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Since the discovery of olfactory receptor (OR) genes, their expression in non-olfactory tissues have been reported in rodents and humans. For example, mouse OR23 (mOR23) is expressed in sperm and muscle cells and has been proposed to play a role in chemotaxis and muscle migration, respectively. In addition, mouse mesencephalic dopaminergic neurons express various ORs, which respond to corresponding ligands. As the OR genes comprise the largest multigene family of G protein-coupled receptors in vertebrates (over 400 genes in human and 1000 in rodents), it has been difficult to categorize the extent of their diverse expression in non-olfactory tissues making it challenging to ascertain their function. The zebrafish genome contains significantly fewer OR genes at around 140 genes, and their expression pattern can be easily analyzed by carrying out whole mount in situ hybridization (ISH) assay in larvae. In this study, we found that 31 out of 36 OR genes, including or104-2, or108-1, or111-1, or125-4, or128-1, or128-5, 133-4, or133-7, or137-3 are expressed in various tissues, including the trunk, pharynx, pancreas and brain in the larvae.

In addition, some OR genes are expressed in distinct brain regions such as the hypothalamus and the habenula in a dynamic temporal pattern between larvae, juvenile and adult zebrafish. We further confirmed that OR genes are expressed in non-olfactory tissues by RT-PCR in larvae and adults. These results indicate tight regulation of OR gene expression in the brain in a spatial and temporal manner and that the expression of OR genes in non-olfactory tissues are conserved in vertebrates. This study provides a framework to start investigating the function of ORs in the zebrafish brain.
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CHAPTER 1: INTRODUCTION

The olfactory system is crucial for our quality of life as it allows us to interact with the environment by distinguishing and recognizing odors. A unique odor can trigger distinct memories from someone's childhood or from emotional moments, as well as influence people's mood, nutrition and sexuality. Losing the sense of smell is a significant handicap as we no longer perceive the different qualities of food and we cannot detect warning signals, such as smoke from a fire. The nasal epithelium is the olfactory organ responsible for odor detection, which occurs when an odorant binds to its specific receptor. Surprisingly, olfactory receptors are not exclusively observed in the olfactory system but are ectopically expressed in different human tissues, including the intestine, heart, testis, skin, lung and blood. Importantly, olfactory receptors were found in many areas in the brain. Despite their widespread presence outside the nose, limited studies have addressed the extent of conservation of these receptor expressions in different species and an understanding of their functional roles is lacking.

Olfactory System 1.1 Overview

Living organisms receive information about their external environment through their sense organs. Of the five sensory systems, olfaction, vision, taste, sound, touch, the olfactory system is considered the oldest (Smith & Bhatnagar, 2019). Remarkably, organisms are able to respond to the sense of smell by detecting and processing hundreds of thousands of distinct odors [START_REF] Salazar | Anatomy of the olfactory mucosa[END_REF] and the human olfactory system is estimated to detect over 10,000 different odor compounds (Buck & Axel, 1991).

The sense of smell or olfaction is a natural physiological process that initiates in the nasal airway to generate olfactory information that is perceived by the brain.

Moreover, olfaction is highly related to taste, which is mediated by taste receptors present mainly on the tongue. Taste receptors can detect five different taste categories: sweet, umami, bitter, salty and sour (Ferrer et al., 2016). Taste is the result of integration of olfactory and taste sensations resulting in flavor perception [START_REF] Sinding | Odor-Induced Saltiness Enhancement: Insights Into The Brain Chronometry Of Flavor Perception[END_REF]. Therefore, olfaction highly affects organism's health by perceiving flavor of food, so it plays a role in pleasure and in modifying the dietary behavior [START_REF] Pinto | Olfaction[END_REF]. Olfaction allows organisms to encode and distinguish special odors and to recognize its changes in concentration [START_REF] Si | Structured Odorant Response Patterns across a Article Structured Odorant Response Patterns across a Complete Olfactory Receptor Neuron Population[END_REF]. Magnetic resonance imaging showed that olfaction is connected to primary olfactory regions in the human brain such as the piriform cortex and the amygdala, and also to secondary olfactory areas, including the hypothalamus and the cerebellum (J. [START_REF] Wang | Functional Magnetic Resonance Imaging Study of Human Olfaction and Normal Aging[END_REF]. Hence, the olfactory system can affect human behavior, mood, emotion and cognition.

Any decline in olfaction causes altered food preference leading to nutritional deficit [START_REF] Pinto | Olfaction[END_REF]. Loss of sense of smell reduces the ability to detect hazardous events in the environment including toxins, smoke or gas leaks. Moreover, impaired olfaction can be a marker for some neurodegenerative conditions like Parkinson's and Alzheimer's disease [START_REF] Murphy | Olfactory and other sensory impairments in Alzheimer disease[END_REF]. Thus, olfaction is a key of health, which is linked to many social and health factors that are important to the quality of life.

