132, 136, 137] In contrast to the functions of sympathetic nervous system,
parasympathetic nervous system has moderate @ffiecardiac function. The parasympathetic
system effects on cardiac function and contractility are negative chronotropic effect (lower heart
rate), negative inotropic effect (reduced myocardial contractility) and negative dromotropic
effect (decreased condtion velocity)[27]. How important are these systems in the regulation of

cardiovascular system in fish?

A large number of studies have been performed to understand the autonomic control in
teleost fish. The teleost heart receives a dual autonoméviation from the adrenergic fibers
and cholinergic fiberfl28]. Adrenergic fibers are highly expressed in the teleost heart, reach the
heart via vagus sympathetic trunk, along the coronary arterieara@doral spinal nervgd 28,
138, 139] In mammals, the neuronal catecholamine is noradrenaline, when compared to both
adrenaline and noradrenaline released by the adrenergic neurons in f@RR)sts addition to
these catecholaminebind to b-adrenoceptors within the myocardium exerting positive inotropic
as well as chronotropic effects on teleost h§H28]. On the contrarya-adrenoceptors have
been shown to mediate a negative chrmyt effect on heart in perch and cgtgd0, 141] In
fish, the inhibition of these fibers is facilitated by the release of acetylcholine that binds to
muscarinic receptors ithe hear{139, 142, 143]Heart rate of teleost fish is also affected by a
tonic input by adrenergic and cholinergic control systems. The balance between the cholinergic
and adrenergic tone of the heart plays an importastin heart rate variability, indicating the

function of spinal autonomic and cranial cholinergic influence on the teleos{vdt
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The vasculature of the teleost fish heart is innervated by the adrenergic heanelss
adrenoceptors resulting in vasodilatidr28]. In Atlantic cod, the administration of adrenergic
nerve blocking agent, bretylium showed that the systemic adrenergic tone is dominated by the
neural mehanisms of the autonomic nervous system over the circulating catecholidifes
148]. However, few studies have showvrat stressful stimuli to the fish might result in increased
levels of catecholamines to increase the vascular resistance and arterial blood [ir43uf@n
the contrary, several fish studies have reported the impertafcthe catecholamines in
controlling the venous vasculature in teleo$id0]. Administration of adrenaline and
noradrenaline increased central venous blood pressure and circulatory filling presewe
and it is partly mediated by adrenergic nerves in rainbow {i&#153]. The control of the
branchial vasculature in teleosts involves both adrenergic and circulating catecholamines and
also cholinergic, serotonergic and neuropeptidetaining nerves[154, 155] Adrenergic
innervation projects via arterenous pathway whera-adrenoceptors dominate, and also in
afferent filamental artery and the sphincter region whereib-th@renoceptors play an important
role in assisting the adrenergic innervation of the branchial vascula88g154, 155]During
this mechanism, the circulatory blood flow in thranchial vasculature favors the arteaiterial
pathway (respiratory) and restricts the blood flow from the artesimus side (nutritive)
enabling the circulatory catecholamines to play an important role in control of the gill circulation
than the sytemic circulation[154, 155] In addition to these, cholinergic receptors constrict the

efferent filamental artery sphincter by binding to the muscarinic receptors in t¢leagt455]

In addition to its role on the control of cardiac function in teleost fish, a positive

relationship between the nervous system and the gastrointestinal circutafish have been
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studied[156]. Adrenaline increased the rate of vascular resistance in the Gl tract of red Irish lord
(Hemilepidotushemilepidotu} [157]. In Atlantic cod, administration ofasoactive intestinal
poypeptide (VIP)decreased the rate of resistance in the coeliac vascular bed whereas the
mesenteric vascular resistance at the Gl tract was unchbg@d The autonomic nervous
system in fishduring cardiovascular reflexes is controlled by both internal and external
environments such as chemoreceptors (pH and oxygen levels), baroreceptors (vasculature walls)
[139]. The activation ofthese receptors have shown to have a positive effect on the output of the
autonomous nervous system in restoring the homeostasis ifl88h However, the role of

these receptors is to affelslood pressure, hypoxic conditions and feeding in fis39, 142]
Transient preoranchial oclusion in fish resulted in tachycardia, increased aortic blood pressure
and circulatory filling pressure, while pestanchial occlusion caused bradycar{li&9]. In

trout, pretreatment with prazosin resulted in increased circulatory filling pressure and blood
pressure during prieranchial occlusn thereby stating the role af adrenergic mechanisms in
controlled arterial and smooth muscle tgh8&3, 159, 16Q] Upon atropine administration, the
chronotropic response was completely abolished showing that the modutdtimagal
cholinergic tone was responsible for the cardiac function and alterations in blood pressure
trout [153, 159, 16Q] Increasedcholinergictone reduced heart rate during hypoxia in teleosts
and elasmobranch$43, 147, 161, 162]The reduction in the heart rate is entirely dependent on
the magnitude obradycardia. During hypoxia, there is an increase in the central venous blood
pressure showing an active compensatory response in cardiac filling to increase the stroke
volume in teleost fishgd 59, 163, 164]In addition to these, hypoxia increased the resistance in
the gills of troutin vivo due to the increased cholinergic tone on the efferent filamental artery

sphincte{165, 166]
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Several studies have shown that feeding behaviour in fish have elevated the levels of the
cardiovascular functions and gut blood flfid8, 156, 167, 168])Gastric distension after a meal
in rainbow trout (equivalenio 2% of body mass) and shorthorn sculpiri(86 body weight)
resulted in increased vascular resistance and dorsal aortic blood p{@8Sure70] In addition
to these, préngestion of diet resulted in an increase cardiac output, stroke volume and Gl blood
flow in rainbow trout[170]. In conclusion, fish represents the most diverse group of the
vertebrate family, where the autonomic nervous system plays an important role in controlling

their cardierespiratory system.

Numerous studies repged the mechanism of autonomous nervous system in cardiac
functions by applying b-blockers. b-blockers are subdivided into first generation
noncardioselective agents (propranolol, nadolol, oxprenolol, timolol and penbutolol) and
cardioselective agents (atenolol, metoprolol, betaxolol, esmolol and nebijdi@]) Over the
last decade, several researches have showed the importance of adrenergic blotkers in
treatment of cardiovascular diseadeslockers have been widely used as drugs in the treatment
of hypertension due to its ability in controlling the blood pressure under varying physiological
conditions[172]. In addition to thesdy-blockers, especially propranolol, have also been used in
combination with vascular smooth muscle relaxation drugs such as hydralazthe a
dihydralazine during the treatment of hypertengibr3]. b-blockers are also positive effectors
in the treatment of angina pectoris (lack of adequate blood supply to heart muscle). The
administration ob-blockers (propranolol, atenolol) have shown a positive effeldvering the
heart rate, reducing the myocardial oxygen demand and increasing the diastolic duration,

resulting in increased coronary artery flpiw4, 175] Various studies have shown the positive
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effect of bisoprolol, carvedilol, metaprolol and nebivolol causing reductions in morbidity and
mortalities in chronic heart failure subje¢1¥6-179]. In humansb-blockers were widely used

as drugs to treat post myocardial infarction and arrhythf® 181] In fish, administration of
adrenaline elicited an increase in the arterial pressure resulting in bradymaatitivating the
parasympathetic system whjatould then bélocked by atroping160, 182184]. In zebrafish,
exposure to propratm (2.48 mg/L) and metoprolol (50 mg/L) decreased heart rate and
increased apoptos|485]. In trout, administration of BRdzz44 (b3- adrenergic receptor agonist)
increased heart rate and reduced stroke volume, while administration of propranolol increased
the dorsal aorta blood press{it86]. In zebrafish and Japanese medaka, exposure of propranolol
(0.1 pg/L) decreaseleart rate and impaired cardiac improvement afterot4 fost fertilization

(zebrafish) and at 68,116 and 163uhpost fertilization (Japanese medaKke§7].
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1.3.2. Hormonal Regulation of Cardiovascular Functions

The regulation of cardiac function is also influenced by the action of hormones and
naturally occurring ligads. The primary hormones that are released from the heart are atrial
natriuretic peptide (ANP) and braimatriuretic peptide (BNP). ANP is secreted, stored and
released by the atrial myocytes and are also expressed in the brain, renal glands and along the
ventricular layers. The release of ANP from the heart is initiated bgaarenergic stimulation,
increase in angiotensin Il and endothelin levels, hypernatremia and distension from the atria
respectively{188]. Physiological role of ANP is to reduce blood pressuaeincreased loss of
Na in urine therebyeducing systemic vascular resistance and exhibits cardioprotective effects
[189]. BNP on the other hand, is produced by ventricular cardiomyocytes and exhibit
physiological roles similar to that of ANP in regulating cardiac functj@@0]. Other
hormones/facts that modulate cardiac function include ghrelin, nesfhtand glucagon like
peptidel (GLP-1). Ghrelin, a gut hormone has been shown to play important roles in the
regulation of cardiovascular, skeletal and immune syqte®d]. Administration & ghrelin
resulted in improved cardiac systolic dysfunction in rats with heart fajil92]. Longterm
exposure of ghrelin resulted in enhanced cardexformance by stimulating cardiac output and
stroke voluman rats[192]. Ghrelin also decreased the levels of norepinephrineadrehaline
thereby #ecting the sympathetic nervous system and increasing the efficiency of the heart

function[193], suggesting its role in regulating cardiovascular function in rabbits.

Nesfatinl, an orphan ligand and anorexigenic peptide has also shown to be a key

regulator & cardiac function in mammals. Administration of nesfdtiprotected the myocardial

tissue in rats treated with isoproterenol via AkT/G3Kdependent mechanisfi94]. ICV
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injections of nesfatil increased plasma catecholamine levels, stimulated vasopressin and renin,
and enhanced sympathetic activiiy95]. In zebraish, nesfatinl immunoreactivity [R) was
detected in the cardiomyocytes and administration of nesfatesulted in cardiosuppressive
effect decreasing heart rate and cardiac oy®lit Glucagon like peptidé (GLP-1), another

gut hormone is expressed in cardiomyocytes and snrmo$iclein mice[18]. Administration of

GLP-1 resulted in reduction of ischemia injury and improved contractility function, reduced
blood pressure, and GLPis expressed throughout the cardiovascular system in[&8céd.96,

197]. In eel, GLP enhanced the atrial beatimgl @ontractile force in a dogskependent manner

[198].
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1.3.3. Calcium Handling and Muscle Proteins in Heart

Calcium handling is a critical aspect in cardiac funcf®8-201]. My research focused
on two proteins that are shown to play important gafe calcium handling, SERCA2a and
RyR1b. Sarco/Endoplasmic reticulum “Cgppump (SERCA), a calciushandling pump is
involved in muscle relaxation by the uptake of calcium ions. Contraction is mediated by the
release of calcium with the help of ryanodine receptors, whereas the relaxation occurs by the
uptake of calcium ions mediated by SERCA pump, stating that 8HRE the ability to restore
calcium to maintain contractierelaxation cycles. Three genes encoding SERCA, SERCAL,
SERCA2 and SERCA3 have been identified in vertebr§2€2-206]. The expression of
SERCAL is found in fagwitching skeletal muscles, SERCA2 encodes SERCAZ2a, abundantly
expressed in cardiac and slow twitching skeletal muscle, and SERGé#&bin manymuscleat
relatively lower level§205, 207] SERCAS3 protein is abundant in raruscular tissues. The
physiological role of SERCA pumps has been widely studied in human and animal models in
response to heart failure. Heart failure has been identified to have strong association with
sarcoplasmic calcium uptake levels and intracellular calcium concentrations. The restoration of
C&* mediated transport system by increasing the expression of SERE found to be critical
for maintaining cardiac functiorf202]. In zebrafish, SERCA protein has been shown to play an
important role in cardiac development and function. Another protein of interest is the ryanodine
receptor 1b (RyR1b), which belomi¢p a family of intracellular Ca2+ channels that encodes
sarcoplasmic reticulum known to regulate entry of calcium ions into the cytosol membrane from
the intracellular organelles. Three RyR genes (RyR1, RyR2, RyR3) kaveidentified. RyR1
and RyR2 are primarily expressed in skeletal and candiesrleand RyR3 is expressed in other

peripheral tissues. The physiological role of RyR is to stimulate the release of Ca2+ during
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excitation and coupling. In zebrafish, RyR Hasen shown toegulate Ca2+signals during

embryonic development in zebrafish.

Muscle proteins also play a vital role in regulating cardiac development and function. Our
research studied the effects of irisin and NLP in regulating muscle proteins igcRGIG 1
alpha, myostatin, troponin and tropomyosin. RG&lpha an exercise dependent hormoisean
important factor that helps muscle adaptation to endurance exg@@&eIn mice, deletion of
PGG1 alpha resulted in reduced musakevelopment and functionalityand increased
inflammation. Myosatin, a member of théransfaming growth factor beta familis a secret
signalling mediator that playen important role in suppressing the conversion of white adipose
tissue to beige/brown adipose tissue in hum@@®, 210] In mice, cletion of myostatin
resulted in increased cell mass, decreased body fat deposition, increased insulin sensitivity,
increased fat oxidation and protectirom obesity{211-213]. Deletion ofmyostatin increased
the expression of AMPK, PGCL1 alpha and FNDCS5, leading to activation of browhfiagyin
mice [213]. Myostatins have shown to hawe regative effect on satellite cell growth and
postnatal myogenesis in zebrafigi4]. In rainbow trout, cortisol treatment elevated levels of
myostatin2a in muscle determining a positive relationship between the myostatins and cortisol
levels in fish[215]. In addition to that, cortisol treatment elevated the levels of myosihtin
MRNA in muscle of Brook trout and myostala mRNA expression in muscle of Atlantic
salmon[216]. Troponin, a complex protein consisting of troponin C, troponin | and troponin T,
is abundantly expressed in cardiac and skeletal muaate plays an important role in muscle
contraction[217]. Cardiac troponin C is a primary determinant of card@mutractility since it is

a calcium binding protein that directly mediates responses to the amount of intracellular calcium
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released in the hedi218]. On the other hand, cardiac troponin T is a kediator protein that
binds the troponin complex to tropomyosin to mediate controlled interaction between actin and
myosin filaments in the myocardial cells of the hdait9]. Overexpression of troponin T has
resulted in myocardial damage and its release into circulation from damagkomyocytes is
currently used as a biomarker for diagnosing acute myocardial infaft8anit is possible that
myostdins and troponinsontribute to theeffects on cardiac and metabolic physioloigy
zebrafish The list of endocrine factors regulating cardiovascular physiolgy feedingis

graduallygrowing.
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1.4. NOVEL REGULATORS OF FEEDING AND CARDIOVASCULAR

FUNCTIONS T FOCUS OF THIS THESIS RESEARCH

In vertebrates, the regulation of appetite, cardiac function, metabolism and homeostasis
occurs through complex interactions of brain and peripheral sigit¥gl220] Neuropeptides and
neurotransmitters located in the brain, mainly the hypothalamus regidateng and
homeostasis, while the peripheral signals including adipokines and cytokines play a vital role in
regulating homeostatic signalling pathways in mammals and verteb@iés Hormones
primarily act on the hypothalamus, known as metabolic centre of the, boaregulate and
modulate fish metabolism, cardiac function and feeding sfafjsWhat are the hormonekat
relayfeeding status tthebrain? Do these hormones have any moleardovascular physiology?
These questiorarestill being addressedh the last decade several novel peptide horm{8tds
were discovered and various attempts were made to elucidate their physiologisahmdl
mechanisms of action. While majority thfesestudies are done in mammals, limited information
is also available from fish. Some of thaturally occurring hormonrkke moleculesof interest

are nesfatiril-like peptide (NLP) and irisirwhich will be the focus athis thesisresearch.
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14.1. NESFATIN-1-LIKE PEPTIDE

NLP is encoded in NUCBINucleobindins (NUCB1 and NUCB2) are a class of multi
domain Ca2+ and DNA binding proteins that play an important role in cell sign2iatj.
Nucleobindins are multifunctional proteins and are proposed as precursors of bioactive
regulatory factor4220]. Human NUCB1 and NUCB2 are remarkably conserved (62% amino
acid identity) within their bioactive regions (58 amino acids)221-223]. In fact, NUCB2 was
named so due to its high sequence similarity with NUGBR006, a novel anorexigen named
nesfatinl (NEFA/nucleobindir2-Encoded Satiety and Fhatfluencing protéN-1), an 82 amino
acid anorexigenic peptide encoded in thegeNninal region ofNUCB2 was reported32].
NUCB2 is cleaved by prohormone convertases (H® and 2) producing three peptide
fragments, of which nesfatih is the only one known to be biologically act{@2]. NUCBL1 is a
55 kDa proteiff224]. NUCB1 was initially identified from a Bymphocyte cell line from mice
and constitutes calcium and DNA binding motifs, leucine component, amino acid region and two
EF hand. The leucine present in the NUCBL1 is responsible 8§€BX dimerization[222].
Williams et al., [35] reported that NUCB1 has been highly conserved in mammals anrd non

mammals

1.4.1.1. TISSUE EXPRESSION OF NUCB1/NLP

Expression of NUCB1lhas been reporteth the pituitary lobes (anterior, posterior
intermediate) of mice by doubktaining immunofluorescen¢220]. NUCB1/NLP is abundantly
expressed in the golgi region across all the cell typedoplasmic reticulum, cytopladBb, 37}
Western Blot andmmunofluorescence studies have shown that NUCBL1 is localized in the

pituitary, thyroid, gastrointestinal th (Gl tract), testis and gonafl®5]. Immunogold staining
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on the cryosections of Ar20 and NRK cells and rat pituitary, liver and kidney reported that the
localization of NUCB1 was concentrated on the cisternae and vesicles located on the cis side of
the golgi stacH37, 226] In addition to thatNUCB1 was strongly expressed in the endocrine
pancreas along with insulif35]. This cellular localization of NUCB1 suggests an insulin
modulatory action[227]. In stomach, NUCBL1 is abundantly expressed in theditu gland

region. NUCB1IR was reported in the duodenum, jejunum and colon, especially concentrated in
the duodenal enterocytes. NUGH1 was also detected in corticotraphsomatotrophs
lactotrophsandgonadotrophsn the anterior pituitary. NUCB1 coriiutes in modulating matrix
maturation in bong228, 229] Collectively, the localization of NUCB1 and its secretion from
various endocrine organs suggest multiple roles for this protein in regulating various cellular

processes.

1.4.1.2. NUCB1/NLP AND ITS FUNCTIONS

NUCB1 has shown to play an important role in regulatainCa2 homeostasis, cell
signaling and apoptos|[87]. NUCBL1 is highly expressed at the site@dlgi and endoplasmic
reticulum and has shown to increase cyclooxyger2aq4€x0X-2) dependent prostaglandiR
generatior{36]. In mice, NUCBL1 IR was detected in mouse MING cells and pancreatic beta cells
and possess insulinotropic actionin vitro [227]. In male Wistar ratsNLP (1 00 ¢ gM) kg B

reduced food intake and played an important role in modulating whole bedyydralancé¢l6].
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14.2.IRISIN

Irisin is an exercisenduced 23 kDanyokineabundant in musclgt1] that is encoded in
its precursor FNDC5. FNDC% a 212 amino acid proteirof which 32138 amino acid
correspond to irisin[46]. Upon exdurance training,increased expression of peroxisome
proliferatoractivated receptor gamma coactivatealftha (PGC4U ) m RSN @dbservedin
skeletal and cardiac musclfg9, 230] The increased expression of PGG1 p r o RANDEC% s
MRNA, followed by the proteolytic cleavage of FNDCt® releasdrisin from the skeletal or
cardiac muscle into blod@30, 231] In addition to skeletal and cardiatuscle FNDC5 mRNA
is also expressed tissudsacluding rectum, brain, adipose tissue and pericard{@d2, 233]
Irisin is abundantly expressed skeletalmuscle cardiac muscleadipocytes brain, kidney,
gonads respectivelgl, 232, 234236]. Irisin-IR was detected in the skeletal and cardiac muscle,
and Purkinje cells in rodents by immunofluorescence stydig 237, 238] In pigs, FNDC5
MRNA is strongly expresed in the skeletal muscle, and very low expressions in heart, liver and
adipocytes. FNDC5 increased the proliferation of primary adipocytes, and enhanced the
browning of white adipocytes in pigi239]. Knockdown of FNDC5 decreased cardiac
differentiation and dowmgulated mitochondrial integrity in mouse embryonic stem ¢246].
High protein diet and high fat diet composition modulated FNDC5 and irisin levels and increased
brown adipose tissue mass in mj2gd1, 242] Deletion of FNDCS5 resulted in obesitywered
insulin resistance, fat accumulation and inflammation in mice fed with high faf2#8{.
FNDC5 attenuated adipose tissue inflammation levels via AMfeldiated macrophage
polarization in high fat induced obese midélevated levels of circulating irisin induced
expression of thermogenin in white adipose ¢é#lading to browning of white adipocytes and

increagd thermogenesig236]. It has been reported that overexpression of irisin increased
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energy expenditure, reded body weight, improwkglucose tolerance and stimuldtesulin
resistance in high fat fed mid&9]. In zebrafish, irisin promoted angiogersesihrough ERK
signaling pathway47]. In rodents, irisin has shown to playsignificant role in regulating bone
metabolism and enhance cognitive capaf244]. Administration of irisin resulted in skeletal
muscle hypertrophy and improved skeletal muscle strength d¢e [245]. Only very limited
information on NLPandirisin effects on feeding andcardiac functionsn zebrafish and goldfish
is available My research will primarilyfocus onthe role ofnesfatinl-like peptide and irisin

effects on cardiovascular physiology and feeding in zebrafish and goldfish.
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1.5. Fish as a Model Organism for Physiology Research

Fish is an important source of diet in most of the parts of thlwbhere has been a linear
growth in aquaculture production with over 2 million tons yielded per year since [2060
247). Fish represent the largest andgndiverse class of vertebrates. €lihability to grow in
adverse environmentiso makes them ideal for molecu)avolutionary and neuroendocrine
studies[248]. Easy handling, commercial availability, anatomical characteristics and relative
ease of miatenance make fish as a desirable model for research. Taking these aspects into
consideration, my research used teleosts (goldfdrassius auratuysand zebrafishDanio

rerio, two cyprinids) as model organisms to characterize naturally occurring pepidies.

1.5.1.Goldfish

Goldfish, a freshwater fish belongs to Cyprinidae family has been used as an
unconventional model organism to stuayumber of biological process. As a Cyprinid, goldfish
is related to important ecologi¢cajeneticand/or culturednodelsincluding zebrafish and carp.
Goldfish is considered extensively as a model to study neuroendocrine sigi2dig)g249]
Most studies in goldfish focus on the interaction between brain and peripheral organs that
regulate growth,reproduction, gonadal physiology and stress response. One of the main
advantages of using goldfish is its ability to survive under laboratory conditions, ease of handling
and maintenance and sample collection. Their natural habitat includes backwatstieeamd
equipped with aquatic vegetatioGoldfish thrive under pH levels of 550, high fluctuations of
turbidity and water temperaturg48]. Adult goldfish can tolerate salinity levels t@p6 ppt and

water temperatures up 41° C. Goldfish can grow up to a maximuengthof 20 cm and weigh

between 206800g. Multiple sequential blood collection for performing various biochemical and
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molecular experiments feasible in goldfishin addition to this, goldfish is equally suitable for
performing in vivo and in vitro studies such as growing primary cell cultures, integrative

physiology, locomotor activity and behavioural studizs0-253].