Organization

Vertebrate animals

The olfactory system is divided to two subdivisions: peripheral and central. The olfactory epithelium and the nerves projecting from it are considered the peripheral olfactory system; whereas, the olfactory bulb and other higher projections in the brain consist of the central olfactory system. The central olfactory system is also known as rhinencephalon (Smith & Bhatnagar, 2019) .

Olfaction involves several organs and nerves to reach the brain and each structure of the olfactory system is doubled because it is bilateral [START_REF] Genva | The olfactory receptor gene superfamily: data mining, classification, and nomenclature[END_REF]. The anatomy of the human olfactory system consists of (Figure 1):

1-

The nose: consists of open nostrils allowing air exchange between the nasal cavity and the surrounding environment. Its main role is to humidify, filter and warm the air entering the body.

2-

The nasal cavity: it is a mucosal cavity; the nasal septum divides it into right and left passages.

3-

Olfactory epithelium: lies in the nasal cavity and it is made of special epithelial tissues that express hundreds of receptor nerve cells, mainly the olfactory nerves cells. It is responsible for the signal communication with the olfactory bulbs. This epithelium is composed of supporting cells, basal cells, olfactory gland ducts, nerves and blood vessels.

4-

Cribriform plate: it is a porous part of the ethmoid bone that separates the brain from the nasal cavity. Olfactory neurons pass through its pores to arrive at the olfactory bulbs.

5-

Olfactory nerve: also known as olfactory sensory neuron (OSN) or olfactory receptor neuron, obviously is the first nerve involved in the sense of smell. Its fibers lie from the mucus membrane, passing by the cribriform plate, reaching the olfactory bulbs. There are three types of OSN: ciliated, microvillous and crypt sensory neurons; they are projecting their axons into the olfactory bulb.

6-Olfactory bulbs: they are two symmetrical structures in the anterior forebrain, they are responsible of receiving signals from the olfactory nerves and transmit it to special areas in the brain.

7-

Olfactory tract: a band formed of a groups of nerve fibers, it links each olfactory bulb with the olfactory cortex.

8-

Olfactory cortex: the main olfactory structure in the cerebral cortex of the brain that receive and analyses olfactory signals. Its role is to process information about different odors.

Figure 1: A detailed picture showing the different structures forming the olfactory system [START_REF] Coker | Odor Monitoring and Detection Tools[END_REF].

Additionally, most mammals possess a special chemosensory epithelial organ located anteriorly near the nasal septum, named the vomeronasal organ (VNO) or the accessory olfactory system. It consists of an epithelial tube that has two types of epithelia: chemosensory epithelia and receptor-free epithelia [START_REF] Smith | Vomeronasal system evolution[END_REF]. Vomeronasal chemoreception is linked to specialized type of odorants based on their molecular weight or to odorants effective in sociosexual and aggressive communication. These odorants are pheromones which are species and gender specific (Smith & Bhatnagar, 2019). However, there is no evidence for the presence of a vomeronasal organ in humans. Studies to explore the presence of this system showed conflicting results. Some studies suggest the prenatal disappearance of vomeronasal organ [START_REF] Smith | Vomeronasal system evolution[END_REF] and it is believed that genes that code for V1R and V2R receptor proteins (receptors of the vomeronasal organ) are not functional in humans [START_REF] Wackermannová | Olfactory sensitivity in mammalian species[END_REF].

In comparison to most mammals, human olfactory system is simple. For example, the olfactory epithelium in human lays less over nasal turbinates (projections from nose walls into the nasal passage) compared to other mammals (Smith & Bhatnagar, 2019). Moreover, the septal organ and the Grueneberg ganglion are additional types of sensory cells that detect chemical and thermal signals [START_REF] Fleischer | The Grueneberg ganglion: A novel sensory system in the nose[END_REF], they are well developed in mice [START_REF] Wackermannová | Olfactory sensitivity in mammalian species[END_REF]. In zebrafish, the only olfactory organ is the olfactory rosette which contains many types of the olfactory sensory neurons (OSN) including ciliated, microvillous and crypt cells types [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF].

Insects (flies) and worms

Insects, like Drosophila Melanogaster flies, have a structurally different olfactory system. It starts with the olfactory sensory neurons occupying two olfactory organs, antennae and maxillary palps. OSNs from the antennal lobe are linked to glomeruli by projection neurons through the local interneurons [START_REF] Knaden | Spatial Representation of Odorant Valence in an Insect Brain[END_REF]. The antennal lobe is the equivalent structure of olfactory bulb in mammals, as they are organized in the same way and follow the same principles in odor recognition. The signaling mechanism is not identical since mammalian ORs are G-protein coupled receptors, whereas insect ORs are ionotropic receptors corresponding to ligandgated ion channels. The ionotropic signaling pathway provide rapid signaling that enables the insect to differentiate odors and detect different concentrations while rapidly flying [START_REF] Kaupp | Olfactory signalling in vertebrates and insects: Differences and commonalities[END_REF].

On the other hand, in worms, especially Caenorhabditis elegans, (C. elegans), the olfactory system is formed of 14 pairs of neurons that are located on the head and two pairs of neurons present in the tail. Males possess 89 additional neurons, many of them are exposed to the outside environment and they contribute mainly in mating behavior [START_REF] Reilly | Caenorhabditis elegans Olfaction[END_REF]. These neurons have important role in the development and the behavior of C. Elegans. They synapse directly or indirectly with command interneurons which in turn synapse with motor neurons and perform forward (attraction behavior) or backward (repulsion behavior) locomotion of body muscles [START_REF] Bargmann | Trace amines: Identification of a family of mammalian G proteincoupled receptors[END_REF] (Figure 2).

Figure 2: Simplified wiring diagram of the C. elegans chemosensory system. Signal from amphid sensory neurons synapse in many interneurons to reach motor neurons. Some sensory neurons like ASH synapse directly with the command motor interneurons, and others pass by layer1 interneurons to synapse onto the command interneurons [START_REF] Hart | From Odors to Behaviors in Caenorhabditis elegans[END_REF].

The most important difference between worms (C. elegans) versus insects (Drosophila) and vertebrates is that an olfactory neuron in C. elegans express multiple receptor genes, while the olfactory neurons in the Drosophila express two

ORs and four interneurons receptors and vertebrates express only one receptor gene. However, insects, worms and vertebrates follow the same mechanism in odor detection and recognition. They have many large families of olfactory receptors with larger repertoire in vertebrates compared to insects [START_REF] Melkman | The worm's sense of smell: Development of functional diversity in the chemosensory system of Caenorhabditis elegans[END_REF]).

Olfactory sensory neurons

The olfactory sensory system comprises of a large collection of olfactory sensory neurons (OSN). OSNs are located in the nasal epithelium and in the vomeronasal cavity in terrestrial vertebrates while are located only in the nasal epithelium in teleosts. Their main function is to bind odorants and transmit the message through the axons to the specific glomerulus in the olfactory bulb [START_REF] Miyasaka | Functional development of the olfactory system in zebrafish[END_REF].

Odorants can be recognized through different mechanisms of olfactory neurons [START_REF] Nara | A large-scale analysis of odor coding in the olfactory epithelium[END_REF]. The intensity of signal transmitted is directly related to the odorant intensity; the higher the concentration of odorant, the higher the number of ORNs activated (J. W. [START_REF] Wang | Two-Photon Calcium Imaging Reveals an Odor-Evoked Map of Activity in the Fly Brain[END_REF].

Interestingly, each ORN obey the one neuron-one receptor" rule to express only one type of olfactory receptor (Buck & Axel, 1991). Double-labeling in situ hybridization assay in zebrafish olfactory rosette confirmed that olfactory receptor probes of diverse families (such as OR111 and OR103) or even within the same subfamily (like OR111-1, OR111-2, OR111-3, OR111-5 and OR111-10) label nonoverlapping groups of OSNs (Sato et al., 2007). However, a single olfactory receptor can bind to many odorants and a single odorant can activate several olfactory receptors [START_REF] Friedrich | Combinatorial and Chemotopic Odorant Coding in the Zebrafish Olfactory Bulb Visualized by Optical Imaging[END_REF]. For example, the natural odorant lyral can activate the receptors hOR17-7 and OR73, while food additives acetophenone, β-lonone and isoamyl acetate binds to olfactory receptor OR1G1 [START_REF] Braun | Enterochromaffin Cells of the Human Gut: Sensors for Spices and Odorants[END_REF]. (Buck & Axel, 1991). Further researches were designed to the olfactory code. They found that humans can recognize over 1 trillion odorants by binding the associated odorous ligand to the relative OR [START_REF] Antunes | Olfactory receptor signaling[END_REF].

Olfactory receptors

Family

Olfactory receptors belong to the G-protein-coupled receptors (GPCRs) superfamily which consists of the largest superfamily in the human genome [START_REF] Jiang | Massive Loss of Olfactory Receptors But Not Trace Amine-Associated Receptors in the World's Deepest-Living Fish (Pseudoliparis swirei)[END_REF].