Internal anatomy of goldfish is highly similar tdhervertebratesandconssts of brain,
pituitary, heart, Gl tract, liver, spleen, kidney and gonads (testis and o@anpesearch mainly
focused on brain, pituitary, heart ar@l tract and their importance in studying integrative
physiology and comparative endocrinology reskamhe brain of goldfish is very complex and
highly organized into areas that play a vital role in regulating different physiological and
behavioural function§254]. One of the main advantages of the goldfish brain for the research
use is its sizeandthis has ledo many important contributions to fish research. Many hormones
and their receptors including kisspeptind neuromedin U (NMU) have been detected and
identified from whole brain samples of goldfif265]. Goldfish brainhasbeen widely used for
tissue culture studiesn the neurophysiological and biochemical properties of brain, enzyme
activity and its regulation. Goldfish brain has also served as a great model to conduct
intracerebroventricularl.C.V) injections and to determine the central effects of hormones and
their physiological rolesStudies on auroendocrine regulation of food intake, stress response,
osmoregulation, behavioural functions and locomotor functeeie conducted usingoldfish
as amodel to compare and contrast the effects of hormprgs85, 95, 256, 257Numerous
studiesexplored thenternal organization of fish heart and rsationship tocardiac function
Based on shape and size of the goldfish heart, it has been used for studying cardiac regeneration
and renodelling [258]. Studies related to survival and heart functionder hypoxic/anoxic

conditions hae been widely performed using goldfish as a model orgafi2&9]. Nesfatinl, a
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positive inotrope hakeen detected in goldfish heart has shown to play an important role in

regulating cardiac performanamdcardiovascular protection in vertebraf260].

1.5.2 Zebrafish

Zebrafish Danio rerio) has been widely used as a research model to study metabolism,
development and cardiovascular functi@1-263]. Main advantages of zedfish as research
model are its small size, high fertility rate and cost efficiency. In addition to that, the whole
genome information of zebrafish is available allowing to design genetic sdEdis High
throughput screening of zebrafish makes it a valuable model organism to study gene expression,
pharmacological and drug testing studies. Due to its short generation times and production of
high number of ggs, zebrafish are widely used model organisms to study chronic diseases,

diseases of the immune system, metabolic disorders and cancer.

Numerous studies have been carried in zebrafish on stress responses, growth cycle and
thyroidal system and how theyearegulated by response of neuropeptides, pituitary hormones
and other peripheral hormones. Zebrafish reproduction is very different to that of mammalian
models having external fertilization and spawning rates at2000eggs per wegR64]. Similar
to most fish, zebrafish growth cycle is very fast making it an ideal model for understanding
hormonal regulation of growtf265]. Most importantly, the appetite regulatory mechanisms in
zebrafish are highly conserved to mammals, making it an excellent model to study regulation and

developmental systems involved in energy homeostasis throughout their lif¢26G]le
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One of the main advantages of zebrafish to study cardiovascular studies is the ability of their
embryos to survive in the absence of cardiac function by oxygen diffusion from the water, unlike
rodents that suffer hypoxic deterioration under similar comil{263, 267] Zebrafish embryos
develop externally and are transpareaitowing direct observation to study heart anatomy.
Ultrasound monitoring has been very effectively used in zebrafish to study heart fyaétion
122]. Some studies have also used zebrafish as a comparative model for muscle development
studieg268]. Zebrafish was used to clone the first mnammalian growth/ differentiation factor
(GDF 11) which has been reported to play an important role in mesodermal formation and
neurogenesi[269]. These key attributes of zebrafish embryos have made them an ideal model to
understand cardiovascular development and function and other studies related to heart failure,

and congenital heart diseases (CHIXO].
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1.6. RATIONALE

In rats, nesfatifi, encoded in NUCB2 has been reported to have an inhibitory effect on
feeding behavior and modulation of energy bald2d®]. Accordingto Werneke et al[271],
I.C.V injections of nesfatil (25 pmolfats) affected thermogenesithereby resulting in
stimulatory effect on energy expenditure and lowering of food intake in rat. thesflas
similar metabolic and reproductive functions in f[9)]. In addition to these effects, previous
results from our lab have shown nesfdtireffects on cardiovascular physiology in zebrafish.
NUCBL1, especially the nesfatih region within the NUCB1 are very highly conserved in fish
and mammalsDoes NLP regulate feeding? Does it modulate cardiovascular functions similar to
that of nesfatifl? If NLP regulates cardiac function, does it also matgutalciurdhandling
proteins expressed in the heart? My thesis research aims to address the above questions.
Considering thb high sequence conservation within the biologically active region of the peptide,

it is likely that the NUCBZencoded NLRs also lologically active.

Irisin, an exerciséenduced myokine is released into the circulation by the processing of
FNDC5 by PGEL alpha. Since its discovery in 2012, there are just over 500 articles on irisin
and its physiological roles in mammals. Very liedit information on irisin regarding its
physiological roles in fish is available which will be focused in this research. FNDC5 mRNA is
expressed in the brain, adipose tissue, gut and pericardium in h{@32jslIrisin was also
detected in the cerebrospinal fluid and expresséaeiypothalamus, adipose tissue and skeletal
muscle in humang272, 273] More recently, irisin has gained importance as a potential
biomarker for myocardial infarction due to its abundance in cardiac muy36le 234]

Intracerebroventricular administration of irisin in rats resulted in increased blood pressure and
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enhanced cardiac contractilifg2, 274] It has been reported that overexpression of irisin
increased energy expenditure, reduced body weight, improved lipid metabolism and glucose
tolerance, and suppressed insulin resistance in high fat fed[38ic275, 276] Knockdown of

FNDC5 suppressed neural differentiation of mouse embryonic steminethouse277]. In
zebrafish, irisin promotes angiogenesis and modulates matrix metalloproteinase activity through
the ERK signaling pathwalg7]. Does irisin regulate feeding and modulate cardiac function in
zebrafish? If irisin regulates cardiac function, what are the potential mechanisms of irisin action
in mediating cardiovascular effects in zebrafish? Does irisin also regulate muscle proteins
zebrafish? These questions will be addressed to gain a deeper understanding of irisin in fish. The

overarching goabf this thesis research was to characterize NLP and irisin in fish.

38



1.7. HYPOTHESIS AND SPECIFIC OBJECTIVES

The central hypothesisof this researchwas that NLP and irisin havediverse, semi

conserved, and tisstapecific effectsn regulating feeding and cardiac physiologyig.

Thespecific objectivesf this research system were to:

1. Characterize NLP and test whether NLBimlogically active peptide in goldfish,

2. Test whether NLP regulates cardiovascular functions in zebrafish,

3. Determinewhether irisin regulates feeding and modulates appetite regulatory peptides in
zebrafish

4. Studythe role of irisin incardiovasalar physiologyof zebrafish and

5. Investigatewhether the drenergic systenms involved inirisin regulation of cardiovascular

effects in zebrafish.

The following chapters-B details the research conducted to address the specific objectives listed

above. The final chapter (7) provides a general discussion of cumulative findings, and considers

some caveats of my research and future directions.
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TRANSITION

The following chapter focuses on the first objective of my thé&sfatinl-Like Peptide
Encoced in Nucleobindifll in Goldfish is a Novel Anorexigen Modulated by Sex Steroids,
Macronutrients and Daily RhythniNesfatinl is an 82 amino acid anorexigen encoded in a
secreted precursor nucleobindn(NUCB2). NUCB2 was named so due to its high sequence
similarity with nucleobindinl (NUCB1). It was recently reported that NUCB1 encodes an
insulinotropic nesfatifl-like peptide (NLP) in mice. Here, we aimed to characterize NLP in fish.
RT- qPCR showed NUCB1 expression in both central and peripheral sisSaeond, we

determined whether NLP has any effects on food intake in fish.

Publication: Sundarrajan L, Blanco AM, Bertucci Jl, Ramesh N, Canosa LF, Unniappan
S. Nesfatinl-Like Peptide Encoded in Nucleobindinin Goldfish is a Novel Anorexigen
Modulaied by Sex Steroids, Macronutrients and Daily Rhythm. Sci. Rep. 6, 28377; doi:

10.1038/srep28377 (2016).

Contributions: L.S. planned and executed all studies except the ones cited later in this
section, analyzed data, and prepared the manuscript drisftBAconducted the daily rhythm
and diet studies, while J.1.B. and A.M.B. carried out the steroid studies. N.R. conducted the
Western blot studies and antibody validation. L.F.C. provided the steroid silicon pellets and
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Chapter 2

Nesfatin-1-Like Peptide Encoded in Nucleobindinl in Goldfish is a
Novel Anorexigen Modulated by Sex Steroids, Macronutrients and

Daily Rhythm

2.1. Introduction

Nucl eobindins (NUCB1 and-dbdmeBPFaanGarkNAa bdlnas s
proteins that play an J[i2npb]Nuaheokiomadiilisnfaedcd i
proteins and are proposed as precprg86H3I mam bi
NUCB1 and NUCB2 are 62%aarkiammd yaciochsiedemrtdi t(y)
regi o868 addno2228dIsp fact, NUCB2 was named so
similaritylwi 2ODORBUCB1 novel afdo( NEIFAénuZabhmeldir
Encoded Sadinéti wearcdlnigafmmo t8e2a mhonmi enxpi egecenin dceo d e d
i n ttheer N n al regi @n (NUCBR2¢ | ef@ds2 [N ®BR2t e c | e a\
prohormonePcCbh8eands2y resulting in thrlee pep
is the only one kno\WyR. . Atfinnistragon bf the bicaajve coael(M39, act i
mid-segment 30 amino acids) of nesfatirinhibits food intake and reduces body weight in
rodents[32, 278] I n r at sl, innehsifhaittisn feeding anf2g®@dmot es
mi ce, -heséatmoddwlnatiesd by nutri enlt splsawg gaens tiimpgo
role in metabolism[&8B8dAeé&miemigyt rhasime@&E&S afs male/s |

affected thermogenesis resulting in stimulat
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i nt ake[ 4 mb poldfishsnefatinl reduces feeding activif@5, 280]and reproductive
hormone secretiof®5, 280, 281]Ne s f-4t was al so def @R4vcn|[ 9B ]shebr

and (2®%83Nes<df atsi mow considered a multifunction

More recentl vy, NUCB1 gained attentidn due
For exammpl esginfaleyosi s found that NUCDbesfatm f i s h
like sequenc§220, 227] and these peptides possess prohormone convertase sites that enable its
processind227]. Immunofluorescence studies also revealed that the localization of NUCBL1 is
highly concentrated in islet delin mice[227]. NUCBL1 is very highly conserved in mammals
and noamammals. Our lab, for the first time, repattine discovery of a nesfatiirlike peptide
(NLP) in mice and its insulinotropic actions on mice pancreatic beta[28lf§. Whether NLP

has appetite regulatory roles remain unknown.

This research aimed to determine two important aspects of NUCB1/NLP in goldfish; a well
characterized model in neuroendocrinology research. The first topic addressed was the tissue
specific expression, and regulation of endogenous NUCBL1 in goldfish. Segerdetermined
whether NLP has any effects on food intake in fish. Our results show tissue abundance and cell
specific expression of NUCB1/NLP. This research also provides the novel evidence for daily
rhythmic pattern unddight: darkcycle, steroid, engy status and macronutrient modulation of
NUCB1 mRNA expression in goldfish. Finally, we report the discovery of an anorexigenic

activity for NLP.
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2.2. Materials and Methods

2.2.1 Animals

Goldfish Carassius auratyscommon variety) were purchased frohguatic Imports
(Calgary, Canada)Goldfish (45 inches long, body weight: 25 g) were maintained &t @4
under 12L:12D photoperiod cyclelnless otherwise specified, fish were fed once daily with a
4% body weightratio at 11 AM with slow sinking pellet¢slow-sinking pellets; Aqueon®,
Catalog# 06053). Euthanasia was conductesthg 0.5% tricaine methanesulfonate (TA232
Syndel Laboratories, Catalog # 5980Abllowed by spinal transectionAll animal
experimentations complied with the policies of the Canadian Council for Animal Care, and were

approved by the University of Saskatchewan Animal Research Ethics BoardO@B3)2

2.2.2 In Silico Analysis

NUCB1 sequences from various speciese obtained from GenBankt{p://www-ncbr

nlm-nih-gov.cyber.usask.ca/nuccore/ and aligned using Clustal Omega

(http://www.ebi.aauk/Tools/msa/clustalp/ The signal peptide site in the zebrafish NUCB1

sequence was predicted using SignalP 4.1 seimgr./(www.cbs.dtu.dk/services/SignalPThe

GenBank Accession numbers of segces used are provided in figure legends.

2.2.3 Realtime Quantitative PCR (RT-qgPCR), Qualitative PCR and Gel Electrophoresis

Samples of brain, anterior intestinelddp region), midgut, rectum, eye, liver, heart,

muscle, gill, testis, ovary argkin were collected frormixed population ofoldfish (female and

male)i n order to study the tissue distribution
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TMS-222 before dissection. Tissue samples were collected for total RNA extraction and were
stoed in T80 AC. Tot al RNA was extracted wusi ng
15596026, Invitrogen). cDNAs were synthesized using iScript cDNA reverse transcription
supermix (BieRad Laboratories, Catalog # 18841)(Table 2.1). The cDNAs were used for
RT-gPCR.The reaction protocol was setup with CFX connect real time PCR detection system
(Bio-Rad,Canada) as p&grble 2.2 The primers were validated and optimized for efficiency and
annealing temperatureBor tissue distributio, quantitative PCR were conducted and run on a

thermal cycler(Bio-Rad, Canada). The components for the qualitative R@Rter mixand

reaction components for running qualitative P&R provided inTable 23 and 2.4 Realtime

guantitative PCR was cardeout using iQ SYBR Green supermix (BRad, Catalog # 170

8880) (Table 2.1) and CFX Connect Optics module system (BRiad, Canada) controlled by

CFX Connect Péased software (Bi®ad, CanadajTable 2.2 and was analyzed using the

Livak method describe@arlier [280]. Relative mMRNA expression of genes of interest were
guantifiedand nor mali zed to the expression of el ong
beta actin (diet study, daily rhythms) and 18s RNA (food deprivation, estradiol and testosterone
treatment and food intake studies) were used as housekeeping genesespective studies

performed during the resear€fable 25). The internal control gene was chosen based on the

gene that provided the most consistent Ct values provided in each study.
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Table 2.1 Components for RT-gPCR set up

Components Volume PerReaction
i QE SYBRE Green S 5nL
Forward Primer 0.5nL
ReversePrimer 0.5nL
cDNA 2nL
Millipore Water 2L
Total Volume of the Sample 10k
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Table 2.2 RT-gPCR run set up in CFX connect gstem

Step 1 Step 2 Step 3 Step 4 Step 5
Temperature | 95°C 95°C Annealing 95 C 95 C
Temperature
Time 2 min 10 seconds | 30 seconds | 30 seconds | Infinite Hold
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Table 2.3 Components for PCR naster mix for qualitative PCR

Components Volume
10X PCR Buffer Reaction Mixture 100nL
25 nm MgCh 60 L
dATP sSnL
dTTP sSnL
dCTP SnL
dGTP SnL
Millipore Water 820nL
Total Volume 1000
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Table 2.4 Reaction components for galitative PCR

Components Volume
PCR Master Mix 20
Forward Primer 1
Reverse Primer 1
cDNA Templae 2L
TagPolymerase 0.5
Total Volume 24.5m
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Table 2.5.Forward and reverse primers, and the annealingemperature used in PCR and

RT-gPCR analyses of the expression of mMRNASs of interest during the study goldfish.

Gene Pri mer s e3gue nc e|Annealing | Gene Bank
temperatur | Accession
e (°C) Number
Forward Reverse
NUCB1 CTGTCTCTGTGT | TGGTGCTGTCCAG | 60 KU903286.1
CTGCTGGT TTTAGCC
CTACTGGTA TCCAGACAGAG AF057040.1
b-Actin 59
TTGTGATGGACT | TATTTGCGCT
GGATGCCCT CTAGCGGCGC KY486501.1
18s 60
TAACTGGGTGT AATACGAATG
Preproghr ATTCAGAGTG AGGAAAGAGC [280]
56.6
elin TTGTCGTA ACATAAGA
GCATATCGG GGGTCCTCGAG [280]
OrexinA 60
CCGCTTTAATA TCTCTTTCC
GTGCCGAGAT AGCTGCTTCTC NM_001017570.
CART 60
GGACTTTGAC GTTGGTCAG 1
EF1 U CCCTGGCCACAGA | CAGCCTCGAACTC | 60 NM_131263.1
GATTTCA ACCAACA
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2.2.4 Western Blot Analyses

Goldfish brain, pituitary, gut, ovary and testis samples were collected to confirm the
presence of NUCB1 by Western blot analysis, conducted as described[@aidjer Fi sh (n =
were anesthetized using 0.5% TMX22 before dissection. Tissues for Western blot were
homogenized using -PER tissue protein edction reagent (Catalog # 78510, Thermo
Scientific, Vantaa, Finland) followed by protein concentration determination by Bradford assay
using NanoDrop 2000c (Thermo). The samples were prepared using 1X Laemmli buffer
containing 0.2% of 2Znercaptoethanol (B-Rad, Catalog # 160737 and-0710) and the
samples were subjected to boiling at 95 AC fo
whole sample volume (30 ¢L), each containing
PROTEAN TGX 816% gradiat gel (BioRad, Catalog # 456 1 0 4 ) at @300 mi nf.or
Af ter the run, the proteins were transferred
(PALL Life Sdences, Catalog 27377000) subjected to blocking using 1X RapidBlock solution
(aMRESCO, Catalog # M325). In order to detect the presence of NUCB1 and vinculin
(reference) protein, rabbit polyclonal anmibuse nucleobindi (custom synthesized, Catalog #

1312 PAC- 02, 1:3000, Pacific immunology, Ramona, CA) for NUCB1 and rabbit polyclonal
arti-vinculin (Catalog # ab73412, 1:1000, Abcam, Massachusetts) for vinculin were used. As
secondary antibody, goat antia b b i t lgG (H + L) H R6B15,cI3000, u g at e
Bio-Rad) was used. For visualization of protein, the membrane was incubaded 5 mi n |
Clarity Western ECL substrate (B®ad, Catalog # 178061) and imaged using ChemiDoc MP

imaging system (BidRad, Catalog # 178280). Stripping for detection of reference protein in

the membrane was conducted using western blot strippirffgri{@hermo Scientific, Catalog #

46430). Primary antibodywaspeeb s or bed in 3.33 €g synthetic g
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immunology, Ramona, CA) overnight and was used asalpserption controls for goldfish
tissues to confirm the specificity of dhNUCB1 antibody. Precision plus protein dual Xtra
standards (Bidrad, Catalog # 160377) were used as markers to detect the molecular weight of
protein of interest (NUCB1, preabsorption and vinculin). The NUCB1 antibody used in this

study detects both ¢hprecursor NUCB1 and processed NLP.

2.2.5 Immunohistochemistry

The presence and localization of the protein in different tissue sections of goldfish were
detected by immunohistochemical (IHC) studigsbrafish wereanesthetizedvith TMS-222
(0.5%) andpituitary, ovary,J-loop and test were collected from goldfish and collected #b 4
paraformaldehyde. After a 24 houncubation period, the fixed tissues were washed with 70%
ethanol and embedded in paraffin and sent to sectioning at Prairie Diagnestice$ at
University of Saskatchewarfrollowing the sectioning, the slides were deparaffinized with
xylene (3 x 10 m) and rehydrated in series of graded ethanol (100%, 95%, 70% and 50%, 2
min) prior to incubation with primary antibody incubatiofhe antibodies used were: rabbit
polyclonal ant mouse nucleobindit (Pacific immunology, Ramona, CA) for NUCB1, mouse
monoclonal antgrowth hormone (Catalog # CLX 130AP, 1:500, Cedarlane, USA) for growth
hormone in pituitary, mouse monoclonal agiirelin rormone (Catalog # ab57222, 1:500,
Abcam, Massachusetts) for ghrelin iflLdop [280], mouse monoclonal arOX9 hormone
(Catalog # ab76997, 1:500, Abcam, Massachusetts) for SOX9 in {28ds 285] goat
monoclonal antFOXL2 hormone (Catalog # PAB3175, 1:500, Waltham, MA ) for FOXL2
[284, 285]staining in ovary respectively. The ghrelin antibody was previously validated for use

in goldfish [280]. Both NUCB1 and GH antibodies were validated in this researaig us
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preabsorption controls. SOX9 and FOXL2 antibodies were raised against an epitope that has
approximately 85% similarity with zebrafish SOX9 and FOXL2. The slides were then washed
with PBS and then were incubated with secondary antibody for one hawwnattemperature.

Goat polyclonal antrabbit IgG (Catalog # TF1000, 1:500 dilution, Vector Laboratories,
California) for NUCB1, goat polyclonal aathouse IgG H&L (FITC greenGrowth Hormone,
ghrelin, SOX9, Catalog # ab6785, 1:500 dilution, Abcam, Massaits) and Donkey Antboat

lgG H&L (Alexa Fluor 488, FOXL2; Catalog # abl150129, 1:500 dilution, Abcam,
Massachusetts) were used as secondary antibodies. The slides were then rewashed with PBS and
were mounted on Vectashield medium containing DAPI dyegBVector Laboratories). The
slides were dried and imaged using a Nikon inverted microscope (L100) (NikeépilIDBIC
camera, ON, Canada) and analyzed using NiS Elements imaging software (Nikon, Canada).
Slides incubated with secondary antibody alone, ealpsorptiorj280] using synthetic goldfish

NLP wereused as negative controls. Since the antibody used here detects both NUCB1 and
NLP, we used the term NUCB1/NHKe immunoreactivity to refer to the staining obtained in

our immunohistochemical studies.

2.2.6. NUCBL1 Tissue Expression Profile in Goldfish

Goldfish (n = 6 fish/group) wer-d(Zm@dasnt ai ne
described earliej286]. On the day of study, fisfmixed populatiohwere collectedandomly,
and sampl i ng mraesvalgttwaughoutathe 2ur dyote period starting from ZT
0 (light phase) until Z24 (dark phase). On the day of experiment fish were fed a4 ZT
respectively. Upon euthanasia, fish were elissd and hypothalamus, gut, hindbrain, forebrain

and pituitary were collected and stored at 18
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during the dark phase was done under dim red lighting. To study the relative mRNA expression
of NUCB1, RTqPCR studies were carried out as described earlier on hypothalamus, gut,

forebrain, hindbrain and pituitary of goldfish.