The GPCR superfamily contains around 900 genes [START_REF] Pinto | Olfaction[END_REF] from 18 gene families and 300 subfamilies (Z. Chen et al., 2018). Notably, dopamine receptors and serotonin receptors are examples of other GPCR families [START_REF] Genva | The olfactory receptor gene superfamily: data mining, classification, and nomenclature[END_REF]. Although many GPCRs are non-functional, more than half is present in the olfactory epithelium and they are dedicated to odor sensing [START_REF] Antunes | Olfactory receptor signaling[END_REF].

Types

In mammals, five types of olfactory receptor gene families are identified, while, teleost fish contains only four families. They comprise of olfactory receptors (ORs), vomeronasal receptors (V1R called odorant receptor A in zebrafish and V2R called OlfC in zebrafish), trace amine-associated receptors (TAARs), and formyl peptide receptors (FPRs), which is specific for mammals [START_REF] Hussain | The Olfactory Nervous System Of Terrestrial And Aquatic Vertebrates[END_REF]. Notably, ORs and TAARs are mainly expressed in ciliated OSN, while V1R and V2R are expressed in crypt OSN and microvillous OSN, respectively. In the olfactory epithelium, trace amine-associated receptors family are present in different olfactory sensory neuron cells from the cells containing ORs [START_REF] Liberles | A second class of chemosensory receptors in the olfactory epithelium[END_REF]. Moreover, V1R, V2R, and FPRs are typically expressed in the vomeronasal epithelium in terrestrial vertebrates (Figure 3). 

Trace Amine-Associated Receptors

A family of olfactory receptors exist in the main olfactory system, which are called trace amine-associated receptors (TAARs) (Q. [START_REF] Li | Odor Sensing by Trace Amine-Associated Receptors[END_REF]. TAARs are described as a special family of GPCRs that respond exclusively to trace amines.

Trace amines are neurotransmitters present in trace levels in the nervous system, such as tyramine, tryptamine, β-phenylethylamine, octopamine [START_REF] Hashiguchi | Evolution of Trace Amine-Associated Receptor (TAAR) Gene Family in Vertebrates: Lineage-Specific Expansions and Degradations of a Second Class of Vertebrate Chemosensory Receptors Expressed in the Olfactory Epithelium[END_REF]. They are intracellular neurotransmitters situated in the central nervous system mainly in the amygdala and in the peripheral tissues including the liver, kidney, pancreas, spleen and blood lymphocytes in mammals [START_REF] Bargmann | Trace amines: Identification of a family of mammalian G proteincoupled receptors[END_REF].

In mice, TAARs are found in the olfactory epithelium (except TAAR1) where they function to detect volatile amines. In fish, TAAR genes are highly expressed suggesting a high impact on fish olfaction [START_REF] Hashiguchi | The Origin and Evolution of the Trace Amine-Associated Receptor Family in Vertebrates[END_REF]. TAARs were found mainly in the olfactory epithelium of zebrafish and not in other tissues [START_REF] Hashiguchi | Evolution of Trace Amine-Associated Receptor (TAAR) Gene Family in Vertebrates: Lineage-Specific Expansions and Degradations of a Second Class of Vertebrate Chemosensory Receptors Expressed in the Olfactory Epithelium[END_REF]. They are also involved in cAMP signaling and potassium channel regulation. TAAR1 was found to have an effect in addiction and depression behavior [START_REF] Dodd | Trace Amine-Associated Receptor 1 (TAAR1): A new drug target for psychiatry?[END_REF][START_REF] Nelson | Expression of Neuronal Trace Amine-associated Receptor (Taar) mRNAs in Leukocytes[END_REF]. When rat TAAR1 is expressed in HEK293 cells, several addictive drugs such as methamphetamine (METH) and amphetamine (AMPH) can bind to the receptor leading to the stimulation of cAMP production in cells and therefore prolongation of the response [START_REF] Reese | Trace amine-associated receptor 1 displays species-dependent stereoselectivity for isomers of methamphetamine, amphetamine, and Parahydroxyamphetamine[END_REF].

While TAARs and ORs are phylogenetically distinct, they both follow the "one receptor, one neuron" rule so if a neuron expresses one TAAR, it does not express a different TAAR nor an OR [START_REF] Niimura | Mammalian Olfactory and Vomeronasal Receptor Families[END_REF].

Vomeronasal Receptors

The vomeronasal organ (VNO) consists of an epithelial tube covered by chemosensory epithelia containing the vomeronasal receptors and a receptor-free ciliated epithelia [START_REF] Smith | Vomeronasal system evolution[END_REF]. The vomeronasal chemoreception is related to socio-sexual communication and aggression (Smith & Bhatnagar, 2019).