2.2.7.In Vivo Diet Study

Male and femalegoldfish weregrouped andve i g h't mat cheahd fvm = 8/
groups of fish were fed with five different diets (custom diet containing high carbohydrate, high
protein, high fat (9%), very high fat (20%) and control) for 1 and 4 weeks. The details of diet
composition are provided in Blanco ef2h6]. The calorie content of the respective diets were:
control (TestDiet, Cat al og # 8887) 3.43 kcall/l g2 with 37
energy derived from carbohydrate and 15.8% energy derived from fat; high carbohyesite (

Diet, Catalog # 8890) 3.87 kcall/l g2 withrgy29. 2%
derived from carbohydrate and 14% energy derived from fat; high prdtest Diet Catalog #

889 3) 3.59 kcall/l g2 with 50.4% energy derivec
carbohydrate and 5.1% energy derived from fat; high fat (9é¥t(Diet Catalog # 8889)

3.61 kcall/l g2 with 35% energy derived from pr
and 15.1% energy derived from fat; very high fat (20¥&as( Diet Cat al og # 8886)
with 30.3% energy derived from protein, 27.6% enadgyived from carbohydrate and 42.1%

energy derived from fat. Hypothalamus and gut were collected upon euthanasia, followed by
measurement of NUCB1 mRNA expression relative to the expression eddigtaas reference

gene.
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2.2.8 In Vivo Food Deprivation Studies

In this study, the expression of NUCB1 mRNA was determined upon food deprivation in
goldfish (both males and females pooled togethdihe relative expression of NUCB1 was
determined in goldfish hypothalamus and gut after 3 and 7 days of depdvation
(n = 6/ group). Fish in the control group wer e
during 11 AM 12 PM, goldfish from the fed and unfed cohortsraveuthanized using 0.5%
TMS-222post 1 hour of feedi ng lamusremd gutSissbes wegeu e n't |
collected and stored at 180 AC for total RNA

MRNA expression relative to expression of 18

2.2.9 In vivo Treatment of Goldfish with Estradiol and Testosterone

For this study, female goldfish (n = 7/tan
day of experiment, solid silicone pellets containing estradiol or testosterone were prepared and
washed thoroughly in saline and implanted intraperitoneally. Detdilshis study were
previously validated in our laf287]. Three diffee n t doses 25, MWereand 10
initially considered and compared to nW treat
of estradiol or testosterone was effective in elevating steroid hormone levels in goldfish and this
dose was used to studjpe NUCB1 mRNA expression in goldfish. After 2.5 days of
implantation, fish were euthanized and forebrain, hindbrain, gut, hypothalamus, pituitary were

collected and NUCBL1 relative mRNA were quantified usingdPCR.
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2.2.1Q Effect of Exogenous NLP onFeed intake and Appetite Regulatory Peptides in

Goldfish

Fish (n = 6/group in each study) were main
goldfish/zebrafish NLP were intraperitoneally injected (200 microliters) at four different doses
ie. 0, 0.1,1, 10 and.WJustOprian ¢p/ their $Bheduled feeding time (11 AM).
Goldfish/Zebrafish NLP
(VPIDRNPDPPQEEKAEENVDTGLYYDRYLREVIEVLETDPHFREKLQTANTEDIKNGRL
SKELDLVGHHVRTRLDEL, Ramona, CA,>95% puriy) was synthesized by Pacific
immunology (Ramona, CA), nal synthetic rat NLP
(VPVDRAAPHQEDNQATETPDTGLYYHRYLQEVINVLETDGHFREKLQAANAEDIKSGK
LSQELDFVSHNVRTKLDEL) was synthesized by Abgent Technologies, California with >95%
purity. A scrambled peptide (79 amino acids) was designed using the Sequence Manipulation
Suite E onl i ne t ool (www. bioinformatics. or g/
(PDSRSDDGSPSVQLQDYALIADAEVTLTHIELFGSPQNATKLLNKTERLRFLKVVRGKH
RENVVATEHYQAQKYPEEDE) with the lowest similarity to the rat NLP sequence was
selected. The peptide synthesized was >95% purfiPenmunology Corp, California, USA)
and the mass and purity were confiirmedbyM&. The contr ol group (n =
0.9% sodium chloride. Immediately after NLP administration fish were allowed to recover and
were briefly fed and the feedas r ecovered post 1 hour (dried
feed intake. I n the time course st-indcion. f ood
Goldfish euthanasia, tissue collection and processing argPCR were conducted as described

earier. Tissues collected were used for studying the expression of appetite regulatory peptides
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preproghrelin,orexh and CART mMRNAs. Data were normali z

gene).

2.2.11 Statistical Analysis

Data were analyzed using emay ANOVAf ol | owed by Tukeyds mul ti
usingPRISM version 5 (GraphPad Inc., USA) and IBM SPSS version 21 (IBM, USA) were used
for statistical anal ysi s. P < 0.05 was <consid
me an + S E Mhythmioity of NWCB1/NLP gene expression, cosinor analysis was used
by fitting periodic sinusoidal values in relevance to the expression values of the gene of interest
for the seven time points taken into consideration during the study. Cosinor analgsis wa
performed using the formula f(t) = M + Acos(t
a given time, the mesor (M) is the mean value, A is the sinusoidal amplitude of oscillation, t is
time in hours and « i s t dng Signiicanceoh @sner arfalysisme o f
was analyzed using the zemmplitude test, which specifies that if sinusoidal amplitude differs
from O with a gven probability during the 24 hounrofile. The time series data were plotted to

display a 24h rhythmicpattern with cosinor analysis.
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2.3. Results

2.3.1 In Silico Analysis of NUCB1 Sequences

Sequence analysis found ary highly conserved nesfatiizlike peptide Figure 2.1 a)
encoded in goldfish NUCB1 (GenBank Accession # KU903286). Goldfish Nldreigical to
zebrafish NLP Figure 2.1 a). The proposed bioactive core (M30) of NLP (77 amino acids) is
very highly conserved across species. Goldfish/zebrafish NLP exhibits 74% amino acid sequence
identity with zebrafish/goldfish nesfatih A signal peptle cleavage site was predicted at
positions 19 (Arginine) and 20 (Valine) in zebrafish and goldfish NLP sequences. Phylogenetic

analysis found clustering of goldfish NUCB1 with NUCB1 from other fiskégufe 2.1 b).

2.3.2 Tissue Distribution of NUCB1 in Goldfish

Abundance of NUCB1 mRNA expression was detected in several tissues including the
hypot hal amus, mi dbr ai n, hi ndbrain, muscl e, pi
goldfish). The expression of NUCB1 mRNA was normalized tol1BF , wsarved hs a

reference gene to verify the quality and amount of goldfish mRNA samipigsré 2.1 c).

Western blot analysis detected NUCB1 at 55 kDa in goldfish tissue sarRgase(2.1 d). No

bands of expected size representing NUCB1 or NLP detrected in the prabsorption control

(Figure 1e). Vinculin (125 kDa) was used as a reference protégufe 2.1 f). The NUCB1

antibody used here only detected NLP, Imat nesfatinl (Figure 2.2). In addition, pre

absorption of this antibody using syatit goldfish/zebrafish NLP resulted in no staining for

NLP (Figure 2.2.Oneway ANOVA foll owed by Tt&@Eyalusi mul ti

32.37; Pi valuei 0.034)were used for statistical analysis.
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Figure 2.1. NUCBL1 is abundantly expressed in hypothalamus of goldfisnha) Schematic
representation of the NUCBL1 precursor showing the signal peptide, and nédilatirpeptide

(1i 77 amino acids) regions. NesfafirLike Peptide. 2/3 is referred as NLP 2/3. Thgrmaent

of NLP sequences from various species is shown underneath. Phylogenetic analysis of
nucleobindinl gene sequences of various species is shows).iNUJCB1 sequences consisting

of signal peptide (124 amino acids) and the putative bioactive cord $34amino acids) were

used for generating the cladogram. GenBank accession numbers of sequences used are:
Carassius auratus (KU903286), Neolamprologus brichardi* (XM_006803054.1), Drosophila
melanogaster (NM_140751.4), Poecilia formosa* (XM_007562129.8nojKus tropicalis
(NM_213689.2) Danio rerio (NM_001045463.1), Mus musculus (NM_001163662.1), Rattus
norvegicus (NM_053463), Homo sapiens (NM_006184.9%) The data was quantified using
RT-gPCR (Reallime - Quantitative PCR) in goldfish. The mRNA expliesswas normalized to
elongationfactor EFL U (n = 6 gol dfish). Western blot sh
ovary and testisd), preabsorption contrah tissues testece), and vinculin) (n = 4 gol d
representative blot is shown). Asgdrdenotes significant differencbstween hypothalamus and

other tissue¢ p <). Data @rédrepresented as me&BEM.
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Figure 2.2. Western blot analysis showing the specificity of the NUCB1 antibody used for
Western blot analysis andimmunohistochemistry. In figure a below, it is shown that the
antibody detects only synthetic NLP, but not nesfatirin the figure b, the NLP staining

disappeared when the antibody wasgsorbed with goldfish synthetic NLP.
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2.3.3 Cell Specific NUCBINLP-like Immunoreactivity in Gut, Pituitary, Testis and Ovary

NUCB1/NLP-like immunoreactivity (red) was found in goldfisi.dop (Figure 2.3 b),
testis Figure 2.3 f), ovary Figure 2.3 j) and rostral pars distalis (RPD) region of pituitary
(Figure 2.3 0). Ghrelin Figure 2.3 a), SOX9 Leydig cell marke(Figure 2.3 €), Forkhead box
L2 ( FOXL2), a thecal/follicular cell markgiFigure 2.3 i) and growth hormone~{gure 2.3 m)
were used as cell specific markers. In the gut, cells in the villi were posdivdoth
NUCB1/NLP and ghrelinKigure 2.3 c). Leydig cell cytoplasm in goldfish testis -tmcalized
NUCB1/NLP and SOX9Kigure 2.3 g). Thecal and/or follicular cells within the goldfish ovary
were stained positive for NUCB1/NLP and FOXLRidure 2.3 k). DAPI (blue) stained the
nuclei of cells. No immunoreactivity was observed in preabsorption configlsré 2.3 ni GH,

2.3-d,h,l,pi NUCB1).
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Figure 2.3. Cell Specific NUCB1/NLPIlike immunoreactivity in gut, pituitary, testis and

ovary. Immunofluorescence representing NUCB1/Nibifmunoreactivity(Red; Texas Red; and

in Green are Ghrelin {loop); SOX9 (Testis); FOXL2 (Ovary); Growth Hormone (Pituitary) in

the 3Loop (@i c¢), testis €/ g) and ovary if k) and pituitary (rip) of goldfish. Nucleare stained

blue (DAPI). Representative cells showing immunoreactivity in goldfish tissues are marked with
arrows. A magnified image of representative NUCB1/NLEell is shown in square inset in

figure (c,9,k,0 and GH (n). Images were taken at 40X magf i cat i on and scal €

(and 0.5 em for inset).
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2.3.4 High Carbohydrate and High Fat Diet Decreases NUCB1 mRNA Expression in

Goldfish

Seven day feeding of high carbohydrate and very high fat (20%) significantly reduced NUCB1
MRNA expressionn the hypothalamuéF valuei 13.92; P valué¢ 0.017) (Figure 2.4 a). No
changes were elicited by high protein and 7% fat (dietvaluei 2.57; P valug 0.56) Goldfish

fed on high carbohydrate, high fat (9%) and very high fat diet (20%) for 28 daysgm#ttant
attenuation in NUCB1 mRNA expression in the hypothalatRusaluei 0.94)(Figure 2.4 b).
Similar to7-dayresults, protein feeding did not cause any changes in NUCB1 mRNA expression
in the hypothalamu@ valuei 1.3; P valudg 0.71) (Figure 2.4 b). High carbohydrate and high

fat (9% and 20%) feeding for 7 days downregulated NUCB1 mRNA expression in thd-gut
valuei 24.34; P valué 0.44) (Figure 2.4 c). High protein diet feeding for 7 days did not elicit
any changes in gyP valuei 0.23) but decreased NUCB1 expression at 28 days valuei

0.011) (Figure 2.4 c, d). Both high carbohydrate and very high fat also caused a similar decrease

in NUCB1 mRNA in the gut after 28 days of feed{igvaluei 0.032) (Figure 2.4 d).
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Figure 2.4. NUCB1 mRNA expression in goldfish hypothalamus after 7 days or 28 days of
feeding special diets containing varying amounts of macronutrient&roupsinclude different

diets tested: Control, Protein, Carbohydrate, Fat (9%); Fat (20%). Resuliseanet SEM.
Asterisks denote significant differences (P < 0.05) between the various diets compared to

control.
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2.3.5 NUCB1 mRNA Expression in Gut and Pituitary Follows a Circadian Pattern

Goldfish maintained under a 12L:12D photoperiod and scheduled feeding-&t ZT
exhibited a rhythmical expression of NUCB1 mRNAs in the gut, with a significant increase
during the dark phase of the cycle (Z®) that remained until feeding tinfE valuei 28.23; P
valuei 0.0448)(Figure 2.5 a). NUCB1 mRNA expression was observed to be rhythmic also in
the pituitary, exhibiting a daily expression profile characterized by one peak during the light and
another during the dark phase of the circadian dffelealuei 8.60; P valug 0.0112) (Figure
25 €). No daily rhythms in NUCB1 mRNA expression were detected in forelfFawvalue’

0.05; P valué 1.34)(Figure 2.5 b), hindbrain(F valuei 2.3; P valug 0.44)(Figure 2.5 c) and

hypothalamugF valuei 9.7; P valué 0.43)(Figure 2.5d).
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Figure 25. NUCB1 mRNA expression displayed a rhythmic pattern in the gut and

pituitary of goldfish. Expression of NUCB1 mRNA expression in the @al, forebrain(b),

hindbrain (c), hypothalamus(d) and pituitary (¢) of goldfish maintained under 12L: 12D
photoperiod and scheduled feeding. The mMRNA expression data was normalizedactibeta

Data are presented as meaS8EM. The grey areas represent the night time and arrows indicate
feeding time. Offerent alphabets denote significant differences between the time points (P<0.05,

n =6 fish/group). Onewvay ANOVA foll owed by Tukeyds multiop
statistical analyis. The dashed line in figure iadicates a significant rhythmetermined by

cosinor analysis.
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2.3.6. Testosterone and Estradiol Modulate NUCB1 mRNA in Goldfish

NUCB1 mRNA expression was downregulated in pituitary of goldfish that received
estradiol (100 pg/g body weigh(P valuei 0.02) (Figure 2.6 a). NUCB1 mRNA expression
was upregulated in gut, hindbrain and hypothalamus of testosterone (100 upg/g body weight)
treated goldfishKigure 2.6 b) (*P valuei 0.0226; **P valuei 0.0078; ***P valuei 0.0004)
Estradiol and testosterone caused no other effect on NUCBJAm&@Rpression in other tissues

(P valuei 0.(Figures 2.6 a-b).

2.3.7Food Deprivation Suppresses NUCB1 mRNA Expression

A significant decrease in NUCB1 mRNA expression was observed in hypothalamus,
midbrain, pituitary and hindbrain in response to foegrivation for 3 day¢F valuei 16.4; P
valueT 0.045)(Figure 2.6 ¢). No change in gut NUCB1 mRNA was detected after 3 days of
food deprivation(P valuei 0.02) NUCB1 expression was significantly decreased in both brain

and gut after 7 days of food deprivatighvaluei 24.34; P valué 0.031)(Figure 2.6 d).
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Figure 2.6. Estradiol (100 ug/g BW) decreased NUCB1 mRNA expression in goldfish
pituitary and food deprivation suppressed NUCB1 mMRNA expression in goldfish
Expression oNUCBL1 in gut, forebrain, hindbrain, hypothalamus and pituitary of fish treated
with estradiol(a) or testosteronéb) were normalized to control groupphe mRNA expression

data wee normalized to 18s RNAAsterisks denote significant differences betweenctir@rol

and treatmenttissuesin goldfish (* p<0.05, ** p<0.01, *** p<0.005, n = 6 fish/group). The
MRNA expression data were normalized to 18s RNA. Asterisks denote signditfenénces
between control and fasted groups (* p<0.05, n = 6 fish/group). Data is represented as
mean+ SEM. StudenfNewmanKeuls test(a, b) andOneway ANOVA f ol |l owed

multiple comparison tegt, d) were used for statistical analysis.

73

by



2.3.8 NLP Reduces Food Intake in Goldfish

Admini stration of 10 and IWQgwe27g g rabNbly we.i
(Figure 2.6 ¢) reduced food intake in goldfish &thour postinjection (F valuei 15.82; P value
1 0.038) No significantchanges in food intake were found in goldfish NLP injected fish at 2 and
4  h o u 1ingectign (Psvdluei 0.13) (Figure 2.7 b). No effect on food intake was observed in
response to an intraperitoneal i nj Rvalued n o f
1.23) (Figure 2.7 d), while rat NLP significantly reduced food intakie valuei 0.78) (Figure

2.7d).
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Figure 2.7. NLP reduced food intake in goldfish. Groupsinclude: Control (0); Dose of
Goldfish NLP (0.1, 1, 10, 100); Dose of Rat NLP (0.1, 1, 10, 100); Scrambled (100 ng/g B.W).
Asterisks denote significant differences between control and NLP injected groups of the same
(*p < 0.05, n = da0r dprsehd gmtoalpT)-tass () med@evay S E M.

ANOVA foll owed by Tukeyds multiple compari son
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2.3.9 NLP Downregulates Preproghrelin and OrexinrA mRNA Expression and

Upregulates CART mRNA Expression

GoldfishNLP (1, 10, 100 ng/g B.W) downregulated preproghrdhigyres 2.8 a,d) and
orexinA (Figures 2.8 b,e) mMRNA expression in hypothalamus and gut of gold{stvaluei
15.54; P valué 0.03) Goldfish NLP (100 ng/g B.W) also upregulated CART mRNA expression
in the hypothalamu@~ valuei 20.46; P valué 0.045)(Figure 2.8 ¢) and gut(F valuei 23.3; P
valuei 0.026) (Figure 2.8 f) of goldfish. Synthetic rat NLP (10 and 100 ng/g body weight)
downregulated preproghrelifriures 2.8 g, 2.9 a) and orexirA (Figures 2.8 h, 2.9 b) mMRNA
expression in the hypothalam(® valuei 0.017) and gut(P valuei 0.033) Rat NLP had no
effects on CART mRNA expressiq® valuei 0.19) (Figures 2.8 i, 2.9 c). No effect for the
scrambled peptide was found on preproghr@firvaluei 0.77) orexinA (P valuei 0.10) and

CART mRNA expressiofP valuei 0.98) (Figures2.9d-i).
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Figure 2.8. NLP downregulates appetite regulatory proteins in goldfish.Intraperitoneal

injection of goldfish and rat NLP on appetite regulatory proteins in goldBsbupsinclude:

Control (0); Dose of Goldfish NLP (0.1, 1, 10, 100); Dose of Rat NLP (0.1, 1, 10, 100);
Scrambled (100 ng/g B.WThe mRNA expression datawasn mal i zed to 18 s RN
denote significant di fferences bet ween contr
fish/ group). Data are pwaeys e ANN@WMA afso |lnhecawne d+ ISY

multiple comparison test was used for statisticalysis.
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Figure 2.9. Rat NLP downregulated preproghrelin and orexinmRNA expression in gut of
goldfish. Intraperitoneal injection of rat NLP on appetite regulatory proteins in goldiisbups

include: Control (0); Dose of Rat NLP (0.1, 1, 10, 10@yadbled (100 ng/g B.WYhe mRNA

expression data was normalized to 18 s RNA. A
between control and NLP injected groups. @hay ANOVA foll owed by Tu
comparison test was used for statistig@ah a | y si s . Data are priégdsented

fish/group.
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2.4. Discussion

We recently discovered that NUCB1 encoded NLP is insulinotropic ie [2&7]. Ourin
silico analysis of NUCB1 sequences from different species found that NLP is very highly
conserved among vertebrates. Here, we report the discovery of tamantions of NLP in fish,
its tissue distribution and regulation of endogenous NUCB1. NLP sequence is conserved in
zebrafish and share high sequence identity (74%) with the M30 region of zebrafish NUCB2a and
NUCB2b[282]. Previous research has shothat the M30 region of nesfatihis critical for the
satiety effects of nesfatih [278]. Considering the high sequence identity between the M30
region of nesfatinl and the corresponding region in NLP, it is highly likely that NLP has
anorexigenic actions similar to nesfafin NUCB1/NLP expression was abundant in the
hypothalamus, hindbrain and midbrain while comparatively low expression was detectldri
tissues. The results presented here are the first line of evidence for NUCB1 expression in the
central nervous system. These results are in line with previous studies that showed abundant
NUCB2 expression in appetite regulatory centers of hypathadan ratd32] and goldfish[95,
281]. Vast distribution of NUCBL in fish tissues explains that NUCB1 might have central and
peripheraleffects. Our results indicate that hypothalamus is an abundant source of NUCBL1 in

goldfish suggesting a role for NLP in the central control of reproduction and metabolism.

To gain further understanding on the cell specific expression of NUCB1/NLP, we
conducted immunofluorescence studies. NUCB1/Mk® immunoreactivity was observed in
the pars distalis region of goldfish anterior pituitary. NUCB1/Nike immunoreactivity was
observed in the rostral pars distalis (RPD) region of goldfish anteriotgoytuRPD cells in

goldfish are generally melanotropf&81]. These observatiorare in agreement with previous
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results that indicated NUCB2/nesfafiflike immunoreactivity in the rostral pars distalis (RPD)
and pars intermedia (PI) in goldfish pituitd881]. NUCB2/nesfatirl is also present in mice
pituitary [288]. The presence of NUCB1/NEkke ir in goldfish pituitary sggests a role for
NUCBL1 on pituitary hormone secretion. For example, nesfatiagulates luteinizing hormone
secretion in goldfisfi281]. NUCB1/NLRlike ir was al® detected in the mucosal cells lining the
anterior intestine ¢lbop). Previous studies have shown that NUCB2/nesfatike ir is found in

the villi of goldfish gut and that nesfatih suppresses ghrel{i280]. NUCB2/Nesfatinl like
immunoreactivity was abundant in the glandular cells of gastrointestinal tract [288isand
glucose stimulates its releg@90]. It is likely that NUCB1 and NLP are also secreted in a meal
responsive manner from the gut. The current study also demonstrated the localization of
NUCB1/NLP in goldfish reproductive organs. NUCB1/NitPwas observed in the ovarian
thecal or follicular ells and in the Leydig cells of goldfish testis, and was found colocalized with
Leydig cell marker SOX9[286] and follicular and/or thecal cell marker FOXI[285]. The
results are in line with previous findings of NUCB2/nesfdtim within the follicular cells of
goldfish and zebrafish ovarieR81]. Previous reports have showed the localization of
NUCB2/Nesfatinl-ir in Leydig cells in Japanese quf91l] and ratg§292]. The localization of
NUCB1/NLP-ir in the ovary and testis suggests a possible role for NLP in gonadal physiology
and sex steroid hormone production. The extensive cell specific localization of NUCB1/NLP in

goldfish suggests multiple biological functioms NLP in fish.

Next, we determined some factors that regulate the tissue specific expression of NUCB1

MRNA. While it was found that macronutrients fat, carbohydrate and protein suppress NUCB1

MRNA expression, these effects were highly tissue specifionsme dependent on the duration
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of feeding. Although nutrient regulation dfucleobindinsin fish is understudied, the results
reported here are in agreement with previous research in mice, where high fat and protein diets
elicited a reduction in NUCB2 ni¥RA [33]. This meal responsive inhibitoof NUCB1 mRNA

is suggestive of a role for NUCB1/NLP in fish feeding. It was also detected that NUCB1 mRNA
expression displayed a circadian pattern of expres®it/CB1 mRNA in goldfish pituitary
peaked during the light (Z8) and dark phases (ZI6). Inthe gut, NUCB1 mRNA expression

was lowest during the light phase when the fish feeding occurs, and relatively higher in the dark
phase. These are the first results on a circadian pattern of NUCB1/NLP expression in both
central and peripheral tissues ofertebrateEstradiol treatment downregulated NUCB1 mRNA
expression in goldfish pituitary, while testosterone upregulated NUCB1 expression in goldfish
gut, hindbrain and hypothalamuShung et a[288] observed a significant increase in NUCB2
MRNA expression post estradiol administration in ovariectomized mice. The differences
between the studies might be due to the use of ovariectomized mice, and/or-Species
differences inthe interactions of gonadal steroids and NUCBL1. Food deprivation is known to
play a significant role in altering neuroendocrine factors that play critical role in reproduction
and energy intake in several sped@82, 293] In goldfish, fasting for 7 or 28 days did not result

in any significant changes in body weight and this result is in agreement with previous reports in
goldfish[77, 294, 295] NUCB1 expression in gut was significantly lower when fish were food
deprived for one wee[82]. This is consistanwith previous study on NUCB2 expression in
goldfish gut and Ya fish that showed a significant downregulation aftday7 food
deprivatiof95, 96] Similar results were also reported in rodents, showing a decrease in NUCB2
expression in gastric endocrine cdR89]. The negative modulation of NUCBL1 in response to

fasting suggests anorexigenic actions for NUCB1 and/or encoded NLP. These new findings on
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endogenous NUCB1, especially the energy status and circaditernpdependence of its

expression provide new insights on NUCBZ1/NLP biology in fish.

Our next study determined if NLP is indeed biologically active in goldfish. When
comparing the mid segment (M30) region of zebrafish NLP and corresponding synthti€ rat
region, it was found that both sequences have 80% amino acid sequence iDemtity. this
very high sequence identity, we first injected goldfish with rat NbRaperitoneal injection of
synthetic rat NLP inhibited feed intake in goldfish by 4086l 8% at 10 and 100 ng/g body
weight doses respectively over a period of 1 hour. Intraperitoneal injection of zebrafish NLP also
decreased feed intake by approximately 30% and 60% corresponding to similar doses over a
period of 1 hour in goldfish. To canin that the NLP elicited satiety effect requires a specific
sequence, we injected goldfish with a scrambled peptide based on NLP. The scrambled peptide
did not elicit any changes in food intake of goldfish. These data clearly indicate an anorexigenic
action for NLP in goldfish. Since NLP had a profound anorexigenic action in goldfish, we
explored whether NLP influences other appetite regulatory factors, including ghrelin,-Arexin

and cocaine and amphetamine regulated transcript (CART) to elicit ity sdfestts.

Ghrelin and orexirA are potent orexigens in goldfig296, 297] and CART, is an
anorexigen[298]. Nesfatinl was found to suppress ghrelin and oreXinn goldfish [280].
Similar to this, a significant downregulation of ghrelin and ore&ximRNA expression by NLP
(10 and 100 ng/g B.W) was observed in goldfish hypothalamus andingebntrast, NLP
administration (100 ng/g body weight) upregulated CART mRNA expression in goldfish gut. IP

injected NLP could possibly cross the blood brain barrier in a manner similar to nédqt2@i,
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300] to induce satiety. These results show that NLP, similar to nedfatiould suppress
hormones in the orexigenic pathways and stimulate anorexigenic pathways tasdeited

intake.

This research discovered several key aspects of NUCB1/NLP biology. First, it uncovered
the satiety effects of NLP. Second, tissue and cell specific expression of NUCB1 was
determined. Third, we found macronutrients, energy status, eeidst and circadian period as
four regulators of endogenous BB1. These results are of importance, and add significant new
information to our growing knowledge on naturally occurring regulators of metabolic and
endocrine functions in vertebrates. Ourcdigeries outlined here provide the first line of
evidence on biological activity of NUCB1 encoded NLP in goldfish. The processing of
endogenous NLP from NUCB1 and its mode of action are important new directions to consider

during future investigations dducleobindinsand NLP.
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TRANSITION

The following chapter focuses on the final altjee of my thesis: Nesfatif-Like
Peptide (NLP) regulates cardiovascular physiology in zebrafish. Previous results from our lab
have shown nesfatih effects oncardiovascular physiology in zebrafish. Since NUCB1 has
more similarity with NUCB2 and nesfatih we investigate whether NLP/NUCB1 also has some
effect on cardiovascular functions. We conducted an ultrasound study to determine the role of
endogenous NLPni modulating cardiac functions. This part of my thesis was conducted in

collaboration with Dr. Lynn Weber.

Publication: Sundarrajan LJithine JRWeber LP, Unniappan S2018. Nesfatirl-Like
Peptide (NLP) Modulates Cardiovascular Functions and Affeatsil® Handling Proteins in

Zebrafish.Manuscript in Preparation

Contributions: The project was in collaboration with Dr. Lynn Weber and shared the
ultrasound equipment and assisted us during the ultrasound studies in zeBrafishrrajan
planned andexecuted all and prepared the manuscript diithine helped in conducting
ultrasound studies and tissue collection. Buaraj Unniappanprovided the original ideas,
funding for this researctDr. Lynn Weber and Dr. Suraj Unniapplaelped design experimts,
assisted withn vivo studies, tissue sampling, data analysis and interpretation and manuscript

preparation.
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Chapter 3

Nesfatin-1-Like Peptide (NLP) Modulates Cardiovascular Functions
and Affects Calcium Handling ProteinEncoding mRNAsIn

Zebrafish

3.1 Introduction

Nesfatinl (NEFA/nucleobindir?-Encoded Satiety and Fhifluencing proteiN1) is an 82
amino acid anorexigenic pepti@éacoded in thé&-terminal region of nucleobindii (NUCB2)
[32]. NUCB2 is cleaved by proharone convertases (PC 1/3 and 2) resulting in three peptide
fragments, of which nesfatih known to be biologically activi82]. NUCB2 was named so due
to its high sequence similarity with another secreted protein, NUCB1.NBd@B2 and NUCB1
belong toa class of multdomain C&*and DNA binding proteins that play an important role in
cell signaling[220]. NUCB1 and NUCB2 exhibit 62% amino acid identity within their bioactive
regions (2453 amino acids; mid segment-80) between humans and zebrafi@21-223].
Administration of the bioactive core (M30, msggment) of nesfatih inhibits food intake in
rodents, pigs and fisf278, 301]and body mass in rodents. In mice, nesfatisecretion is
modulated by nutrients suggesting that nesfatiplays an important role in metabolism and
energy homeostas|83]. Administration of nesfatil (25 pmol/rat) affected thermogenesis and
resulted in energy expenditure and a reduction in food irdakats[271]. Similarly, nesfatinl
administration inhibited dod intake and reproductive hormone secretjh, 280, 281]in

goldfish. Besides its role in feeding and metabolism, nesfaigr known to regulate cardiac
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functions[20, 21, 302, 303JAdministration of nesfatii protected the myocardial tissue in rats
treated with isoproterendL94]. Central injections of nesfatih increased plasma catecholamine
levels, stimulated vasopressin and renin and enhanced sympathetic §85ityin zebraish,
nesfatinl immunoreactivity (IR) was detected in cardiomyocytes, and intraperitoneal
administration of nesfatii reduced cardiovascular functions and affected calcium handling

proteing[21].

Our lab reportal the discovery of a nesfatilike peptide (NLP) in mice and its
insulinotropic actions on mice pancreatic beta de&¥]. In male Wistar rats, administration of
NLP at 1 OVO reduagd flod int8ke and played an important role in modulating whole
body energy balandé6]. In goldfish, NLP (10, 100 ng/g B.W) reduced food intake and affected
appetite regulatory proteirf{d5]. More recently, NUCB1 gained attention due to its similarity
with NUCB2 and nesfatid. For example, oun silico analysis found that NUCBL1 in fish and
mammals encode a nesfafinike sequencf20, 227] and these peptides possess prohormone
convertase sites that enable its procesg2@]. Immunofluorescence studies algvealed that
the localization of NUCBL1 is highly concentrated in the pancreatic islets of [2238, and
colocalizes insulif304]. NUCBL1 is very highly conserved in mammals and-nammalg15,

220, 222, 227] NUCB1 hasbeen shown to play an important role in maintaining Ca2+
homeostasis and it interacts with G proteins and cyclooxyge[g&&e305] Is NUCB1/NLP that
exhibits structural similarities to NUCB2/nesfainand shares common functiorssaaegulator
of cardiac physiology in zebrafishWe hypotheize that NLP modulates cardiovascular
functions and alters the expression of mMRNAs encoding cardiac proteins in zeldafisi.

zebrafish asa model organism and employing the ultrasound-rhioroscopy (UBM), we
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conductedn vivo studies to test this hggphesis.Our current study aimed to determine if NLP
modulates cardiovascular function, and affected caldiunding proteins in fish. First, we
elucidated whether NLP has any wholedy effects, by examining cardiovascular function in
zebrafish and gold$h. Second, we determined whether NLP affected irisin, a esedidator

and skeletal muscle protein in zebrafish. Finally, we studied NLP effects on the expression of
calcium binding proteins, ATP2a2a and RyR1b in zebrafdbP downregulated cardiac
functions in zebrafishand decreased the expressionrisin (a cardiac regulatorpnd calcium
handlingRyR1b mRN/As in zebrafish.In contrast another calcium handling protein ATP2a2a

encodingnmRNA in cardiomyocytes wa®undelevatedn response tdILP.
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3.2 Materials and Methods

3.2.1 Animals

Male and female ebrafish Danio rerio; 3-4 months old; bog weight ~1.5 g) and
goldfish (Carassius auratuscommon variety4-5 inches long, body weight ~ 25 g, common
variety) were purchased frodalhousieUniversity (Canada)or from a local supplier arranged
by the University of Saskatchewan animal care off@éebrafish were maintaineat 27 C and
goldfishat 24 C undera 12L:12 D photoperiod cycldézish weregroup house@n=6 fish/tank)
and fed once aay (10:00 AM everyday) with 4% body weight slow sinking pellets (Aqueon,
Catalog # 06053). For tissue collection, fish were anesthetized in TMS6222 followed by
spinal transection. The animal studies performed were compiled within the policies of the
Canadian Council for Animal Care and approved by University of Saskatchewan Animal

Research Ethics Board (200233).

3.2.2 Immunohistochemical Localization of NUCB1

The localization of theNUCBL1 in zebrafish heart and skeletal muscle tissue sections
were detected by immunohistochemical (IHC) studies as described in detail eGthiaptér
2.2). The primary antibody used was a custom synthesized rabbit polyclonaharge
nucleobindinl (1:3000, Pacific Immunology, Ramona, CA) for NUCB1. The slides wWere
washed with PBS and then were incubated with secondary antibody for one hour at room
temperature. Goat polyclonal amdéibbit IgG (Catalogt T1-1000, 1:500, Vector Laboratories,
California) was used as secondary antibody for NUCB1 respectively. ides skere then

rewashed with PBS and water and were mounted on Vectashield medium containing DAPI dye
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(Blue, Vector Laboratories). The slides were dried and imaged using a Nikon inverted
microscope (L100) (Nikon D®il MC camera, ON, Canada). The imagesenanalysed using

NiS Elements imaging software (Nikon, Canada). Regativecontrols, slides were incubated
either with secondary antibody alofeo primary antibody contrgl)or preabsorption using
synthetic goldfish NLP. Since the antibody used heteate both NUCB1 and NLP, we used

NUCB1/NLP-like immunoreactivity to refer to the staining obtained in our IHC studies.

3.2.3 Dose Dependent Effects of NLP on Cardiac Function in Zebrafish and Goldfish

Cardiovascular function was assessed in zebrafisty @ VEVO 3100 high frequency
ultrasound machine (Visualsonics, Markham, ON) usiagndle imaging as described earlier
[21, 122] Zebrafish were injected intraperitoneallyr(b) with 10 ng/g B.W) synthetic rat NLP
(VPVDRAAPHQEDNQATETPDTGLYYHRYLQEVINVLETDGHFREKLQAANAEDIKSGL
SQELDFVSHNVRTKLDEL, Abgent Technologies, California, >95% purity)or
goldfish/zebrafish NLP (VPIDRNPDPPQEEKAEENVDTGLYYDRYLREVIEVLETDPHFREK
LQTANTEDIKNGRLSKELDLVGHHVRTRLDEL, Pacific Immunology, Ramona, CA, >95%
purity) at four different doses (0.1, 1, 10, 100 ng/g B.W). For control, zebrafish was injected with
6 nL of sdine (0.9 % sodium chloride, Baxter Corporation, Catalog # JB1323). Scrambled NLP
was designed to test whether a peptide that shares the same amino acids and length of rat NLP,
but was highly dissimilar in the arrangement could elicit biological effectzelrafish.

Scrambled peptide was designed using the Sequence Manipulatiord Sailene tool

(www.bioinformatics.org/smsp/ NLP scrambled peptide

(PDSRSDDGSPSVQLQDYALIADAEVTLTHIELFGSPQNATKLLNKTERLRFLKVVRSKH
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RENVVATEHYQAQKYPEEDE) with the lowest similarity to the rat NLP sequence was
selected. Zebrafish were injected intraperitoneally with scrambled NLP (10 ng/g B.W). Each
zebrafish was allowed to recover for aipdrof 15 min Zebrafish (n=6 fish/groupyvas
anaesthetized prior to ultrasound experiments using 20 mg/L Aquacalm (Syndel Laboratories,
Canada). Zebrafish was then transferred 8yrofoamholding dish and maintained at 27+0.5

°C with recirculating water to maintain anesthesiataining Aquaalm (20 mg/L)throughout

the ultrasound testing and minimal impact towards cardiovascular function in zeljgdfjsh

122]

Similar studies were conducted in goldfish, another cypria#B]. Briefly, goldfish
(n=6 fish/ group) were intraperitoneally injectékD0 nL) with effectve dose of NLP (10 ng/g
B.W) from our earlier zebrafish experiments. Goldfish were also injected with rat NLP (10 ng/g
B.W) and scrambled NLP (10 ng/g B.W) and the fish were allowedctivee for a period of 15
min. Goldfish (n=6 fish/group) were anestizel using 20 mg/L Aquacalm (Syndel
Laboratories, Canada) and were transferred to the holding dish. The holding dish was maintained
at 24 +0.5 °C with aeration and recirculating water containing Aquacalm (20 mg/L) to maintain
the fish under anaesthetic aitions throughout ultrasound testing and causing minimal impact

to cardiac function in goldfisf21, 122]

A MX700 scan head was used to obtain short and long axis of the zebrafish and goldfish
ventricle in Bmode. Areas of three different short axis along the ventricle were measured as Al,
A2 and A3 while the ventricular length of long axis viewsameasured and divided by three to

give ventricular height (h) as per Eq (1). All of these values were measured at both systole and
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diastole volumes using Visualsonics software (Markham, ON). Using these values, end systolic

and diastolic volumes (mh+ m) were calculated using the equation:

V= (A1+A2) h + P9(A3h)@aR) + (°/ 6 (h
Stroke volume (SV) was calculated by subtracting end diastolic volume from end systolic
volume. Heart rate (bpm) was calculated by counting number of beat$ per 10s during-B
mode ultrasound loop video. Cardiac output was measured by multiplying heart rate and stroke
volume (SV):

Cardiac output = bpm * SV (2)

The body weight of each fish was noted, and cardiac volume anat olatja were

normalized to body weight and statistical analysis was conducted.

3.2.4 Effect of NLP on Irisin mRNA Expression in Zebrafish

It has been shown that irisin regulates cardiac function in zebf8f&h We wanted to
elucidate whether admstration of NLP (I.P) modulated irisin mRNA expression in zebrafish
heart and skeletal muscle. After ultrasound monitoring of zebrafish, heart and Skeistd
were colected from all groups post 1 homjection of zebrafish/goldfish NLP (0, 0.1, 10,1100
ng/g B.W), rat NLP (10 ng/g B.W) and scrambled NLP treated groups of zebrafish. Total RNA
extraction, cDNA synthesis and RJPCR studies were performed as described ea#liér3.

We wanted to determine whether irisin affects NUCB1 mRNA expressidhe heart. To

achieve this, NUCB1 mRNA expression in the heart and sketetatlealready collected from
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irisin treated zebrafisiChapter 5.2) were usedTargetmRNA expressionvas normalized to

18s RNA (housekeeping gend@aple 3.1).
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Table 3.1.Forward and reverse primers, and the annealig temperature used in PCR and

RT-gPCR analyses of the expression of mMRNAs of interest during the study in zebrafish.

Gene Primer se3g®uyence (5 (Annealing |Gene Bank
temperaturg Accession
°O Number
Forward Reverse
Irisin GCTTATATCTTC | GCCAGTTTCTC 58 NM_001044337.1
GCGTCCTC TGACTCTTT
NUCB1 |CTGTCTCTGTGT | TGGTGCTGTCCAG| 60 KU903286.1
CTGCTGGT TTTAGCC
18s GGATGCCCTTA | CTAGCGGCGCAA |60 KY486501.1
ACTGGGTGT TACGAATG
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3.2.5 Expression of RyRb and ATP2a2amRNA Expression in Zebrafish

Nesfatinl affects calcium handling protein, SERCA2a (gene encoding for ATP2a2a in
zebrafish)260]. We wanted to determine whether NLP elicits similar effects on cardiomyocytes.
Post ultrasound monitoring, heart tissuwere collected from all groups of zebrafish. Tissue
sampling was done approximatelhaur post NLP injection from control fish, and fish treated
with goldfish/zebrafish NLP, rat NLP or scrambled NLP. Total RNA extraction, cDNA synthesis
and RFqPCR wee performed as described earlier2(3. The primer sequences of zebrafish
SERCA2a and ATP2a2a are showntable 3.2 and the mRNA expression was normalized to

18s RNA (housekeeping gene).
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Table 3.2. Forward and reverse primers, and the annealingemperature used in PCR and

RT-gPCR analyses of the expression of mMRNAs of interest during the study in zebrafish.

Gene Pri mer s e3gue nc e|Annealing | Referencéd Gene
temperatur | Bank Accession
e (°C) Number
Forward Reverse
ATP2a2a | ATTTACTTGTGCG [ CACGATGTCTTTG | 60 [21]
GATTCTTCTA GCTTTGA
RyRlb | CCGCTCCTTTGGA | ATCCTCAACACCA |62.7 [21]
CCTCAAT TGACCGC
18s GGATGCCCTTAAC | CTAGCGGCGCAAT | 60 KY486501.1
TGGGTGT ACGAATG
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3.2.6 Statistical Analysis

Data were analyzed using onm&ty ANOVA followed by Uk ey 6 s mul t i pl e <cor
testusingP Rl SM version 5 (GraphPad I nc., USA) and
were used for statistical analysig? ¥ 0.05 was considered statistically significant. Data are

represented as mearSEM.For ultrasound data analysis, emay analysis of vaance

( ANOVA) foll owed by Fisherés post hoc test wa
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3.3 Results

3.3.1 NUCB1/NLP-Like Immunoreactivity was Detectedn Skeletaland Cardiac Musclein

Zebrafish

NUCB1/NLP-like immunoreactivity (DS red; red staining) was detected in the atrial and
ventricular cardiomyocytes of zebrafish heaRig(re 3.1 A and B). NUCB1/NLPlike
immunoreactivity was also detectedthe skeletal muscleHigure 3.1 Q. DAPI (blue color)
stained the nuclei of the celldigure 3.1 AD). No staining was detected in gadive

(preabsorption) control slidéBigure 3.1D).
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Atrium Ventricle

Skeletal Muscle Preabsorption Control
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Figure 3.1. NUCB1/NLP immunoreactivity was detected in atrium andventricle of heart
and skeletalmuscle of zebrafish. Nuclei are stained blue (DAP§nd NUCB1 was stained in
DS RedIimageswer¢ aken at 40X magni fication and scal e

Preabsorption controls were used to confirm the specificity of the antibody (d).
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3.3.2 NLP Downregulates Cardiovascular Physiologyn Zebrafish and Goldfish

Intraperitoneal admistration of NLP (10, 100 ng/g B.Wjecreaseend diastolic end
systolig and stroke volunsein zebrafish(F valuei 17.36;*P valuei 0.041, **P valuei 0.0072
(Figure 3.2 A-C). NLP (10, 100 ng/g B.Whglso decreaseteart rate and cardiac output in
zebafish (F valuei 25.17;%P valuei 0.034;P valuei **0.009; ***P value i 0.0005 (Figure
3.2 D, B. Administration of rat NLRdecreased10 ng/g B.W) endliastolic volume, systolic
volume and stroke volume in zebrafig@h valuei 0.039)(Figure 3.3 A-C). Rat NLP (10 ng/g
B.W) decreased heart rate and cardiac output in zeb(&ishluei 0.03)(Figure 3.3 D, B. In
goldfish, administration of zebrafish NLP (10 ng/g B.W) and rat NLP (10 ng/g B\fMgnced
cardiac functionsn a mannesimilar to thatsee in zebrafish(P valuei 0.043)(Figure 3.4 A-
E). No significantchanges ircardiac functios wereobserved in response to 10 ng/g B.W NLP
scrambled administratioim goldfish (P valuei 0.17) and zebrafisi{P valuei 0.098) (Figure

3.3, 3.4 AE).
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Figure 3.2. NLP administration decreased cardiovascular function in zebrafishGroups
include: Control (0); Dosef Zebrafish NLP (0.1, 1, 10, 10fy/g B.W). Units are displayed in

the Y axis and different cardiac parameters were analpadrisksdenote significant inhibition
between control (saline group) and NLP injected groups (**p<0.01, n = 6 fish/group) and letters
denote significant increase between control (saline group) and NLP injected gi@sfs06,

n=6 fish/ group). Data are represeshias mean + SEM. Omeay ANOVA f ol | owed

multiple comparison test were used for statistical analysis.
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Figure 3.3. Zebrafish NLP and rat NLP decreased cardiovascular functions in zebrafish.
Groupsinclude: Control (0); Dose of Zebrafish NLRO(ng/g B.W); Rat NLP (10 ng/g B.W);
Scrambled (10 ng/g B.WUnits are displayed in the Y axis and different cardiac parameters
were analyzed Asterisks denote significant differences between control (saline group) and NLP
injected groups (* p<0.05, n & fish/group). Data are represented as mean + SEM:w@ge

ANOVA foll owed by Tukeyds multiple compari son
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Figure 3.4. Zebrafish NLP and rat NLP decreased cardiovascular functions in goldfish.
Groupsinclude: Control (0); Dose of Zebrafish NLP (10 ng/g B.W); Rat NLP (10 ng/g B.W);
Scrambled (10 ng/g B.WUnits are displayed in the Y axis and different cardiac parameters
were analyzedAsterisks denote significant differences between control (satimgpy and NLP
injected groups (* p<0.05, n = 6 fish/group). Data are represented as mean + SEMayOne