Vomeronasal receptors 1 (V1R) genes belong to the A family of GPCRs and their number in mouse genome is around 137 functional genes. As the vomeronasal organ is specialized for terrestrial vertebrates, its homologous counterpart in teleosts is named the odorant receptor A (ORA) gene family. On the other hand, vomeronasal receptors 2 (V2R) genes belong to C family of GPCR and consist of GABA-B receptors, metabolic glutamate receptors and extracellular calcium sensing receptors [START_REF] Luu | Odorant receptor specificities and receptor combinatorials: implications for olfactory coding[END_REF]. In mouse genome, the total number of V2R is around 60 functional receptor genes [START_REF] Brennan | Mammalian social odours: attraction and individual recognition[END_REF]. In fish, V2Rs line in the microvillous sensory neurons olfactory epithelium and they are named OlfC gene family [START_REF] Demaria | Role of a Ubiquitously Expressed Receptor in the Vertebrate Olfactory System[END_REF][START_REF] Luu | Odorant receptor specificities and receptor combinatorials: implications for olfactory coding[END_REF]. V1Rs and V2Rs expression starts early in development and the vomeronasal organ continues its maturation weeks after birth ( until sexual maturation at 6 weeks in rats) [START_REF] Herrada | A Novel Family of Putative Pheromone Receptors in Mammals with a Topographically Organized and Sexually Dimorphic Distribution[END_REF]. V1Rs are expressed at the G protein Gαi2 in the apical zone of neuroepithelium, whereas V2R are expressed at the G protein Gαo at the basal zone of the neuron [START_REF] Liberles | Formyl peptide receptors are candidate chemosensory receptors in the vomeronasal organ[END_REF].

In most mammals, two classes of chemicals odorants and pheromones are detected through the main and accessory olfactory systems, respectively. Volatile odorants are detected by ORs present in the ciliated OSN of the olfactory epithelium, leading to the transmission of information to the olfactory bulb (Figure 4). In contrast, pheromones are mainly detected by the two types of vomeronasal receptors: V1Rs and V2Rs lining the microvillous OSN of the vomeronasal organ, and the signal is sent to the accessory olfactory bulb [START_REF] Buck | The molecular architecture of odor and pheromone sensing in mammals[END_REF]. The vomeronasal organ projects to specialized areas in the brain mainly to the limbic system, including vomeronasal amygdala and ventromedial hypothalamus, regions crucial for aggression and reproduction. Thus, pheromone perception results in behavior changes and neuroendocrine responses [START_REF] Herrada | A Novel Family of Putative Pheromone Receptors in Mammals with a Topographically Organized and Sexually Dimorphic Distribution[END_REF]. (B) Schematic drawing of VNO and MOE neurons projection. MOE neurons project to the olfactory bulb (OB) and VNO project to accessory olfactory bulb (AOB). These axons form glomeruli when they synapse with mitral cells. Then they project to the accessory olfactory tract (aot) or to the lateral olfactory tract (lot) and continue their way to the brain [START_REF] Herrada | A Novel Family of Putative Pheromone Receptors in Mammals with a Topographically Organized and Sexually Dimorphic Distribution[END_REF].

Formyl Peptide Receptor

Formyl peptide receptor (FPR) family is a new family of GPCRs expressed in the vomeronasal organ of mammalian species. In mouse, it consists of five to seven members. FPRs are identified in many tissues such as liver, lung, spleen, heart, ovaries. FPRs are also present in the immune system including monocytes, macrophages, neutrophils, platelets, fibroblasts, T-cells, B-cells [START_REF] Migeotte | Formyl peptide receptors: A promiscuous subfamily of G protein-coupled receptors controlling immune responses[END_REF], and they stimulate chemotaxis to migrate to sites of infection when ligands like formylated peptides are released from bacteria or mitochondria [START_REF] Yang | Human dendritic cells express functional formyl peptide receptor-like-2 (FPRL2) throughout maturation[END_REF]. Importantly, recent studies reported that FPRs are present in the VNO of mouse and respond to semi-chemical odors and to formylated and non-formylated peptide. Humans do not have a functional VNO, consequently they have only 3 FPR genes which are all active in the immune system [START_REF] Liberles | Formyl peptide receptors are candidate chemosensory receptors in the vomeronasal organ[END_REF].

Olfactory Receptors

Description

Olfactory receptors (ORs) are located in the nasal epithelium covering the cellular membrane of olfactory receptor neurons (ORN). They are responsible of binding specific odorants to sensorial neurons (Z. Chen et al., 2018).

In the mammalian genome, OR genes form the biggest multigene family representing 1-5% of total genome and are found on almost every chromosome.

Humans have more than 350 functional OR genes (Q. [START_REF] Li | Odor Sensing by Trace Amine-Associated Receptors[END_REF], whereas there is 800 to 1200 functional OR genes in cows, mice, dogs and horses and >2000

genes in African elephants [START_REF] Niimura | Extreme expansion of the olfactory receptor gene repertoire in African elephants and evolutionary dynamics of orthologous gene groups in 13 placental mammals[END_REF]. In comparison, teleost fish genome present much smaller number of functional OR genes at around 100 , for example 43 genes in Mariana snailfish, 50 genes in fugu, 85 genes in cod and particularly 156 in zebrafish [START_REF] Jiang | Massive Loss of Olfactory Receptors But Not Trace Amine-Associated Receptors in the World's Deepest-Living Fish (Pseudoliparis swirei)[END_REF].

Classification

In vertebrate, olfactory receptor gene clade is branched into two phylogenetic clades, genes in each clade are classified into Type 1 genes and Type 2 genes.

Genes found in database are all of type 1, however type 2 genes are not yet described. Importantly, mammalian OR genes belong only to Type 1 genes (Niimura & Nei, 2005) and they are grouped into class I and class II [START_REF] Genva | The olfactory receptor gene superfamily: data mining, classification, and nomenclature[END_REF].

To date, all OR genes in fish belong to class I, while in tetrapod (mammals, birds and amphibians) the majority of OR genes belong to class II.

Class I genes are expressed in water-filled nasal cavity in fish and they are specialized to bind to water-soluble odorants. On the other hand, class II genes are mainly expressed in air-filled nasal cavity for detecting airborne odorants [START_REF] Mezler | Characteristic features and ligand specificity of the two olfactory receptor classes from Xenopus laevis[END_REF]. For this reason, class I genes are called "fish like" genes and class II genes are known as "mammalian-like" genes. Interestingly, Amphibians, typically the African frog "Xenopus laevis", exclusively express both types of genes [START_REF] Freitag | Two classes of olfactory receptors in xenopus laevis[END_REF]. Thus, the difference in functionality between these 2 classes of genes has yet to be explored (Niimura & Nei, 2005).

Groups

Type 1 OR genes are also subdivided into seven groups (α -η). Group α and χ OR genes are expressed in mammals, birds and reptiles; while δ, ε, φ and γ OR groups are abundant in teleost fishes and totally not existing in mammals, birds and reptiles [START_REF] Niimura | On the origin and evolution of vertebrate olfactory receptor genes: comparative genome analysis among 23 chordate species[END_REF]. Then again, amphibians OR genes have a combination of all groups, but the majority of these genes are associated with the same group as mammals and birds, group γ. Accordingly, group α and χ genes detect volatile odorant molecules, whereas group δ, ε, φ and γ genes bind to water-soluble odorant molecules. Besides, group β genes are expressed in aquatic and terrestrial organisms, this group of ORs can detect both airborne and water-soluble odorants.

Moreover, in mammalian OR genes, class I is related to group α and group β and class II involves group χ (Niimura & Nei, 2005). Also, the OR gene groups expressed in mammals and birds, mainly group α and γ, are unlikely to exist in fishes and vice versa [START_REF] Niimura | On the origin and evolution of vertebrate olfactory receptor genes: comparative genome analysis among 23 chordate species[END_REF]) (Figure 5).

Finally, even though fish possess much smaller number of OR genes than mammals or birds, the variety of OR gene family is greater in fish (Niimura & Nei, 2005).

Figure 5: evolutionary repertoire of olfactory receptor (OR) genes: represents the phylogenetic tree of different groups of OR genes of 5 vertebrate species. The size of the triangle is proportional to the amount of OR genes present in each species. α and γ group genes detect airborne odorants. δ, ε, ζ and η group genes detect water soluble odorants. β, θ, and κ group genes function is unclear [START_REF] Persuy | Mammalian Olfactory Receptors : Molecular Mechanisms of Odorant Detection , 3D-Modeling , and Structure -Activity Relationships[END_REF].

Conservation

Since olfactory receptors recognize odorants from the environment, their genes have experienced selection pressure leading to evolution in the olfactory repertoire in all species, 20% of total OR genes in mouse and 50 to 60% in human [START_REF] Persuy | Mammalian Olfactory Receptors : Molecular Mechanisms of Odorant Detection , 3D-Modeling , and Structure -Activity Relationships[END_REF]. The number of OR genes is not the same across species, for example, 133-150 ORs are expressed in zebrafish, 1300 in pigs, 2129 in cows and 4200 in African elephants. While functional OR genes are less than 400 in humans, 1000

for pigs, rodents and dogs, and 1948 in African elephants [START_REF] Persuy | Mammalian Olfactory Receptors : Molecular Mechanisms of Odorant Detection , 3D-Modeling , and Structure -Activity Relationships[END_REF].