ANOVA foll owed by Tukeyds multiple compari son



3.3.3 Administration of NLP Reduced Irisin mRNA Expression in a DoseDependent

Manner

Administration of zebrafish NLP (10, 100 ng/g B.W) downregulated irisin mRNA
expression in heafF valuei 26.64; P valug 0.012)and musclgF valuei 22.22; P valué
0.018) of zebrafish Figure 3.5 A, B). Administration of rat NLP (10 ng/g B.W) downregulated
irisin MRNA relative mMRNA expression ithe heart(P valuei 0.04 and skeletalmuscle (P
valuei 0.035 of zebrafish Figure 3.5 B). Administration of NLP scrambled (10 ng/g B.W) did
not affectirisin mMRNA expression in zebrafish mus¢R valuei 0.2) and hear{P valuei 0.28)
(Figure 3.5 B). Irisin (0.1, 1. 10 ng/g B.W) downregulated NUCB1 mRNA expresstagufe

3.5 Q) in zebrafish healP valuei 0.019 and muscl€P valuei 0.029.
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Figure 3.5. NLP administration downregulated irisin relative mRNA expression in heart

and skeletalmuscleof zebrafish. Groupsinclude: Control; Dose of Zebrafish NLP (0.1, 1, 10,
100 ng/g B.W); Rat NLP (10 ng/g B.W); Scrambled (10 ng/g Ban) the relative mRNA
expression was normalized to 18s RM¥terisks denote significant differences between control
(saline group) and irisin and NLP injected groups of the same (* p<0.05, n = 6 fish/group). Data
are represented as mean + SEM. @iay ANOVA f ol |l owed by Tukeyos

were used for statistical analysis.
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3.3.4 NLP Downregulates RyRLb mRNA and Upregulates ATP2a2a mRNA In Vivo in

Zebrafish

Zebrafish NLP (10, 100 ng/g B.W) downreguthiRyR1b mRNA expressiom zebrafish
heart(F valuei 21.90; P valug 0.016) (Figure 3.6 A). Zebrafish NLP (10, 100 ng/g B.W)
upregulatedATP2a2arelative mMRNA expression in zebrafish he@ttvaluei 25.8; P valug
0.033) (Figure 3.6 B). Administration of rat NLP (10 ng/g) downregulated RyR&kative
MRNA expression(P valuei 0.02) and upregulatedATP2a2a mRNA (P valuei 0.04)
expression in zebrafish heaRigure 3.6 C, D). No effect wadoundin RyR1b(P valuei 1.9)
andATP2a2a(P valuei 0.36) mMRNA expression in response to NLP scramladainistration

when compared to contrdfigure 3.6C, D).
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Figure 3.6. Intraperitoneal injection of zebrafish NLP and rat NLP downregulated RyR1b
MRNA and upregulated ATP2a2a mRNA expression in zebrafish heartGroupsinclude:
Control; Dose of Zebrash NLP (0.1, 1, 10, 100 ng/g B.W); Rat NLP (10 ng/g B.W); Scrambled
(10 ng/g B.W)and the relative mRNA expression was normalized to 18s.Fsterisks denote
significant differences between control (saline group) and NLP injected groups of the same (*
p<0.05, n = 6 fish/group). Data are represented as mean + SEMv@N&NOVA followed by

Tukeyds multiple comparison were used for sta
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3.4. Discussion

We previously published the anorectic action of NLP in fish, and its effects toessppr
orexigens and stimulate anorexiggmhS]. Here, we report theardiosuppressivaction of NLP
and its regulation of calcium handlipgoteins in fishPrevious results have shown that nesfatin
1 regulated cardiovascular functions and affected calcium handling profeli2g2aand
RyR1b) in zebrafish[21]. NUCB1/NLPlike immunoreactivitywas observedn atrial and
ventricular cardiomyocytesandin skeletal musclef zebrafish Figure 3.1 A-C). The results
obtained from our studies are the first line of evidence for NUCB1/NLP expression in cardiac
and skeletauscleof zebrafish. Thee resultsuggest thaibcally producedNUCB1/NLP could

contribute tacardiovasculaphysiologyin fish.

I.P administration of NLRlicited cardio suppressiom zebrafish and goldfish in a dose
dependent manner. Nesfafinis involved in regulating cardiovasculanctions inrodents and
fish [307-310]. Intravenous injection of nesfathincreased systolic and diastolic blood pressure
in rats[311]. ICV injections of nesfatil (60-180 pmol) caused a significant increase in arterial
pressure in rat§307]. In zebrafish, intraperiteeal injections of nesfatifh (250 ng/g and 500
ng/g B.W) reduced end diastolic volume, cardiac output and heart rate. These results show that
nesfatinl and NLP elicit similar effects in regulating cardiovascular functions in zebrafish and
goldfish.Howewer, the NLP effects on cardiac functions were found at lower dose, compared to
the doses tested in studies on nesfatiend cardiovascular biolod21]. It is not kasible to
make direct comparisons of dose responsive effects of both fishes without testing lower
concentrations of nesfatih and determining its cardiac effects. Considering the high sequence

similarity of both NLP and nesfatih, it is likely that simiar mechanisms mediate the cardiac
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effects of both peptides.ifierences in the outcomes of rodent and fish studies could be due to
differences in route of administration, dosages used, spgoéesfic differencesand also mode

of actionof peptidesn organisms tested. Administration of NLP reduced-diagtolic volume

post injection in zebrafish and goldfish. The decrease in theliastblic volume might be due to
increased ventricular wall stiffness or decreased preload controlled by venous pf@&sglre
Parasympathetic nervous system could mediate some of the effects of Nidarbmate and
cardiac output upon NLP injectiof27, 313] Another factor that controls cardiovascular
functionality is cortisol[314]. Administration of NLP elevated cortisdévels in goldfish
(Appendix A). Previous results suggest that elevated levels of cortisol resulted in hypertension
and increased sydic blood pressure in healthy mgBil4]. In zebrafish embryos, exposure to
high levels of cortisol affected cardiac development and functtgnadi a dose dependent
manner[315]. The potential role of parasympathetiervous system and stress hormones in

mediating NLP effects warrant further studies

We attemptedto understand the possibleellular mechanisra of NLP on cardiac
function lIrisin, a skeletal muscle protein has been shown to play an important rolauesing
cardiac function in micd316]. More recently, irisin has gained importance as a potential
biomarker for myocardial infarction due to its abundance in canaiascle[39, 237] ICV
injections of irisin increased cardiac output and blood pressutteelagtivation of hypothalamic
neurons in ratf22, 274] We already reported that irisin has a positive role in regulating cardiac
function and modulates muscfgoteins in zebrafislj306]. We also determined that irisin
regulates cardiovascular function via sympathetic stimulation mediatddadyenoceptors in

zebrafish(Chapter 6). In this study,NLP (10 ng/g and 100 ng/g B.W) downregulated irisin



MRNA expression in zebrafisltirigure 3.5 A, B. Meanwhile, @ministration of irisin (0.1, 1, 10

ng/g B.W) downregulated NUCB1 mRNA expression in zebrafish heartskelétal muscle
(Figure 3.5 O). These results indicate that NLP and irisin have opposing effecegjulating
cardiac functions in fishThe cardiac effects of NLP appear to be mediated, at least in part, by its
negative actions on irisin. Whether other cardioregulatory peptides are also influenced by NLP

remains unknown.

Our next studies focuseon whether the NLP affecthiRNAs encodingkey calcium
regulatory proteins in hea®arco/EndoplasmiReticulum C&" pumps (SERCA pump) play an
important role in muscle contraction and relaxation by the uptake and release of calcium ions.
Contraction is méiated bythe release of calcium with the help of ryanodine receptors, whereas
the relaxation occurs by uptake of calcium ions mediated by SERCA pump, stating that SERCA
has the ability to restore and releadecalcium to maintain contractierelaxation gcles[202].

Heart failure has bedmked todefects insarcoplasmic calcium uptake and intracellular calcium
concentrations, thereby restoring offCmediated transport system by increasing the expression
of SERCA wadound to be critical for maintaining cardiac functid@82]. In zebrafish, SERCA
protein has been shown to play an important role in cardiac development and f(ib28pn

317]. Expression of SERCA2ATP2a2a modulated intracellular calcium levels during
ventricular relaxation under different environmental fluctuations in zebrfi§$B, 319] A
decreas@n ventricular calcium handling by SERCA2a caused a decrease in diastolic and systolic
volumes in fisf320]. Another protein of interest is the ryanodine receptor 1b (RyRi&mber

of a family of intracellular Ca2+ chanteethat encodes sarcoplasmic reticulum is known to

regulate entry of calcium ions into the cytosol membrane from the intracellular organelles. The
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physiological role of RyR is to stimulate the release of Ca2+ during the excitation and coupling.
In zebrafii, RyR has been shown tegulateCa2+ signals during embryonic development in
zebrafish.NLP (10, 100 ng/g B.W)njection resulted in ampregulaibn in ATP2a2arelative
MRNA expression in zebrafish heart. The increasATiRP2a2amRNA expression could ba

direct effect of NLP, or @ompensatory mechanism in heart tissues as a result of NLP induced
cardiosuppressive effects in zebrafi€luntrary to the effects on ATP2g24LP (10, 100 ng/g

B.W) injection caused a downregulation ByR1b mRNA expression irzebrafish heart.
Similarly, nesfatinl (500 ng/g B.W) upregulated ATP2a2&lative mRNA expression in
zebrafish heart, whil e RyRI1-btreaiRaitAn zebeafshiieart al t e
[21]. These results suggest thato important calciurhandling proteinsSERCA2a/ATRa2a

and RyR1b,are modulated by NLP in zebrafish heart. These changes likely contribute to the

cardiac effects seen after NLP injection.

In conclusion, NLP is a novel cardio suppressor in zebrafish and goldfish. This research
showed that various cardiovascular functions, including end diastolic and systolic volumes, heart
rate and cardiac output were decreased by exogenous NLP similasfatirrk effects in fish
[21]. We also found that administration of NLP downregulated irisin, a catoffmulatory
myokine. In additiongalciumhandling proteirenamding mRNAswere found to b@ovel targets
of NLP in regulating cardiac functio®ur results provide several insights for future research in
studying the role of NLP in cardiovascular physiology in fish and rodents. Among the future
directions, cellular mechanismof actions and additional mediators by which NLP regulates

cardiacfunctions in fish are topics that deserve more research



TRANSITION

The goal of this research chapter is to determine whether irisin influences feeding, and
regulates appetite relgmory peptides in zebrafishAs stated earlier, irisin is abundantly
expressed in muscle and heart as well as purkinje cells in the cerebellum and neuroglial cells in
rodents by immunohistochemical studiggra-hypothalamic injection of irisin decreaséuabd
intake and upregulated CART and POMC mRNA expressioBpragueDawley rats.While
irisin is known to regulate food intake, physical activity and energy homeostasis in mammals, its
role in regulating the appetite regulatory proteins warknown in fsh. In goldfish, peripheral
injection of irisin inhibited feeding and upregulated CART and or&imRNA expression in
fish. Using zebrafish, we determined the possible role of endogenous irisin and exogenous irisin
on food intake and the expression of efite regulatory peptide3his is the first study that has
focused on the role of irisin on feeding in zebrafish. Collectively, the results for the first time
show a role for endogenous role of irisin in regulating food intake and appetite regulatory

peptdes in zebrafish.

Publication: LakshminarasimhaSundarrajan, Suraj Unniappan. 20%wall interfering
RNA mediated knockdown of irisin suppresses food intake and modulates appetite regulatory

peptides in zebrafish, General and Comparative Endocrind26gy 200208.

Contributions: This research was supported by a Discovery Grant from the Natural
Sciences and Engineering Research Council of Canada (NSERC), an Establishment Grant from
the Saskatchewan Health Resear @drtunfes Gundifeoni o n

the Canada Foundanh for Innovation (CFI) to SU.
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Chapter 4

Small Interfering RNA Mediated Knockdown of Irisin Suppresses
Food Intake and Modulates Appetite Regulatory Peptides in
Zebrafish

4.1 Introduction

Neurotransmitters and neuropeptides regulate feeding and energy homeostasis in
vertebrates[17, 54, 55] Peripheral signals such as adipokines play an integral role in
regulating homeostatic signalling pathways in mamijg4]. Hormones primarily act on the
hypothdamus, the main metabolic control center of the bfaij. In the hypothalamus, the
expression of several neuropeptides including oréxiend agoutrelated peptide (AgRP)
results in the stimulation of food intake, whereas cocaara amphetamineegulated
transcript (CART) and proopiomelacortin (POMC) expression decreases food in{dke,

323]. In addition to these appetite regulatory peptides, adipokilagsan important role in
energy expenditure, partly by the modulation of sympathetic tone, involving the autonomic
nervous systerf824, 325] In addition to adipose tissue, the gastrointestinal tract is a major
soure of metabolic peptidegl7], including ghrelin[17, 54, 55] Irisin is an example of a

novel, musclederived metabolic regulat¢89].
Irisin, a 23 kDa myokine, iprimarily expressed in skeletal and cardiac muscles of

rodents and humarj89]. Fibronectin type Il domain containing 5 (FNDC5) is a 212 amino

acid precursor of irisin, in which, amino acids-B238 correspondo irisin [46]. FNDCS5 is
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abundant in muscle. During exercise, irisin levelseaase, coinciding with an increase in
energy expenditure in mammdR9O]. Irisin secretion from cardiac and skeletal muscles is
increased upon activation of peroxisome proliferatttiivated receptor gamma coactivator
(PGG1 alpha)[46]. Circulating levels of irisin are ~3.6 ng/mL in resting individuals, while it

is ~4.3 ng/mL inthose undergoing exercigé6]. Processing of FNDC5 by PGT alpha
triggers the release of irisin into circulatif89, 46] Irisin is abundantly expressed in muscle
[47, 210] FNDC5 mRNA is also expressed in other mammalian tissues including rectum,
brain, adipose tissue and peratiam [232, 233] It has been reported thigisin is present in

the cerebrospinal fluid and expressed in the hypothalaadlifzyse tissue and skeletal muscle

in humang236, 272, 273]The cell specific expression of irisin was detected in skeletal and
cardiac muscles as well as Purkinje cells in the cerebellum and neuroglial cells in rodents by
immunohistochemical studief238, 326] Elevated levels of circulating irisin induced
expression of thermogenin in white adipose cells, leading to browning of white adipocytes
and increased thermogenef236]. Overexpression of irisin increased energy experaitur
reduced body weight, improved glucose tolerance, stimulated insulin resistaide,
metabolism and glucose utilization and inhibited insulin resistance in obese C57BL/6 mice
[39, 275, 276] In zebrafish, irisin promotes angiogenesis and modulates matrix
metalloproteinase activity through the ERK signaling pathj&y. Overall, irisin has several

biological actions in vertebrates.

While irisin is known to regulate food intake, physical activity and energy homeostasis in

mammals[327], its appetite regulatory effects are controversial. In-obese, noiabetic,

SpragueDawley rats, intrehypothalamic injection of irisin (5Q@00 nmol/L) decreased food
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intake and stimulated CART and POMC mRNA expresg#fl]. Conversely,infusion of

irisin (10 and 100 nM) using osmotic mini pumps into the lateral ventricle increased food
intake, plasma ghrelin levels, and NPY mRNA by directly or indirectly affeatimgpupling
protein 2 UCP2 mRNA levels, whereas it decreased plasma leptin levels and POMC mRNA
levels in the hypothalamus of nabese, nomiabetic Wistar Albino rat§328]. In goldfish,
intraperitoneal injections of irisin (D0and 250 ng/g) inhibited food intake and increased
CART and orexirA mRNA expression in the brajd9]. Neurotrophic factorsuch as tain

derived neurotropin factor (BDNRrevery important in regulating feed intake and control of
body weightin mice [329, 330] In mice BDNF has been shown to influence neuronal
development and maintain brain functions by activating neurotransmitters to modulate feed
reguation and behavior[330]. Whether BDNF exerts similar biological function in
modulating feeding is unknowrJsing zebrafish[331] as the model, we determined the
possible role of endogenous irisin, and irisin administration on food intake and the expression
of appetite regulatory peptiddsirst, we characterized the tigsapecific expression of irisin

in zebrafish. Second, we elucidated whether irisin administration or irisin suppression has any
effects on food intake of zebrafish. Finally, we studied irisin effects on the expression of
MRNAs encoding appetite regulatgpgptides in zebrafish. The results of this research, for
the first time, show a role for endogenous irisin in regulating food intake and appetite

regulatory peptides in zebrafish.
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4.2 Materials and Methods

4.2.1 Animals

Zebrafish Danio rerio; 2-4 months old; body weight: ~1; gnales and femalgs
were purchased from Aquatic Imports (Calgary, Canada) maintained at 27C under
12L:12D photoperiod cycle. All fish were fed once a day up-#%@Bbody weightwith
slow sinking pellets (slovginking pelets; Aqueon, Catalogg 06053) daily at the same
time. Fish were euthanizedsing 0.5% TMS-222 followed by spinal transectiorAll
animal studies complied with the policies of the Canadian Council for Animal Care, and

were approved by the University of 8atchewan Animal Research Ethics Board.

4.2.2 In Silico Analysis

Irisin  sequences from various species were obtained from GenBank
(http://www.ncbi.nlm.nih.gov/nuccore/ and aligned using Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/The signal peptide site in the zebrafish irisin

sequence was predicted using SignalP 4.1 sehitg:/(www.cbs.dtu.dk/services/SignalP/

TheGenBank Acession numbers of sequences used are provided in figure legends.

4.2.3 Irisin mRNA Expression Detection by RT-PCR and Gel Electrophoresis, and

Quantification using RT-qgPCR

Fish were anesthetized using 0.99%dS-222 before dissection and sample collection.
Samples of heart and skeletal muscle weléected from zebrafish (nF7andstored at80°

C. Total RNA was extracted using TRIzol RNA extraction reagent (Catal2§596026,
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Invitrogen). cDNAs were synthesizagsing iScript cDNA reverse transcription supermix

(Bio-Rad Laboratories, Catalogg 1708841). Primers used for RQPCR are presented in

Table 4.1. The primers were validated and optimized for efficiency and annealing
temperaturesRealtime quantitative PR was carried out using iQ SYBR Green supermix

(Bio-Rad, Catalogt 1708880) and CFX Connect Optics module system (BioRad, Canada)
controlled by CFX Connect RGased software (BioRad, Canada) and was analyzed using the

Livak method described earlig2l, 280, 294] Relative mRNA expression of genes of interest

were quantified and normalized to the expres
distribution) or 18s RNA (tissue culture studies, food intake studies, SiRNA gene

knockdown).

4.2.4 Intraperitoneal Injection of Irisin

Irisin sequences of zebrafish and humans have 80% amino acid sequence identity. Due
to this, human irisin was injected intraperitoneally (i.p.) into zebrafish at the regular feeding
time. Synthetic human irisinCatalog #067-1 6 ; O@wey Phoemix Pharmaceuticals Inc.,
Burlingame, CA) was injected (n = 8 fish; 50 microliters) at 0.1, 1, 10 and 100 ng/g body
weight (BW) just prior to their scheduled feeding time (10 AM). Fish in the control group (n
= 8) was injected with 0.9% sodiumlatide (saline). Immediately after the administration of
irisin or saline, fish were allowed to recover and were fed avwerghed quantity of food, and
the food recovered 1 h peatiministration was dried overnight at 60 °C, to quantify food

intake.
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4.25. Irisin Modulation of Appetite Regulatory Peptides in Zebrafish

Zebrafish (n=8/group) were maintained as described earlier-aBoshistration of
irisin (0, 0.1, 1 and 10 ng/g B.W), zebrafish were euthanized, brain and gut, as well as heart
and skeletamuscle, were collected and processed andjRTR were conducted as described
earlier. Tissues collected were used for studying the expression of appetite regulatory peptides
preproghrelin, orextA and CART mRNAs and were normalized to 18s RNA (housekegepi
gene) to determine the effect of appetite regulatory peptides in zebrafish upon irisin

administration(Table 4.1).
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Table 4.1. Forward and reverse primers, and the annealig temperature used in PCR and

RT-gPCR analyses of the expression of mMRNAs ofterest during the study in zebrafish.

Gene Accession

Pri mer se8dknc( Annealing
Number
Gene temperature
Forward Reverse (°C)
GCTTATATCT GCCAGTTTCT NM_001044337.1]
FNDC5b 59
TCGCGTCCTC CTGACTCTTT
CTACTGGTA TCCAGACAGAG AF057040.1
b-Actin 59
TTGTGATGGACT | TATTTGCGCT
GGATGCCCT CTAGCGGCGC KY486501.1
18s 60
TAACTGGGTGT AATACGAATG
ATTCAGAGTG AGGAAAGAGC [280]
Preproghrelin 56.6
TTGTCGTA ACATAAGA
GCATATCGG GGGTCCTCGAG [280]
OrexinA 60
CCGCTTTAATA TCTCTTTCC
GTGCCGAGAT | AGCTGCTTCTC NM_001017570.1
CART 60
GGACTTTGAC GTTGGTCAG
GAAGGACGTT ATAGTGCCGC FJ915060.1
BDNF 57
GACCTGTATG TTGTCTATTC




4.2.6 Knockdown of Irisin Using siRNA on Food Intake and Appetite Regulatory Peptides

in Zebrafish

Zebrafish (n= 6/group) were acclimatized for one week prior to the experiment and
were fed with commercial pellet diet (slesinking pellets; AqueorCatalog #06053) daily at
the same time. The sequences of irisin and scrambled siRNAs are provided erd.Zabl
Zebrafish irisin sSiRNA was custom synthesized by Dharmacon (Montreal, CA). The control
group (salindnjected) (n= 6) were injected with saline (0.9% sodium chloride; Baxter
corporation,Catalog #JB1323) Table 4.2). As a negative control, scrambléisin siRNA
was designed to test whether a siRNA of the same length, but with a scrambled sequence
based on the irisin MRNA. Scrambled siRNA sequence was designed Gesirgcript

sequence scramble tool htips://www.genscript.com/sslin/app/scramble and was

synthesized by Dharmacon (Montreal, CA)able 4.2). Zebrafish irisin siRNA and
scrambled siRNA were injected i.p. at 10 ng/g B.W. The dose tested was found effective in
reducing feedingn a trial, and this was maintained as the desired dose. Immediately after
injection, zebrafish were fed, and food intake was quantified as described earlier. Fish were
euthanized, brain and gut collected and processed as described earlier. In ordethto tes
effect of SIRNA gene silencing strategy, irisin relative mRNA expression was carried out in
skeletal muscle and heart tissues respectively and normalized to 18s RNA (housekeeping
gene) Table 4.1). Appetite regulatory peptide encoding mRNAs of CARfexinA and
preproghrelin mRNA in the brain and gut of siRNA treated zebrafish was measured, and data

were normalized to 18s RNA expression.
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Table 4.2. Forward and reverse sequence of irisin and scrambled siRNA used during gene

knockdown studies.

si RNA seqlué)nce (56

SiRNA Length

Forward Reverse

C.C.AAAGAGU.CAGAG|PAGUUU.CUCUGACU.C

Irisin 21
AAACUUU U.U.U.G.G.U.U
G.C.G.UAU.CAACGGAGQP.UAUAACUCCGUUGA
Scrambled 21
.U.UAUA.UU U.A.C.G.C.UU




4.2.7 Statistical Analysis

Data were analyzed usingomeay ANOVA f ol |l owed by Tuekteyds mu
usingPRI SM version 5 (GraphPad I nc., USA) and | B
used for statistical analysi$? <0.05 was considered sttically significant. Data are

represented as mearSEM.
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4.3 Results

4.3.1 In Silico Analysis of FNDC5 Sequences and Relative mRNA Expression of Irisin by

Gel Electrophoresis

Sequence analysis found a very highly conserved irisinl8&) in zebrafish
(NM_001044337.1). The FNDC5 sequence is 212 amino acids long, of whitB83¢L06
aa) constitutes the irisin sequence. Zebrafish irisin sequence exhit83%@mino acid
sequepe identity tohuman, rat and mouse irisin sequenff@gure 4.1 a). Abundance of
irisin MRNA expression (332 bp) was detected in the skeletal and cardiac muscles of
zebrafish (n=6) Kigure 4.1 b). No amplicon was detected in other tissues (i.e. blaier,

gut, ovary and testes) of zebrafishgure 4.1 b).
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Figure 4.1. In silico analyss of FNDC5 sequence and expression aifsin in zebrafish by

gel electrophoresis.(a) Schematic representation of FNDC5 sequence showing the irisin
peptide (32138amino acids) region. The alignment of irisin sequence from various species is
shown below. GenBank accession numbers of the sequences used are: Danio rerio
(NM_001044337.1), Rattus norvegicus (NM_001270981.1), Mus musculus (NM_027402.4),
Homo sapiens (NM _@.171941.2). ) Gel electrophoresis of irisin in zebrafish by reverse

transcriptase PCR (n =.7)

13¢



4.3.2 Intraperitoneal Administration of Irisin Did not Affect Food Intake in Zebrafish

Administration of synthetic irisin by a single intraperitoneal itigt did not affect
food intake in zebrafish, when compared to control (safijexted) grougF valuei 15.75; P

valuei 1.87)(Fig. 4.2.