Comparing zebrafish genome to human genome by Ensembl Compara, confirmed that 70% of human genes possess ortholog gene in zebrafish. Likewise, 69% of zebrafish genes show gene ortholog in human [START_REF] Howe | The zebrafish reference genome sequence and its relationship to the human genome[END_REF]) (Figure 6). Therefore, zebrafish experiments enhance understanding the function of specific human genes in certain disease. In addition, RNA-sequencing showed a wide range in the gene's expression level of chemosensory receptors, this expression is remarkable changing according to the evolution and representation of diverse neuronal class. Mouse olfactory epithelium and VNO specific olfactory genes have orthologous genes that are highly expressed in zebrafish olfactory epithelium. This admits the molecular conservation between mouse and zebrafish olfactory genes and suggest a neuronal conservation of olfactory perception between the two species [START_REF] Saraiva | Molecular and neuronal homology between the olfactory systems of zebrafish and mouse[END_REF].

Figure 6: Orthologous genes are shared within different species: human, mouse, chicken and zebrafish genome. Ortholog relationships from Ensembl Compara. [START_REF] Howe | The zebrafish reference genome sequence and its relationship to the human genome[END_REF].

Signal Pathway

Odorants enter the nasal cavity directly by inhalation by the nose and it is called orthonasal olfaction, or indirectly when chewing the air is pushed back to reach the nasal cavity and it is called retronasal olfaction [START_REF] Genva | The olfactory receptor gene superfamily: data mining, classification, and nomenclature[END_REF].

When odorants bind to olfactory receptors, a G protein coupled receptor, it results in a conformational change of Golf to activate adenylyl cyclase III. This leads to increased intracellular cAMP levels, which opens cyclic-nucleotide-gates (CNG) channels, leading to Ca 2+ and Na + influx (Fukuda et al., 2004). Depolarization of the OR neuron resulting in signal propagation which transmit the information to the brain. Among several molecules involved in olfactory signal transduction, OR, Golf protein α-subunit (Gαolf), olfactory marker protein (OMP), and ACIII are identified as olfactory specific molecules [START_REF] Kang | Olfactory receptors in non-chemosensory tissues[END_REF]) (Figure 7). When a combination of odorants reaches the olfactory epithelium, they bind to a group of ORs at different affinities, leading to complex signals reaching the brain. By its turn, the brain especially the olfactory bulb, is responsible to analyze them [START_REF] Pinto | Olfaction[END_REF].

Figure 7: A schematic diagram illustrating the olfactory signal transduction [START_REF] Kang | Olfactory receptors in non-chemosensory tissues[END_REF].

OSNs that belong to the same OR connect together in a segregated area in the olfactory bulb forming the "first map" for odor detection. All ORs project in a special structure in the olfactory bulb named glomeruli [START_REF] Mombaerts | Visualizing an olfactory sensory map[END_REF].

Thus, these neurons project into the olfactory cortex through afferent axons that overlap as clusters of neurons forming the "sensory map", as olfactory cortex can detect odor from several ORs [START_REF] Rinaldi | The scent of life. The exquisite complexity of the sense of smell in animals and humans[END_REF].

The signal is stopped by the GTPase enzyme activity, which triggers the hydrolysis of GTP to return to GDP [START_REF] Pinto | Olfaction[END_REF]. Adaptation to a special odorant can happen by two mechanisms: the first is the inactivation of the odorant receptor by protein kinase that cause phosphorylation and desensitization of the receptor;

the second is the adaptation of the OR to a higher concentration of the odorant, thus adapting the sensitivity of CNG channels to become activated by higher levels of cAMP [START_REF] Hussain | The Olfactory Nervous System Of Terrestrial And Aquatic Vertebrates[END_REF].

When the signal reaches the olfactory bulb where its perception starts. The main function of the olfactory cortical centers consists of reading the map and then generating the appropriate recognition of the olfactory information. Anatomically, the olfactory bulb links to five brain structures: the anterior olfactory nucleus, the olfactory tubercle, the amygdaloid complex, the rostral entorhinal cortex and the piriform cortex. These brain regions form the primary olfactory cortex, however the specific role of each region is yet to be defined [START_REF] Albers | Olfactory dysfunction as a predictor of neurodegenerative disease[END_REF] (Figure 8). Olfactory receptors consist the first center of progression of olfactory information.