250+

Feeding (mg)/Body weight (g)
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Figure 4.2. Effect of irisin on food intake in zebrafish.Groupsinclude: Control; Dose of

Irisin (0.1, 1, 10, 100 ng/g B.WAsterisks denote significant differences between control
(salineinjected) and irisin injected groups in zebrafish (*p < 0.05, n = 6 fish/group). Data are
represented as mean + SEM. Gveey ANOVA f ol | owed by Tukeydés mul 1

test were used for statistical analysis.
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4.3.3 Knockdown of Irisin SuppressedFood I ntake in zebrafish

Knockdown of irisin by siRNA (10 ng/g B.W) reduced food intake in zebraf{$h
valuei 34.5; P value 0,021) (Figure 4.3 a). No effect on food intake was observed in
response to an intraperitoneal injection of 10 ng/g B.W scrambled irisin siiPNAaluei
1.17) (Figure 4.3 a). Intraperitoneal injection of irisin SIRNA resulted the inhibition of
irisin MRNA expression by 90% at 10 ng/g B.W in zebrafish H€avaluei 14.67; P valué
0.02)and skeletal muscl@ valuei 15.6; P valug 0.035)when compared to control (saline
injected) group Figure 4.3 b). No significant eféct on irisin relative mRNA expression was
observed in response to an intraperitoneal injection of scrambled irisin sSiRNA (10 ng/g B.W)
in zebrafish hear(P valuei 0.75)and skeletal musclé valuei 0.3), when compared to

control (salineinjected) grop (Figure 4.3 B).
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Figure 4.3. Knockdown of irisin by siRNA suppressed feed intake in zebrafistGroups

include: Control; siRNA (10 ng/g B.W) and scrambled siRNA (10 ng/g B.W). White bars
denotemuscleand black bars denote heart tissue samples in zebrafish normalized to 18s
RNA. Asterisks denote significant differences between control (saljaeted) and irisin

injected groups in zebrafish (*p < 0.05, n = 6 fish/group). Data are represented as mean +
SEM. Oneway ANOVA followed by Tukeyos mul tiple

statistical analysis.
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4.3.4 Administration of Irisin Did Not Affect Appetite Regulatory Peptide Encoding

MRNASs in Zebrafish

Administration of irisin (0.1, 1, 10 and 100 nd3gw) did not affect ghrelifF valuer
2.89; P valué 0.43)(Figure 4.4 a) or orexinA (F valuei 3.1; P valug 0.66)(Figure 4.4 b)
relative mRNA expression in the brain and gut of zebrafish when compared to controt (saline
injected) group. Injection dfisin did not affect CART relative mRNA expression in bréin

valuei 1.5; P valug 0.7)and gut(P valuel 0.12)in zebrafish(Figure 4.4 c).
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Figure 4.4. Irisin modulation of appetite regulatory peptides in ebrafish. Groups

include: Control; Dose of Irisin (0.1, 1, 10, 100 ng/g Baxy the relative mRNA expression

of ghrelin, orexirA and CART was normalized to 18s RNBata are represented as mean

SEM and normalized to 18s RNA. Omeay ANOVA foll owed by Tuk:e

comparison test were used for statistical analysis.
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4.3.5 Irisin Knockdown Results in the Downregulation of Orexigens, and Upregulation of

CART

Knockdown of irisin (10 ng/g B.W) suppressed preproghréfinvaluei 27.13, P
value i 0.036) and orexirA (F valuei 27, P valuei 0.025) mRNA expression, and
upregulated CARTF valuei 27.2; P valué 0.011)mRNA expression in zebrafish brain and
gut (Figure 4.5 a-c). No effect on mRNAs quantified was observed in response to scrambled
irisin siRNA injection (P valuei 0.98) when compared to control (saliimgected) group
(Figure 4.5 a-c). Administration of irisin (0.1, 1, 10 and 100 ng/g B.W) did not affect BDNF
relative mRNA expression in bra{P valuei 1.23) heart(P valuei 0.34) musclegP valuei
0.087) and gut(P valuei 0.13) tissues of zebrafish when compared to control (saline
injected) group(Figure 4.6 a). Knockdown of irisin (10 ng/g B.W) resulted in the
downregulation of BDNF relative mRNA expression in zebrafish HiRimaluei 0.04) heat
(P valuei 0.018) muscle(P valuei 0.033)and gut(P valuei 0.04)of zebrafish(Figure 4.6
b). No significant effect on BDNF mRNA expressigR valuei 0.5) was observed in

response to scrambled irisin SIRNRidure 4.6 b).
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Figure 45. Knockdown of irisin by siRNA on appetite regulatory peptides in zebrafish.
Groups Control; siRNA (10 ng/g B.W) and Scrambled (10 ng/g B.W). Brain and gut tissues
were considered and the relative mMRNA expression was normalized to 18s ARMASks
denote significan differences between control (salimgected) and irisin injected groups in
zebrafish (*p < 0.05, n = 6 fish/group). Data are represented as mean .#O0BEMay ANOVA

foll owed by Tukeyds multiple comparison test
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Figure 4.6. Modulation of BDNF relative mRNA expression upon knockdown of irisin by
siRNA in zebrafish. Groups Control; Dose of Irisin (0.1, 1, 10, 100 ng/g B.W); siRNA (10 ng/g
B.W) and Scrambled (10 ng/g B.W). Braimgart, muscleand gut tissues were considered and
the relative mMRNA expression was normalized to 18s RMNAterisks denote significant
differences between control (sakimgected) and irisin injected groups in zebrafish (*p < 0.05, n

= 6 fish/group). Data are represeth as mearr SEM. Oneway ANOVA foll owed

multiple comparison test were used for statistical analysis.
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4.4, Discussion

Irisin is a myokine abundantly expressed in the skeletal muscle and heart of rodents and
humans. Ouin silico analysis ofsequences revealed a highly conserved irisin in zebrafish,
which shares approximately 80% sequence identity with human, rat and mouse irisin
sequences. Here, we report the tissue distribution of irisin in zebrafish, role of endogenous
irisin on food intakan zebrafish, and irisin effects on appetite regulatory peptides. Irisin was
abundantly expressed in the skeletal muscle and heart of zebrafish. These results agree with a
previous study in mice by Bostrom et[&8B], which showed abundance of irisin in skeletal
and cardiac muscle. We did not see irisin expression in other tissues, while the expression of
irisin in brain and liver of mice was reported ear[@81, 238] These results suggest species
specificity in the expression of irisin, suggestive of tissue specific biological actions of irisin.
Considering the high sequence identity of irisin sequences and some similarities in its tissue

distribution, it is likely hat irisin exerts biological actions in zebrafish.

Our next study focused to determine whether irisin has any role in regulating food intake
of zebrafish. IP injection of irisin did not affect food intake in zebrafish. In contrast, i.p
admi ni stmaanmnaolni aonfo A( speci es not indicated) iri
doses reduced éeling in goldfish, at 30 mipostinjection. Differences in the species used,
doses tested, and the duration of food intake monitoring are possible factors thatt&suse
discrepang. As in the goldfish studj49], whi ch us eod ifrmasmmastudwannd t he
[328] usal central administration of human irisin, we also used-mative peptide in
zebrafish studies. The use of a heterologous peptide is a limitation of this study. Future

research using the endogenous (fish) form of irisin is essential to determine whetlaekth



of effect found in this study is due to the use of a mammalian peptide. On the other hand,
knockdown of irisinin vivo resulted in inhibition of food intake in zebrafish. Our results
presented here are the first line of evidence for a role for endog irisin in the regulation of
feeding in zebrafish. The decrease in food intake could possibly be an outcome of effects of
irisin on other aspects of metabolism, including a decrease in energy expenditure, cardiac

functions and physical activity.

siRNA based technologies have been effectively used in zebrafish before, for example, in
efficiently silencing the dystropin gerjd32]. In another study, microinjectioof lamin A,
GL2 and eGFP siRNAs into zebrafismbryosresulted in abnormal development and early
death of zebrafish embryd833]. In our study, knockdown of irisin using siRNA had a
profound anorexigenic effect in zebrafish. We explored whether irisin siRNA influenced
appetite regulatory peptide§hrelin [294] and orexirA [334] are potent orexigens in
zebrafish, and CART[298], an anorexigen.Knockdown of irisin resulted in the
downregulation of preproghrelin and orexdn and upregulated CART mRNA expression in
zebrafish brain and gut. These peptides found altered by irisin defjciare possible

mediators of its effects on feeding.

In addition to the appetite regulatory peptides studied, BDNF, a neurotrophin, found to
influence neuronal development and maintenance of brain functions by activating
neurotransmitters and modulatingurogenesis was also measyB2b]. In mammals, BDNF
regulateslopamine and serotonin (neurotransmitters) which has been shown to modulate feed

regulation and behavid330]. In humans and goldfish, irisin has been shown to induce
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BDNF expressiorf335]. Our study showed that irisin administration did not affect BDNF
MRNA, while SRNA mediated irisin knockdown downregulated BDNF mRNA expression in
zebrafish tissues. These results suggest that whole body knockdown of irisin suppresses
BDNF, another peptide involved in feeding regulation. Altogether, attenuation of endogenous
irisin suppresses various orexigenic peptides, and stimulates anorexigenic peptides to regulate
food intake in zebrafish. The mechanisms of action of irisin on food intake, and the pathways
that mediate this function require further investigatieigure 4.7 summaizes the effects of

irisin on feeding and appetite regulatory factors in zebrafish.
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Figure 4.7. Summary of irisin effects on food intake and regulation of appetite
regulatory factors in zebrafish. Scheme depicting the role of irisin on feeding and appetite
regulatory peptides in zebrafish. Irisin, a myokine is abundantly expressed in cardiac and
skeletal muscles in zebrafish. No significant effect on feeding and appetite regulatory peptides
was found after the administration of irisin. Knockdown of irisin has a suppressive effect on
food intake, downregulated orexfa mRNA and preproghrelin mRNA, and upregulated

cocaine and amphetamine regulated (CART) mMRNA expression in zebrafish.
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4.5 Conclusion

Research on irisin, especially studies on irisin in-n@ammals, is in a state of growth. Ou
studies elucidated several key aspects of irisin in zebrafish. First, it unraveled a key role for
endogenous irisin in regulating food intake in zelBhafSecond, it found that irisin modulates
appetite regulatory peptides in fish. While some of our results are in agreement with similar
studies in rodents, it appears that spespific differences exist in irisin actions. Our results
establish irisiras a bioactive molecule in zebrafish. It also provides the basis for future research

on the mechanisms of action of irisin, and its role in other physiological systems in zebrafish.
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TRANSITION

The focus of this chapter was aimed to study the role gihion cardiac function and
muscle protein regulation in zebrafidPrevious resulten irisin reported its endogenous role in
regulating feed intake and affecting appetite regulatory proteins in zebrafish. The role of irisin in
regulating cardiac physialy in fish is unknown. The main focus of this research was in
determining two important aspects of irisin in zebrafish. This is the first study that elucidated
irisinbés role in cardiac function. Thengresult

cardiovasculaphysiology anddentified novel targets of irisin in zebrafish.

Publication: Sundarrajan L, Yeung C, Hahn L, Weber LP, Unniappan S (2017) Irisin
regulates cardiac  physiology in zelish. PLoS ONE 12(8): e0181461.

https://doi.org/10.1371/journal.pone.0181461
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Chapter 5

Irisin Regulates Cardiac Physiology in Zebrafish

5.1 Introduction

Skeletal muscle constitutes up to 40% of total body weight, and is considered an exercise
dependent endocrine organ that constitutes approximaiétyaf body protein$336, 337]
Skeletal muscle regulates cyio&s and myokines that exert autocrine and paracrine effects in
humans[338-341]. Some of the skeletal muscle derived cytokines, including interléikin
have the ability to regulate glucose and lipid le&42]. Irisin is a recently confirmed,
exerciseinduced, 23 kDa myokine abundantly expressed in rodent and human skeletal muscle
[41]. Irisin is secreted fronFNDC5, a 212 amino acid precursor, after the cleavage of its
extracellular portiorf39, 40] FNDCS is regulated bi?GG1 alpha which forms an integral
part of the muscle posixercise, and causes an increase in energy expenditure in mammals
[39]. Processing of FNDC5 by PGLCalpha triggers the release of irisin into circulafid8,

46]. FNDC5 mRNA is expressed in the brain, adipose tissue, gut (rectum) and pericardium in
humang[232]. Previous results have reported tirégin is present in the cerebrospinal fluid

and is expressed in the hypothalamadipose tissue and skeletal muscle in hunjamg,

273]. Elevated levels of circulating irisin induced expression of thermogenin in white adipose
cells, led to bowning, and resulted in increased thermogenesis and energy expefafijre
Lower expression of FNDC5 has been associated with reduced aerobic performance in
humans, contributing to heart failuf236]. Irisin is considered a key promoter in the central

nervous system, and it regulates cardiac contracfey 343, 344] More recently, irisin has
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gained importance as a potential biomarker for myocardial indarchiie to its abundance in
cardiac musclg39, 345] Irisin exhibis many biological actions in vertebrates.
Immunohistochemical studies revealed irisin immunopositive cells concentrated in
skeletal and cardiac muscles, Purkinje cells in cerebellum and neuroglial cells in [a88nts
326]. Intracerebroventricular administration of irisin in rats resulted in increased blood
pressure and enhanced cardiac contracfizy. On the other hah peripheral administration
(intraperitoneal injection) of irisin, or irisin injection into the cerebellar area of the nucleus
ambiguus decreased blood pressure via vagal stimulation if2&ts274] It has ber
reported that overexpression of irisin increased energy expenditure, reduced body weight,
improved lipid metabolism and glucose tolerance, and suppressed insulin resistance in high
fat fed micg39, 275, 276] In contrast, knockdown of FNDCS5 resulted in a suppressive effect
on neural differentiation of mouse embryonic stem cells in m{Ri&#. In zebrafish, irisin
promotes angiogenesis and modulates matrix metalloproteinase activity through the ERK
signaling pathway47]. Whether irisin exerts any effects on metabolism and cardiac function

in nonmammals remains unclear.

Muscle, a major source of irisims also a reservoir of other metabolically modulated
proteins includingPGG1 alpha, myostatin, troponin and tropomyosin. PG@&lphais an
important factor that helps muscle adaptation to endurance ex@@&eln mice, deletion of
PGG1 alpharesulted in reduced musdienctionality and increased inflammation. Myostatin
is member of the transforming growth factor beta family and is a secreted signalling mediator
that plays an important role in suppressing the conversion of white adipose tissue to

beige/brown adipose tigs in human$346, 347] In mice, depletion of myostatin resulted in
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increased cell mass, decreased body fat deposition, increased insulin sensitivity, increased fat
oxidation and protection from obiy[211-213]. In addition to that knockout of myostatin
increased the expression of AMPK, PGC1 alpha and FNDCb5nigaii activation of
browning of fat in micd213]. Myostatin has a negative effect on satellite cell growth and
postnatal myogenesis in zebrafi@i4]. Troponin, a complex protein consisting of troponin

C, troponin | and troponin T, is abundantly expressed in cardiac and skalstEeand plays

an important role in muscle contractif#17]. Cardiac troponin C is a primary determinant of
cardiac contractility since it is a calcium binding protein that directly mediates responses to
the amount of intracellular calcium released in the hgd®]. On the other hand, cardiac
troponin T is a key mediator protein that binds the troponin complex to tropomyosin to
mediate controlled interaction between actin anasity filaments in the myocardial cells of

the heart[219]. Owerexpression of troponin T has resulted in myocardial damage and its
release into circulation from damaged cardiomyocytes is currently used as a biomarker for
diagnosing acute myocardial infarctifi®, 348] It is possible that myostatins and troponins

contribute to irisin effects on cardiac and metabolic physiology.

We hypothesized thatisin has cardiac function and modulates muscular proteins in
zebrafish.The main focus of this research was in determining two important aspects of irisin
in zebrafish. First, we elucidated whether irisin has any whole animal effects, by examining
cardia function in zebrafish. Second, we studied irisin effects on the expression of muscle
proteins discussed above in zebrafish. The results of this research show a role for irisin in

regulating cardiovascular physiology and identify novel targets of insaelbrafish.
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5.2 Materials and Methods

5.2.1 Animals

Zebrafish Danio rerio; 2-4 months old; body weight: ~1 g) were purchased from
Aquatic Imports (Calgary, Canadand were maintained at 27C under 12L:12D
photoperiod cycle. All fish were fed oncelay up to 24% body weighwith slow sinking
pellets (slowsinking pellets; AqueorCatalog #06053). Fish were euthanizeding0.5%
TMS-222 followed by spinal transectiomll animal studies complied within the policies
of the Canadian Council for AnimaCare, and were approved by the University of

Saskatchewan Animal Research Ethics Board (Z033).

5.2.2 Western Blot Analyses

Total protein samples from heart and skeletal muscle was collected to confirm the
presence of irisin by Western blot anasydtish (n= 6) were euthanized using 0.5% TRER
before dissection and tissue collection. Tissues for Western blot were homogenized-using T
PER tissue protein extraction buffer (Thermo Scientifiatalog #78510) followed by protein
concentration determation by Bradford assay using NanoDrop 2000c (Thermo, Vantaa,
Finland). The samples were prepared using 1X Laemmli buffer containing 0.2% of 2
mercaptoethanol (Bi®kad, Catalog #161-0737 and-0710) and were subjected to boiling at
95° C for 5 min followed by vortexing prior to loading. Tissue total protein samples (40 pL;
15, 30 or 40 pug total protein from heart and skeletal muscle of normal zebrafish, or sSiRNA
treated zebrafish)r synthetic irisin (positive control; 10 pg) were loaded and were run on a

gradient gel (BieRad, Catalog #456-1104) at 200V for of 30 min. After the run, proteins



were transferred to a 0.2 um BioTrace nitrocellulose membrane (PALL Life Sciences,
Catabg # 27377000) subjected to blocking using 1X RapidBlock solution (AMRESCO,
Catalog #M3 2 5) . I n order to det dubdin (refarencepmteis ence o0
Catalog # 2146, Cell signalling, Danvers, MA), rabbit polyclonal FNDC5 antib@dtabg #
ab131390, 1:3000, AbcanRamona,Massachusetts) for irisin was used. As the secondary
antibody, goat antiabbit IgG (H+L) HRP conjugateCatalog #170-6515, I3000, BieRad)

was used. For visualization of protein, the membrane was incubated for B 1@iarity
Western ECL substrate (BRad, Catalog #170-5061) and imaged using ChemiDoc MP
imaging system (BidRad, Catalog # 170-8280). Membrane stripping for detection of
reference protein was conducted using Western blot stripping buffer (Thermdiftgcien
Catalog #46430). Primary antibody was pabsorbed in 1Qig synthetic human irisin
(Catalog #067-16, Phoenix Pharmaceuticals, Inc, Burlingame, ©#¢rnight and was used

as preabsorption controls for zebrafish tissues to confirm the specifiditghe irisin
antibody.Precision plus protein dual Xtra standards {Riad,Catalog #161-0377) were used

as the marker to detect the molecular weight of irisin andthbtdin.

5.2.3 Immunohistochemistry

The localization of the irisin protein in zehisdf heart and skeletal muscle sections
were detected by immunohistochemical (IHC) studies as described in detail [@4jli@ihe
primary antibody used wasbbit polyclonal FNDC5 antibodyQatalog #ab131390, 1:3000,
Abcam, Ramona, Massachusetts) for iridihe slides were then washed with PBS and then
were incubated with secondary antibody for one hour at room temperature. Goat polyclonal

antirabbit 1IgG Catalog# T1-1000, 1:500 dilution, Vector Laboratories, California) was used
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as secondary antibody for irisin respectively. The slides were then rewashed with PBS and
were mounted on Vectashield medium containing DAPI dye (Blue, Vector Laboratories). The
slides vere dried, and imaged using a Nikon inverted microscope (L100) (NikeQiD™MC
camera, ON, Canada) and analyzed using NiS Elements imaging software (Nikon, Canada).
For controls, pgmary antibody was prabsorbed in 1Qig synthetic human irisinGatalog #
067-16, Phoenix Pharmaceuticals, Inc, Burlingame, CA) overnight to confirm the specificity
of the irisin antibody in zebrafish tissu@sssue sections incubated with secondary antibody

alone, or preabsorption using synthetic irisin peptide, were usezbjasive controls.

5.2.4 TissueCulture Studies

Samples of heart and skeletal muscle from zebrafish (n=8/group) were collected upon
euthanasia using.5% TMS-222 Four tissues were added to each plate and were suspended
in the fresh media for a period @ hours. The media for the tissue culture were prepared
containing the following components; DMEM 1X (500 ml); NAHCO3 (1.85Q);
penicillin/streptomycin(5.5 ml) and gentamicin (250 mg) respectively. Plates were prepared
and fresh medium (1 mL) was addedotates and incubated. Different concentrations of irisin
(0, 0.1 and 10 nM) were prepared containing the fresh media were prepared accordingly
during this incubation period. Post incubation, plates were replaced with media containing
irisin at differentconcentrations. The plates were incubated for 60 or 120 mins respectively.
The tissues were then collected and stored8@t C until further analysis. In order to
determine the effect of irisin on muscle proteins, tissues collected were used for sthdying
relative mRNA expression of troponin C, P@Calpha, myostatia and myostatip and

normalized to 18s RNA (housekeeping genEable 5.1). PCR was carried out using iQ



SYBR Green supermix (BiRad, Catalog #70-8880) and CFX Connect Optics module

sysem Bio-Rad Canada) controlled by CFX Connect-B&sed softwareBjo-Rad Canada).
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Table 5.1.Forward and reverse primers, and the annealig temperature used in PCR and

RT-gqPCR analyses of the expression of mMRNAs of interest during the study zebrafish.

Gene Pri mer se8drnce Annealing | Gene Accession
temperature Number
Forward Reverse (°C)
FNDC5b GCTTATAT GCCAGTTTC 59 NM_001044337.1
CTTCGCGTCCTC| TCTGACTCTTT
PGG 1 alpha TCTATTCG GGTGGTGCTG 58 XM_017357139.2
GAAGGGCCCAGA| TCTCGTTTTG
Myostatinb TCCTTTAGC TGCTTGAGTC 60 NM_131019.5
ACGCCTTGGAA GGAGTTTGCT
Myostatina TTTTGAGCA ATCTTTGGGCT 60 NM_001004122.2
TCCTGCGCCTA CAGTGCGAA
TroponinC GCAGAAAAA TTCCGCCAGT 60 AF180890.1
TGAGTTCCGTGC | TCTTCCTCTG
Troponin AGTTCAGGAGG AGTCTGGCTT 60 NM_001025179.1
T2D AAGTGGATGAGT | GACGCTCTTTC
b-Actin CTACTGGTAT TCCAGACAGAG 59 AF057040.1
TGTGATGGACT TATTTGCGCT
18s GGATGCCCTTA | CTAGCGGCGC 60 KY486501.1
ACTGGGTGT AATACGAATG
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5.2.5 DoseDependentEffects of Irisin on Cardiac Function in Zebrafish

Cardiac function was assessed in zebrafish using a VEVO 3100 high frequency
ultrasound machine (Visualsonics, Markham, ON), usinghddle imaging as described
earlier [21, 122] Zebrafish (4 months old) were injected intraperitoneally (6 pL) with
synthetic human irisin Gatalog #067-16; Phoenix pharmaceuticals, Burlingame, CA) at
doses 0.1, 1, 10 ng/g body weight. The control group were injected with 6galireé (0.9%
sodium chloride). The siRNA sequences of irisin and a scrambled control siRNA are
represented ifable 5.2. Zebrafish irisin SIRNA was synthesized by Dharmacon (Montreal,
CA). The control group (n= 6) were injected with saline (0.9% sodiuloridk; Baxter
corporation,Catalog #JB1323) Table 5.2). Scrambled irisin sSiRNA was designed to test
whether any siRNA sequence that shares same set of mMRNAs and length but was highly
dissimilar in the arrangement could elicit same biological effect ebratish. Scrambled
siRNA sequence was designed usingsenScript sequence scramble tool
(https://www.genscript.com/sslin/app/scramble from the corresponding zebrafish sSiRNA
sequence and symkized by Dharmacon (Montreal, CA)able 5.2). Zebrafish irisin SIRNA
and scrambled siRNA were injected intraperitoneally at 10 ng/g B.W. Each fish was allowed
to recover for a period of 15 mirZebrafish were anesthetized prior to ultrasound experiments
using 20 mg/L Aquacalm (Syndel Laboratories, Canada). Fish were then transferred to a
groove in aStyrofoamlined holding dish and placed ventral side up, with aerated, 2430.5
water containing0 mg/L Aguacalm superfusing the fish to maintain anesthesia throughout
ultrasound testing and minimal impact towards cardiovascular functions in zeléifish

122]
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A MX700 scan head was used to obtain short and-#xig views of the zebrafish
ventricle in Bmode. The areas of three different short axis views along the ventricle were
measured as Al, A2, A3 while the ventricular length of long axis view wasuneglaand
divided by three to give ventricular height (h) as per equation (1). All of these values were
measured at both systole and diastole volume using Visualsonics software (Markham, ON).
Using these values, end systolic and diastolic volumes®@m) were calculated for each
zebrafish ventricle using the equation:

V=(A1+A2) h+(EA3h)/2)+( [/ 6((h@Q
Stroke volume (SV) was obtained by subtracting end systolic volume from end
diastolic volume. Heart ratmeasurements were calculated by counting the number of heart
beats per 10 s during therBode ultrasound video loop and converted to beats per minutes
(bpm). Cardiac output was measured by multiplying heart rate and stroke volume (SV):

Cardiac output = bpra SV (2)

The body weight of the fish waseasuredand all cardiac volume and output data

were normalized to body weight and analyzed further using statistical analysis.
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Table 5.2 Forward and reverse sequence of irisin and scrambled siRNA used during gene

knockdown studies.

si RNA seqlué)nce (56

SIRNA Length

Forward Reverse

C.CAAAGAGU.CAGA.|PAGUUU.CU.CUGAC

Irisin 21
G.A A ACUU.U U.C.U.U.U.G.G.U.U
G.C.G.U.AUCAACGGA|P.UAUAACU.CC.G.U.U,
Scrambled 21
G.U.UA.UA.U.U G.AUAC.G.C.U.U
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5.2.6 Regulation of Muscular Proteins Post Irisin Injection

Zebrafish (n= 8/group; 4 months old) were maintained as described earlier. On the day
of the studysynthetic human irisin peptide was intraperitoneally injected (6 pL) at different
doses [0, 0.1 ,1 and 10 ng/g body weight§¥B. Zebrafish euthanasia, tissue collection and
processing were conducted as described earlier. Tissues collected were utelyifoy the
expression of muscular proteins such as troponin C-R@&pha, betactin, myostatira and

myostatinb. Data were normalized to 18s RNA (housekeeping gdadd 5.1).

5.2.7 Effect of Irisin siRNA on Muscular Proteins in Zebrafish

Zebrafish (n= 6/group; 4 months) were maintained as described earlier. On the day of
the experiment, exogenous administration of irisin SIRNA and scrambled irisin siRNA were
intraperitoneally injected at 0 and 10 ng/g B.Walfle 5.2). Onehour postinjection,
zebrafish were euthanized using 0.5% TFRER, spinal transected, and heart and muscle were
collected, and stored &B0° C for total RNA extraction. In order to determine the effect of
exogenous irisin SIRNA on muscular proteins,-§HCR were carriedud using troponin C,
PGGC1 alpha, betactin, myostatira and myostatin. Data were normalized to 18s RNA

(housekeeping gen€e)dble 5.1).

5.2.8 Statistical Analysis

Data were analyzed using on&ty ANOVA followed by Uk ey 6 s mul t i pl e <cor
testusinP RI SM version 5 (GraphPad I nc. , USA) and

were used for statistical analysR< 0.05 was considered statistically significant. Data are
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represented as meanSEM. For ultrasound data alysis, oneway analysis of variance
( ANOVA) foll owed by Fisherés post hoc test an

fish.
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5.3 Results

5.3.1 Irisin was Detected inHeart and Muscle of Zebrafish

Western blot analysis detected irisin protatr23 kDa in zebrafish (2 months old) heart
and skeletal musclé-jgure 5.1 a). No bands were detected in tissues from zebrafish treated with
irisin siRNA (Figure 5.1 a). Preabsorbed samples using synthetic irisin did not detect any band
in zebrafish tisseis Figure 5.1 b). b-tubulin was used as the reference protéiigyre 5.1 c).

Beta tubulin was visible in all sampl@Sgure 5.1 c).



<= 37kDa
Irisin
(23 kDa)
Irisin Peptide
(12.5 kDa)

PR 75 kDa

B-Tubulin
= 50 kDa)

<= 37kDa
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Figure 5.1 Irisin was detected in the heart and skeletal muscle of zebrafish by Western blot
analyses.(a) Westerrblot showing irisin in different concentrations of total protein extract from
heart and skeletal muscle of untreated zebrafish (tissue name, and concentration of protein
loaded in brackets), and siRNA treated zebrafish (labeled siRd#t; siRNAmuscle),and
synthetic irisin (positive control)p] pre-absorption control using total protein as indicated in A

(age: 2 months; n=gebrdish). Figure¢) s hows t he itubdli® expressiontnthat r o |
above tissues. Western blot detected irisin pnoaei23 kDa 4) while no protein was detected in

the preabsorption controlb) in skeletal muscle and heart tissues of zebrafish. A band
representing beta tubulin was detected in all tissue samples tested, except for the siRNA treated

ones.



5.3.2 Irisin Immunoreactivity was Detected inSkeletal and Cardiac Muscle ofZebrafish

Irisin immunoreactivity (red) was detected in the atrial and the ventricular
cardiomyocytes of zebrafishrigure 5.2 a-b). Irisin immunoreactivity was also detected in
zebrafish skeletal muscl&ifure 5.2 c). DAPI (blue) stained the nuclei of cellBigure 5.2
a-d). No immunoreactivity was observed in sections stained with secondary antibody alone,

and in preabsorption controlBigure 5.2 d).
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Figure 5.2. Irisin immunoreactivity was detected in the atrium and ventricle of heart and
skeletal muscle of zebrafish. Irisin immunoreactivity was detected in atrial and ventricular
cardiomyocytes of zebrafisfa, b) In skeletal muscle, irisin immunoreactivitfCdalog #
ab131390, 1:3000, Abcam, Ramona, Massachusetts) was detected at the myofibril filament
within the myotubule(C). Preabsorption control of irisin was used as negative cofdjol

Nuclei are stained blue (DAPI). Images were taken at 40X magnificatid scale bar = 100 pm

(and 0.5 pm for inset).
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5.3.3 Irisin Downregulates PGC-1 alpha, Myostatin a and Myostatin b mRNA Expression,

and Upregulates Troponin C mRNA Expressionn vitro

Irisin (0.1 nM, 10 nM) downregulated relative mMRNA expressio®GiG1 alpha(F
valuei 19.99; P valug 0.02) (Figure 5.3 a) when compared to saline treated controls in
zebrafish heart. In contrast, irisin (10 nM) upregulated relative mMRNA expression of troponin
C in zebrafish skeletal musqlE valuei 23.3; P value0.04) (Figure 5.3 b), while irisin (10
nM) downregulated the relative mRNA expression of myostaiim zebrafish hea(P value
T 0.025)and musclgP valuei 0.023) (Figure 5.3 ¢). No significant effect on troponin C
relative mMRNA expression waketected in zebrafish heart at 0.1 f®valuei 0.7), and 10
nM (P valuei 0.3), when compared to control§igure 5.3 b). Irisin (0.1 nM, 10 nM)
downregulated relative mRNA expression of myostatifPbvaluei 0.019) (Figure 5.3 d)

when compared to cowmls in zebrafish heart.
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Figure 5.3. Irisin downregulated mRNA expression of PGEL alpha, myostatina and b and
upregulated troponin C mRNA expression in zebrafish. Groupsinclude: Control; Irisin (0.1

and 10 nM). Heart and muscle were considered anthBRA expression data was normalized

to 18s RNA. Asterisks denote significant difference between the tissues (* p<0.05). Data is
represented as mearSEM. Oneway ANOVA fol owed by Tukeydés multipl

was used for statistical analysis.
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5.3.4 Irisin Modulates Cardiac Function in Zebrafish

Representative longxis brightness mode {Biode) and color flow Doppler short axis
views from the ultrasonography of adakbrafish heart are shown kgures 54 A-C. A
single intraperitoneal injection of irisin (0.1 ng/g, 1 ng/g and 10 ng/g B.W) increased end
diastolic volumgF valuei 51.32; P valué 0.032)in zebrafish Figure 5.5 a). Irisin (0.1 and
1 ng/g B.W) also increased heart réffevaluei 15.82; P valué¢ 0.0254)and cardiac output
(F valuer 24.47; P valué 0.04)in zebrafish Figure 5.5 d, €). siRNA enabled knockdown of
irisin (10 ng/g B.W) significantly decreased edidstolic volume(P valuei 0.044) end
systolic volumgP valuei 0.02) stroke volumdP valuel 0.02) heart rat€ P valuei 0.038)
and cardiac outpufP valuei 0.035)in zebrafish Figure 5.5 a-€). No significant effect on
cardiac function was observad response to 10 ng/g B.W irisin scrambled siRNA injection

(P valuei 0.09) when compared to control grougidure 5.5 a-€).
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Figure 5.4. Ultrasound imaging of zebrafish reart. Representative longxis (A), short axis

(B) brightness mode @ode) viewof adult zebrafish hearZebrafish were anesthetized,
imaged and the long axis mode was considered to calculate the ventricular length (A), while
short axis was considered to calculate ventricular area (B) (represented by blue line). Blood
flow from atrium to ventricle through the atrioventricular valve are indicated by color (blue)

in panel C using color flow Doppler mode and heart rate measurements were calculated by
number of heart beats per 10 s during thm@&le ultrasound video loop, and converted t

beats per minutes (bpm)
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Figure 5.5. Irisin administration enhances cardiovascular function, while knockdown of
irisin by siRNA attenuated cardiac physiology in zebrafishGroupsinclude: Control; Dose of
Irisin (0.1, 1, 10); Irisin siRNA (10 ng/g B.W); Scrambled siRNA (10 ng/g B.W). Units are
displayed in the Y axis and different cardiac parameters were analfséetisks denote
significant differences between control (salineug) and irisin, SiRNA injected groups (*
p<0.05, n = 6 fish/group). Data are represented as m&&M. Oneway ANOVA followed by

Tukeyds multiple comparison test were used fo

18C



5.3.5 Irisin Downregulates PGC-1 alpha, Myostatin a and b, and Upregulates Troponin C

and Troponin T2D In vivo in Zebrafish

Exogenous administration of irisin (1 and 10 ng/g B.W) downregulated P&lgha
MRNA expressionKigure 5.6 a) in zebrafish hear{F valuei 22; P valuei 0.02) and
muscle(F valuei 11.3; P valug 0.033)when compared to saline treated controls. On the
other hand, exogenous irisin (0.1 and 1 ng/g B.W) upregulated troporfiig@re€ 5.6 b)
relative mRNA expression in zebrafish he@tvaluei 0.027)and skeletal muscl@ valuei
0.041). Intraperitoneal administration of 0.1 ng/g B.W, 1 ng/g B.W and 10 ng/g B.W
downregulated myostatin difure 5.6 c) relative mMRNA expression in zebrafish he@?t
valuei 0.017)and skeletal muscl@® valuei 0.041)when compared to salinesated group.
Also, exogenous irisin (0.1 and 1 ng/g B.W) upregulated troponin F&jre 5.6 d) relative
MRNA expression in zebrafish he@i®t valuei 0.028)and skeletal muscl@ valuei 0.032)
Exogenous administration of irisin at 0.1 ng/g B.W, lgn®.W and 10 ng/g B.W
downregulated myostatin brigure 5.6 €) relative mMRNA expression in zebrafish heg@t
valuei 0.019)and skeletal muscle when compared to saline treated gkugignificant
effect was observed in response to an intraperitangadtion of irisin (0.1 ng/g, 1 ng/g and
10 ng/g B.W) on betactin relative mRNA expression in zebrafish heart and skeletal muscle
(Figure 5.6 f). Also, no effect in PG& alpha Figure 5.6 a) mMRNA expression was observed

after administration of 0.1 ngl.W of irisin in zebrafish heart and skeletal muscle.
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Figure 5.6. Exogenous irisin administration downregulated PGEL alpha, myostatina and

b mMRNA expression and upregulated troponin C and T2D mRNA expression in zebrafish.
Exogenous irisin (1 ng/g and 10 ng/g B.W) significantly downregulated-P@igha(a) relative
MRNA expression in zebrafish heart and skeletal Irisin (0.1 and 1 ng/g B.W) upregulated
troponin C mRNA expressioifb) in zebrafish heart and skeletal muscle whsmpared
controls. However, exogenous irisin (0.1 ng/g 1 ng/g and 10 ng/g B.W) downregulated
myostatina relative mRNA expression in zebrafish muscle and h@artUpon exogenous
administration of irisin at 0.1 ng/g and 1 ng/g B.W, troponin T2D relatiRNA expression was
downregulated in zebrafish heart and skeletal myshleAlso, irisin (0.1 ng/g, 1 ng/g and 10
ng/g B.W) downregulated myostatinrelative mRNA expression in zebrafish when compared to
saline treated contro(g). No significant effet was observed in response to i.p injection of irisin
towards betactin relative mMRNA expression in heart and muscle of zebréfjshAsterisks
denote significant differences between control (saline group) and irisin, siRNA injected groups

of the same *( p<0.05, n = 8 fish/group). Data are represented as m&iM. Oneway

ANOVA foll owed by Tukey©os mul tiple compari so

analysis.
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5.3.6 Knockdown of Irisin Upregulates Myostatin a and b, and Downregulates PG€&

alpha, Troponin C and Troponin T2D in Zebrafish

Zebrafish irisin siRNA (10 ng/g B.W) downregulatedG 1 alpha(Figure 5.7 a)
MRNA expression in zebrafish heéftvaluei 16.34; P valué 0.032)and muscl€F valuei
32.3; P valué 0.0254) In vivo (intraperitoneal) administration of zebrafish irisin SIRNA (10
ng/g B.W) upregulateanyostatin a and bF{gure 5.7 b, ¢) relative mMRNA expression in
zebrafish hearfF valuei 24.47; P valug 0.031)and skeletal musclé valuei 50.66; P
value i 0.019) when compared to saline treated control group. Also, irisin SiRNA
downregulatedroponin C(Figure 5.7 d) and troponin T2D(Figure 5.7 €) relative mRNA
expression in hea(F valuei 13.49; P valué 0.032)and skeletal muscl@ valuei 25.65; P
valuei 0.041) when compared to saline treated control group. Injection of scrambled irisin
siRNA (10 ng/g B.W) did not elicit any effects omyostatin a and P valuei 0.7), PGCG1
alpha (P valuei 0.09) troponin C(P valuei 0.42) and troponin T2D(P valuei 0.088)

relative mRNA expression in zebrafish tissueig(re 5.7 a-€).

184



Qo

Muscle

Heart

0 o 0 S o S o
o~ o~ o~ o~ - - =3
(YN¥SgL 0} pazijeuLioN) © (VN¥S8L 03 pazI|EuLION)

uoissaidx3 YNNW 2ARE|9Y e-unelsoAN uolssaldxy YNYW aAne@y 5 uiuodos )

0.0

o
F
3 3
=
M o
o
o B
o o
22 IR
C ~
3 .
_ = :
5 < € 3 :
= =z I ] T %
G £ G
O w0 w
B B
w o w S w e w o " = 0 o
o o~ — - = o o~ o~ - - o o

(YNS8L 0) pazijewioN)

(YN S8L 0} pazijewoN) uoissaidx3 o uoIssaxdxg YNYW 2ANEI3Y q-unejsohp

VN aajeey eydie}-09d

Muscle

Heart

Muscle

w0 < n e w0 =
~ ~ - - o o

(VN¥sgL 01 pazijewuioN)
uoissaidxg YNYW aAne|ay gzl uuodos)

Muscle

Heart

18t



Figure 5.7. Knockdown of irisin by siRNA altered the expression of mMRNAs encoding

cardiac muscle proteins in zebrafish Groupsinclude: Control; Irisin siRNA (10 ng/g B.W);

Scrambled siRNA (10 ng/g B.W). Heart and skeletal muscle of zebrafish were considered and

the relative mRNA expression of muscle proteins were normalized to 18s RNA. Data were
represented as mean + SEM. OnggwaANOVA foll owed by Tukeyds mlt

were considered as statistical analysis.
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5.4. Discussion

Irisin is a myokine derived from skeletal muscle in response to exercise, which has been
shown to play a role in regulating cardiac function and angiogenesis in[88ce349]
Circulating irisin and adipse tissue FNDC5 were found to attenuate hyperglycemia, visceral
adiposity and extramyocellular lipid deposition in obesity and type 2 diabetes in hi#8ans
350]. In addition to this, lower levels of irisin was detected in circulation of individuals with
gestationaldiabetes mellitu$351]. These results suggest a role for irisin in the maintenance
of energy homeostasis in normal and disease conditions. In this research, we focused on
cardiac expression of irisin and its role in cardiac physiology arstleproteins in zebrafish.

Irisin immunoreactivity was detected in zebrafish atrial and ventricular cardiomyocytes. Irisin
immunoreactivity was detected in the myofibrils within the myotubules in skeletal muscle of
zebrafish. These observations are ineagrent with previous results that detected irisin
immunoreactivity in the perimysium, endomysium and skeletal muscle nuclei in Sprague
Dawley rats, with a reported increase in cell specific expression upon ex@8ie In
addition to that, abundant irisin immunoreactivity was detected in the myocardium and
connective tissues of heart in young rats. In the current study, the cell specific localization of
irisin in skeletal and heamusclesuggests that irisin is a kgyomoter in regulating muscle

proteins and cardiac function in zebrafish.

Our next study focused on determining whether irisin has any effects on cardiac
physiology and modulation of muscle proteins in zebrafishvivo administration (i.p.) of
irisin  dicited an overall stimulatory effect on cardiac function in zebrafish.

Intracerebroventricular injection of irisin increased cardiac output and blood pressure in rats



by activating hypothalamic paraventricular nuclei (PVN) neurons, while peripheral
(intravenous) administration, or injection into the nucleus ambiguus decreased blood pressure,
decreased cardiac function and caused vasodilggiy274] A limitation in comparing these
studies lies in the routes of administration (centsaintravenousys.intraperitoneal) chosen.

The discrepancies in outcomes obtained in these studies could be due to variations in routes of
administration, doses used, spegpscificity, and mechanism of action in model organisms
tested. Cardiac stimulatp effects of irisin are, at least in part, mediatedcbbgdrenoceptors

and irisinmediated sympathetic stimulation based on competiffeets with atenolol in rats

[22]. However, vagal stimulation was instead suggested to mediate the previously reported
decrease in cardiac function and blood pressure reported in rats injected with irisin in the
nucleus ambiguouR274]. Overall, at the doses tested, using the i.p route of administration,
irisin plays a stimulatory role on cardiac filling, contractility and heart rate in zebrafish. Some
of these effects were found at the lower dose(s) tested, while at higher concentrations the
responses were diminished or disappeared. One possibilityt istttiee higher doses of irisin
tested, there might be receptor desensitization or downregulation, which results in the lack of
responses found at lower doses. The mechanisms and pathways that mediaierisin

actions on zebrafish cardiovascular bgy warrant further studies.

In an attempt to understand possible mechanisms of irisin action, we then measured
muscle proteins that were found to change in response to irisin in giro studies. Ouin
vitro studies revealed that irisin (0.1 nM afh@ nM) downregulated PGC alpha mRNA
expression in zebrafish heart and muscle. Similarly, exogenous administration of irisin (1 ng/g

and 10 ng/g B.W) reduced PGC alpha, and myostatin a and b relative mRNA expression in
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zebrafish. This reduction in esgssion of PGEL alpha relative mRNA expression is in
accordance with previous studies that found irisin secretion from skeletal muscles upon PGC
1 alpha activation during endurance trainjdg]. Knockdown of irisin upregulatechyostatin

a and b mRNA expression in zebrafish heart and sketetsicle Previous results have
reported that increased expression of myostatl to muscle wasting during aging in humans
[352]. Overexpression of myostatin resulted in immobilization leading to muscle atrophy in
mice [353]. Whether the overexpression of myostatin a and b could influence muscular
development and musclénygsiology in zebrafish needs further investigation. Administration

of irisin resulted in significant increase in troponin C and troponin T2D mRNA in zebrafish
skeletal muscle and heart, while knockdown of irisin downregulated troponin T2D and
troponin C inheart and skeletahuscleof zebrafish. Troponin T2D plays an important role in
sarcomere assembly and regulation of actyosin activity in zebrafisimuscle[218, 354]
Morpholino knockdown of troponin T in zebrafish caused suppressive effect-myufeoril
production leading to abnormalities in myofibrillogengds5]. Abnormality in troponin T
expression was responsible for uncoupling myofibrillar calcium sensitivity in humans with
hypertrophic obstructer cardiomyopathy356]. Collectively, these results identify myostatin

and troponin as novel targets of irisin. Although not a primary focus of this research, we
found a decrease in beta tubulin in muscle collected frism 8iRNA treated zebrafish is that

the protein samples in the siRNA lanes could have been degraded. Further research to

elucidate the mediators and mechanism of cardiac action of irisin is warranted.



5.5. Conclusion

In conclusion, this research usingpaoaches to add or remove irisin, indicate a primarily
positive role for this peptide on zebrafish cardiac function. While some of our results are in
agreement with similar studies in rodents, it appears that sygamesic differences in irisin
actions exist. We found muscle proteins as novel targets of irisin, and this suggest a
modulatory role for these proteins in regulating cardiac funckayure 5.8 summarizes the
effects of irisin on cardiovascular physiology and regulation of muscle proterebiafish.

Our results establish irisin as a potent bioactive molecule zebrafish. It also provides the basis
for future research on the mechanisms of action of irisin, and its role in other physiological

processes in zebrafish.

HEART MUSCLE
PHYSIOLOGICAL MOLECULAR
EFFECTS IRISI N EFFECTS ‘
Irisin Irisin Irisin Irisin
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Diastolic Volume t l PGC-1a

Systole Volume “ Troponin C,
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Stroke Volume “

Myostatin a,b l t

Heart Rate t

= @u @u @u

Cardiac Output t

1= Stimulatory effect; § = Inhibitory effect; = = No effects.
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Figure 5.8. Summary of irisin effect on cardiac function and regulation of muscular
proteins in zebrafish Scheme depicting the role of irisin on cardiovascular physiology, and in
the regulation of muscle proteins in zebrafish. Irisin is abundantly expressed in cardiac and
skektal muscles, and has a positive role on cardiac functions (indicated by upward arrow), and
muscular proteins in zebrafish. Knockdown of irisin played an important role in modulating
muscle proteins mMRNA and cardiovascular physiology in zebrafish (indibgtelown arrow).
Together, irisin is a positivenodulator towards cardiac physiology and regulates muscular

proteins in zebrafish.
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TRANSITION

Chapters 4 and Socused on the role of irisireffects onfeeding and regulating
cardiovascular functis) andthe modulation ofthe mRNAs of theappetite regulatory proteins
and musde proteins in zebrafishTogether, these results provide support for the appetite
regulatory and cardiac functions in zebrafish. In order to determine the potential mechanisms of
irisin effects on cardiovascular biology, in the research described in the next chapter, we

explored whether adrenergic pathways mediate the cardiovascular effects of irisin.

Publication: Sundarrajan LJithine JRWeber LP, Unniappan S2018. IrisinFollows an
Adrenergic Pathway to Regulate Cardiovascular Functions in Zebrdfigmuscript in

Preparation.

Contributions: The project was completed in collaboration with Dr. Lynn Weber, who
provided guidance in experimental design and data analysigtandretation, and shared the
ultrasound equipment to conduct studies in zebrafisimdarrajarplanned and executed all
studies, analyzed datand prepared the manuscript drafithine JR helped in conducting
ultrasound studies. D&uraj Unniapparprovided the original ideaandfunding Drs. Weber and
Unniappanhelped design experimenénd assisted within vivo studies, tissue sampling, data

analysis and interpretatipand manuscript preparation.
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Chapter 6
Irisin Regulation of Cardiac Functions in Zebrafish:
A Role for the Autonomic Nervous Syste?

6.1 Introduction

Skeletalmuscle contributesip to 40% of the total body weight mass and is considered an
exercise dependent endocrine orgdB6, 337] Skdetal muscle also secretes cytokines and
myokines that exhibit autocrine and paracrine effects in hurf@4. Irisin is a recently
discovered exerciseduced, 23 kDa myokine abundantly expressethéncardiac and skeletal
muscles of mammalf358]. It is encoded in FNDC5, a 242amino acid precursor. FNDC5
undergoes pogtanslational procgsing in skeletal muscle to produce irisin, which is then
released into circulatiof859]. Circulating levels of irisin are ~3.6 ng/mL in resting individuals,
while it is ~4.3 ng/mL in individuals undergoing exercigé]. The activation of FNDC5 is
regulated by PG& U, whi ch stimul ates the synth@sis an
46]. In humans, the expression of FNDC5 mRNA is highly concentrated in the skeletal muscle,
brain, adipose tissue, gut and pericardil3®, 272, 273, 360]FNDCS5 in adipocytes reduced
UCP1 expression and stimulated adipogend8&8]. FNDC5 suppressed adipose tissue
inflammation and insulin resistance via AMPK mediated pathj2asg]. Increased levels of
irisin stimulated the expression of thermogenin in white adipose [@86. In rodents, irisin
immunoreactivity (IR) was localized in skeletal and cardiac muscles, as well as the Purkinje cells
in the cerebellum and neuroglial ce]&34, 237, 238] Overexpression of irisin in obese mice
resulted in increased energy expenditure, decreased body vilsigidyed glucose homeostasis

and decreased insulin resistang8, 275, 276] In zebrafish, administration of irisin promoted
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angiogensis and modulated matrix metalloproteinase activity via ERK signaling patfaway

My research outlined ichapter 4 describedthe role ofendogenousrisin in regulating éod
intakeand the expression of MRNAs encoding appetite regulatory pefdieils In chapter 5,

we also reported a major role for irisin in regulaticgrdiovascular functiand muscle
proteins in zebrafisfid06]. Our previous results showed that intraperitoneal injection of irisin
(0.1 and 1 ng/g B.W) increased diastolic volume, heart madecardiac output, while siRNA
based knockdown of endogenous irisin (10 ng/g B.W) resulted in opposite effects on
cardiovascular function in zebrafish. Collectively, these results state that irisin modulates cardiac
physiology in zebrafish, but the mechami by which irisin regulates cardiac functions in fish
remain poorly understood. Is tlaitonomicnervous system a mediator of irisin functions on

cardiac tissue?

In vertebrates, the cardiac contraction, control of vascular resissamegliated by thenput
from the autonomic nervous system (ANS; parasympathetic and sympafb28¢)129] The
ANS is comprised of sympathetic and parasympathetic systgB@®s 131] The sympathetic
nervous system is initiated when body receives signals for emergency responses (flight or fight
response). The cardiac sympathetic nervous system is mediated in the ANS when body
undergoes streg®7, 130] The preganglionic neurons arising from the sympathetic nervous
system is localized at the upper thoracolumbar region of the spinal cord. The preganglionic fibres
exit the spinal nerves through white rami branches follolwgdentry into the sympathetic
ganglia. The cardiac neurons form the sympathetic ganglia are located along the visceral column

(paravertebral ganglia with projecting into the postganglionic neurons).
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The cardiac sympathetic nervous system is an importamponent of the autonomic
nervous system that is responsible for the fight or flight response, whereas the parasympathetic
nervous system controls the basic functions of H&&it The activation of sympathetic nervous
system is enabled by two typesafdr ener gi ¢ receptors i nandhe car
) angdanbd) (bb 1 n humans,;andbecegarseare eatected indhie vakkular
smooth muscle and its activation leads to vasoconstriction.-Betaptorsare reported to have a
functional role in the sympathetic portion of the autonomic nervous system. They are classified
into two major subgroups @& 1 o recefdtols fedeptorsare abundantly expressed in the
cardiac muscle and ventricular cardiomyosyte f humans. The activatio
increased heart rate, stimulated contractility and intracellular calcium signkliagldition to
t his, b lwere eepodeo ttoohave a key role in releasing renin from kidneys to help
maintain blood presre and plasma sodium levéh humansp Zeceptorshave been detected in
the skin, vascular and bronchial smooth meisci The act i vathasbaenstoivn b2 r e
to have a positive effect on vaslathtion, leading to decreased blood presfRireOver the last
decade, several adrenergic receptors have been discovered and various attempts were made to

elucidate their phsiological roles and mechanism of act[@@2, 362364].

The parasympathetic nervous system is generally responsible for the basal organ system
function. The regulation of parasympathetic nervous system plays an antagonisticcestiiac
function[27]. The preganglionic neurons associated with the parasympathetic nervous system is
expressed from the neurons located in the mid brain region and medulla obl@Ygat82,

133]. The preganglionic fibers innervate the organs of the thorax and upper abdomen, which

carries around 75% parasympathetic nerve fibres pageirtbe heart and other peripheral

19¢



organs. These fibers synapse with the ganglion, and then reach the target organs via short
postganglionic fibers[27, 128] The predominant neurotransmitter of the parasympathetic
nervous system is acetylcholine (ACh). ACh bind to two types of receptors namely, nicotinic and
muscarinic receptors. Nicotinic receptors are expressed between the pre agdngtisiic
synapses of the sympathetic and parasympathetic nervous system pafBway$32]
Neuromuscular junctions lated between the skeletal muscle fibers are nicotinic and elicits
rapid, excitatory response upon activatibnaddition to that, muscarinic acetylcholine receptors
(mAChRs) belong to the family of -@rotein coupled receptors (GPCRSs) that regulate nuraerou
fundamental functions of central and peripheral nervous system in activating autonomous
nervous systenf865]. The mAchRs are classified into five distinct subtypestdMVs encoded

by the genes CHRM1 to CHRM&mong the subtypes, MMz and Ms have been shown to
couple with Gproteins of Gu1 family while M2 and M regulate through (g family of G
proteins[365]. The mAchRs also play an important role in regulating heart rate, smooth muscle
contraction and transport of Ca2+ ions from the sarcoplasmic retid@&®h In zebrafish, loss

of M2 muscarinic receptor resgat in a cardioinhibitory role for the- fadrenergic receptor and
inhibited the development of hypoxic bradycardia thereby resulting in increasing heart rate in
fish [366]. In contrast to the functions of sympathetic nervous system, pgpaslyatic nervous
system has moderate effect on cardiac function. The parasympathetic system effects on cardiac
function and contractility are negative chronotropic effect (lower heart rate), negative inotropic
effect (reduced myocardial contractility) andgative dromotropic effect (decreased conduction
velocity) [27]. While majority of these are reported in mammals, limited information is also

available in fisH132, 171, 172, 174, 175, 362]
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The list of theautonomic atagonistsis quite long[132, 171, 180, 362]This discussion
restricts to propranolol hydrochloride (beta blocker) and atropine sutfatecarinicantagonisy,
two autonomic nervous systebhockers used in this thesis research. Propranolol, an adrenergic
antagonist is widely used to treat high blood pressure, cardiac arrhythmias and angina pectoris
[174]. Propranolol has been reported to suppress the sympathetic nervous system by lowering
blood pressure, reducing heart rate and heart contra¢86§, 367, 368] The mechanism of
action of propranol ol i nvol ves i nh-adenetgicon of
recepygwirt h(ibn t he my o c a radréenergic. recéptprs, prbpoanololi lowgrs b
heart rate, and decreases cardiac output and contrgdtiy 174, 367369, 370] Exposure to
propranolol (0.1 pg/L) decreased heart rate and impaired cardiac function after 44 h post
fertilization in zebrafisfj187]. Atropine sulfate, a muscarinic receptor antagonist is another drug
widely used to improve heart rate and offer adequate respiratory support for gatiempport
cardiac function and maintain blopdessurg371]. Atropine increased heart rate by blocking the
muscarinic receptors at the cardiac sinoatrial node causing tachycardia in m§Bi®akr2]
Administration of atropine caused a significant increase in heart rate in healthj8@da8psrhe
mechanism of actioof atropine sulfate involves inhibition ofiuscarinicreceptors and inhibit
the action of the vagus nerve on the h¢ar4]. This inhibition leads to thelockadeof the
normal tonic firing of parasympathetic nervous systdound in most speciesresulting in

increased cardiac output and heart [2%e 375377].

Is sympathetic nervous system a mediator of cardfgect of exogenouslhadministered
irisin and conversely, is the parasympathetic system a mediator of the cardiac effects of irisin

siRNA?If it is, canirisin modulate cardiac function in the presenca loéta blocker™ order to



addressthese adrenergic receptofpropranolol) and muscarinic receptdslockers (atropine)

were used either separately, or-ioected with irisin or irisin sSiRNA in zebrafish. We
hypothesized that the adrenergic system ntesligisin regulation of cardiovascular functions in
zebrafish. Ultrasound monitoring ah vivo cardiac functions, and measurement of mRNAs
encoding cardiac proteins were conducted. Our results indicate adrenergic mediation of

cardiovascular functions @xogenously administeredsin in zebrafish.

6.2 Materials and Methods

6.2.1 Animals

Male and female ebrafish Danio rerio; 3-4 months old; body weight ~1.5 gJere
purchased from the Aquatic Toxicology Centre, University of Saskatchewan. Zebrafish wer
housed and maintained at 27° C under 12L: 12D photoperiod cycle. Fish were fed once a day
(10:00 AM) with 5% body weight slow sinking pellets (Aque®@rtalog #06053). Unless
otherwise specified, fish were anesthetized using O.8#%-222 followed by spinal transection.

All animal studies adhered to the policies of the Canadian Council for Animal Care and were

approved by the University of Saskatchewan Animal Research Ethics BoardO@B3)2

6.2.2 Is Irisin a Modulator of Cardiac Function in the Presence bBeta Blocker?

Cardiacparametersveremeasuredising a VEVO3100high frequency Machine (Visual
Sonics, MarkhamON) equipped with Bmode imaging and pulsaslave Doppler as described
earlier[21, 122] Zebrafish (n=6/group) were anesthetized using Aquacalm (20 mg/L, Syndel
Laboratories, Canada), and were intraperitoneallyciage with 6 pL of 0.1 ng/g B.W synthetic

human irisin Catalog #067-16; Phoenix Pharmaceuticals, Burlingame, CA) alone, or with 100
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ng/g B.W propranolol (f0884; 1G; Sigma Aldrich, Germany). The effective doses for irisin was
determined in our previoususties Chapter 5), and for propranolol, from an already reported
cardiovascular study in zebrafish Bynn et al, [187]. Control fish (n=6) were injected with
saline (Catalog #JB1323, 0.9% sodium chloride; Baxter Corporation, IL, USA). Post
intraperitoneal injections, zebrafish were allowed to recover and ultrasound measisrerare
recorded at 15 mirpostinjection. For cardiac measurements, fish were transferred to a
Styrofoamlined holding dish and placed ventral side up with recirculating water containing
Aquacalm(20 mg/L) maintainect 27+0.5 °C to maintain anesthesia throughout the ultrasound

analysis, and minimaimnpact towards cardiovascular functions in zebrgfdh 122]

A MX700 scan head was used tbotain short and long axis views of zebrafish ventricle
using Bmode. The three different short axis areas along the ventricular side were measured as
Al, A2, A3 while the long axis ventricular length was measured and divided by three to give the
ventricula height (h) as per Eq (1). All values under the equation were measured at both systole
and diastolic volumes (mta pl) usingVisual sonicssoftware (Markham, ON). The end systolic

and diastolic volumes for each ventricle of zebrafish were measured hisiegjtiation:

V= (A14+A2) h + 9P(A3h)/2) + ("I 6

To calculate the stroke volume, end systolic volume was subtracted from end diastolic
volume. Heart rate was calculated by counting the number of heart beats per 10 s during the B
mode ultrasound videloop and converted to beats per minute (bpm). Cardiac output was

determined by multiplying stroke volume (SV) and heart rate (bpm).



Cardiac output= Heart rate (bpm) * Stroke volume (SV)

The body weight oéachfish wasnoted andthe output data were normalized to body

weight and analyzed further using statistical analysis.

6.2.3 Knockdown of Irisin Using siRNA in the Presenceof Atropine 1 Role in

Cardiovascular Functions?

Zebrafishirisin siRNA was customsynthesizedTable 6.1;Dharmacon Montreal,
CA). Scrambled sequences of irisin sSiRNA were designed to test whether any siRNA
sequences that shares similar lengiit highly dissimilar orientation of the sequence could

elicit same biological activity in zebrafistfScrambled siRA sequences of irisin were

designed using GenScript sequence scramble tool ht{ps://www.genscript.com/ssl

bin/app/scramblefrom zebrafish siRNA sequencand synthesized by Dharmacohable

6.1). Zebrafish were intraperitoneally injected with either irisin siRNA (10ng/g B.W) or
scrambled siRNA (10 ng/g B.W) alone or in combination with atropine (100 ng/g B.W)
(Catalog #A01325G; Sigma Aldrich, Germany). Peistiection, zebrafish were allowett
recover for a period of 15 miand transferredbr ultrasoundmonitoringas described earlier
(Chapter 6.2.2. Stroke volume, cardiac output, diastolic volume was calculated according to
equation 1. The body weightf fish weremeasured, and the outpdata were normalized to

body weight and analyzed further using statistical analysis.
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Table 6.1. Forward and reverse sequence of irisin and scrambled siRNA used during gene

knockdown studies.

si RNA seqlué)nce (50

SiRNA Length
Forward Reverse
C.C.AAAG.
A.G.U.C.AG. P.A.G.U.U.U.C.U.C.U.G.A.C.U.

Irisin 21
A.G.AAAC. C.UU.U.G.G.UU
U.u.u
G.C.G.U.A.U.

C.AAC.GG. P.UA.UAA.C.UC.C.G.U.UG.
Scrambled 21
A.G.U.U.A.U. A.UA.C.G.C.U.U

A.U.U
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6.24. Irisin in the Presence of Propranololi Does it AffectMuscle Proteins in ZebrafisH?

Following ultasound monitoring and posthbur injection, heart and skeletahuscle
were collected from all groups followingelarafish euthanasiausing TMS222 and used for
studying theeffects of irisin on the expression of mMRNAs encodingusde proteinsin the
presence of propranoldBriefly, total RNAwas extractedising TRIzol methodas described in
Chapter 3.3.3.1cDNA synthesis and R§PCR were conducted aescribed in sectiod.2.3.

Data were normalized to 18s RNA (housekeeping gehable 6.2).
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Table 6.2. Forward and reverse primers, and the annealing temperature used in PCR and

RT-gPCR analyses of the expression of mMRNAs of interest during the study in zebrafish.

Gene Primer sequence (63 0 ) Annealing | Gene Accession
temperature Number
Forward Reverse (°C)
PGG 1 alpha TCTATTCG GGTGGTGCTG 58 XM_017357139.2
GAAGGGCCCAGA| TCTCGTTTTG
Myostatinb TCCTTTAGC TGCTTGAGTC 60 NM_131019.5
ACGCCTTGGAA GGAGTTTGCT
Myostatina TTTTGAGCA ATCTTTGGGCT 60 NM_001004122.2
TCCTGCGCCTA CAGTGCGAA
TroponinC GCAGAAAAA TTCCGCCAGT 60 AF180890.1
TGAGTTCCGTGC| TCTTCCTCTG
Troponin AGTTCAGGAGG AGTCTGGCTT 60 NM_001025179.1
T2D AAGTGGATGAGT | GACGCTCTTTC
18s GGATGCCCTTA CTAGCGGCGC 60 KY486501.1
ACTGGGTGT AATACGAATG
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6.2.5. Irisin siRNA in the Presence of Atropinei Regulation of Muscle Proteins in

Zebrafish?

Following ultrasound monitoring, heaahd musclenere collected from all groupsnd
stored at' 80° C for total RNA extractiomnd cDNA extraction as describeddr2.3 Sampling
was done at approximatelyhourpost ultrasound monitorindgn order to determine the effect of
irisin siRNA and scrambled siRNAnthe mRNAs encoding theusde proteinsin the presence
of atropine RT-qPCR were carried out using troponin C, RG@lpha, betactin, myostatira

and myostatirb and normalized to 18s RNA (housekeeping gehadlé 6.2).

6.2.6.Statistical Analysis

Data were analyzed using en&ty ANOVA followed by Uk ey 6 s muligon pl e cor
testusingP Rl SM version 5 (GraphPad I nc., USA) and
were used for statistical analysR< 0.05 was considered statistically significant. Data are
represented as mearSEM.For ultrasound data analysis, emay analys of variance

(ANOVA) and ttest were use@dnd data were normalized to the body weight of fish.
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6.3. Results

6.3.1. Propranolol Alone Reduced, and in Combination with Irisin, Attenuated Effects of

Irisin on Cardiovascular Parameters in Zebrafish

A single I.P. injection of irisin (0.1 ng/g B.W) increased the-édiagtolic volume(F
valuei 20.8; P valug 0.033)in zebrafish Figure 6.1 A). Irisin (0.1 ng/g B.W) also increased
heart ratgF valuei 28.3; P valug 0.032)and cardiac outpufF valuei 44.4; P valug¢ 0.041)
in zebrafish Figure 6.1 D and B when compared to saline injected control group. I.P.
administration of propranolol (100 ng/g B.W) alone decreased end diaftolialuei 0.022)
and systolic voluméP valuei 0.029) stroke volumgP valuei 0.035) heart ratgP valuei
0.028) and cardiac outpyP valuei 0.031)in zebrafish Figure 6.1 A-E). Irisin (0.1 ng/g B.W)
effects on end diastoli@® valuei 0.018)and end systolic volum@ valuei 0.026) and stroke
volume(P valuei 0.041)were attenuated in the presence of propranéiglufe 6.1 A-C). Irisin
was ineffective in modulating heart rgfe valuei 0.87)and cardiac outpulP valuei 0.23)in

zebrafish in the presencemopranolol(Figure 6.1 D and B
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Figure 6.1. Administration of irisin increased cardiovascular functions; while propranolol
decreased cardiac function in zebrafish.Groupsinclude: Control, Irisin (0.1 ng/g B.W),
Propranolol (100 ng/g B.W), Irisin + Propranolol. Cardiac parameters were determined by
ultrasound imaging and the units are displayed in Y @&dterisks denote significant differences
between control group anigdisin group and irisin c@njected with propranolol group. Data are
represented as meanSEM. Oneway ANOVA f ol l owed by Tukeyods

were used for statistical analy$f$<0.05 (Compared to contrall=6 fish/group).
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6.3.2. Atropine Increased Cardiac Function while it was Ineffective in Modulating Irisin

Effects on Cardiac Functions in Zebrafish

siRNA knockdown of irisin (10 ng/g B.W) decreased -giaktolic (F valuei 16.66; P
valuei 0.041)and systolic volumef- valuei 28.23;P valuei 0.032) stroke voluméF valuei
15.82; P valué 0.0112) heart rat€F valuei 22.27;P valuei 0.04)and cardiac outpyf value
T 51.31; P value 0.039)in zebrafish Figure 6.2 AE) when compared to saline injected
controls.l.P injectionof atropine (100 ng/g B.Walone only significantly increased heart réie
valuei 0.043)which led to a significant increase in cardiac outfRutvaluei 0.018) while
atropine ceinjected with irisin siRNAwas ineffectiven modulating cardiac functior(® valuei
0.36) in zebrafish(Figure 6.2 A-E), when compared to irisin siRNijected groupln other

words, atropine showed to ability to reverse cardiac effects of irisin SIRNA.
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