Since OR genes vary between species, the set of chemical signals which ensure their survival, are special for each species and its environment. Odor ligands are small organic molecules, less than 400 Da in size and they have different size, charge, shape and functional groups [START_REF] Malnic | Combinatorial receptor codes for odors[END_REF]. Odorants consist of various sets of aldehydes, aliphatic acids, alcohols, ketones, amines and esters.

Also, they can be composed of numerous combinations of chemicals. Odor ligands usually bind to many receptors with variable affinity and one receptor can bind to several odorants [START_REF] Buck | The molecular architecture of odor and pheromone sensing in mammals[END_REF], for example the natural odorant bourgeonal can be detected by hOR17-7/11 and hOR17-4 [START_REF] Braun | Enterochromaffin Cells of the Human Gut: Sensors for Spices and Odorants[END_REF]; except some unique receptors with very specificity of certain odorants called pheromones receptors [START_REF] Kajiya | Molecular Bases of Odor Discrimination: Reconstitution of Olfactory Receptors that Recognize Overlapping Sets of Odorants[END_REF]. Plus, ORs may provide an overlapping of ligand profiles, which means that a combination of odors can be detected by a combination of ORs.

Recent study suggested that some odorants function as antagonists of some olfactory receptors which makes the process of odor recognition more complex to be analyzed [START_REF] Sanz | Comparison of Odorant Specificity of Two Human Olfactory Receptors from Different Phylogenetic Classes and Evidence for Antagonism[END_REF] In addition, olfactory binding proteins (OBP) are extra cellular small soluble proteins normally related to pheromones and active in odor transduction. They are usually present in the olfactory organ and can be odorant-binding or pheromonebinding proteins. OBPs main role is to transport odorants and pheromones to their specific receptors. OBPs are also found in body fluids such as saliva, urine, vaginal discharge, tears and amniotic fluid (Ferrer et al., 2016). In mammals, OBPs belong to lipocalins which is a superfamily of carrier protein [START_REF] Scaloni | Purification, cloning and characterisation of odorant-and pheromone-binding proteins from pig nasal epithelium[END_REF].

Lipocalin2, a member of lipocalin family, is produced in brain and acts in regulation of inflammatory responses, astrocyte activation and angiogenesis (L. Wu et al., 2015). Also, Apo lipoproteinD, another member of lipocalin family, is present in brain and helps in transport of hydrophobic ligands. The correlation between OBPs and other lipocalins hypotheses that OBPs function as transporter in chemical communication. However, OBPs in brain and other tissues are not related to external ligands and olfaction (Ferrer et al., 2016).

Recognition between species

Odor recognition by the olfactory system of terrestrial and aquatic organisms has many differences, especially when encountering natural compounds. It is believed that all chemical stimuli originate from aquatic organisms in form of waterborne particles. After the evolutionary transition to terrestrial life, many chemicals were susceptible to physico-chemical change from hydrophilic to hydrophobic particles.

This change was essential to be adapted to olfactory systems of terrestrial organisms, whereas, aquatic olfaction can recognize only water-soluble chemicals.

Accordingly, it is thought that in terrestrial and aquatic, vertebrates and nonvertebrates, olfactory receptors receive chemical molecules exclusively in aqueous phase. Since any odorant to reach the receptor has to cross the mucus membrane that covers the olfactory epithelium. Odorant binding proteins (OBP) are responsible of transferring volatile odorants to ORs in insects, however, OBPs are not present in benthic animals and fish. Aqueous organisms are in direct contact (by touching or eating) with insoluble and hydrophobic molecules present in water, and it is assumed that in marine environment most odorants are soluble in water.

Chemical stimuli can be divided into four categories: volatile/ insoluble, are mainly terrestrial odorants and aquatic tastants inhaled by mouth; volatile/ soluble, are widely considered as odorant molecules in both terrestrial and aquatic environments; non-volatile/ soluble, are important aquatic odorants and detected by taste in land organisms (For example odorless steroids and toxins which are important in vital conditions in terrestrial and aquatic life); non-volatile/ insoluble, are detected by touch in terrestrial and aquatic environments (for example triterpenoids a sweet and bitter tastant) (Mollo et al., 2017).

Deorphanization of receptors

Deorphanization of olfactory receptors is the process of identification of the ligand that can bind to each receptor. To date, only few OR are deorphanized in vertebrates [START_REF] Luu | Molecular Determinants of Ligand Selectivity in a Vertebrate Odorant Receptor[END_REF], 90% of human olfactory receptors are still orphan. Although the molecular mechanism of odor perception is well described, the fundamental differences of receptors and ligands structures are the most important cue in OR deorphanization (Peterlin et al., 2014). Due to the limitation of expressing OR genes in heterologous cells, deorphanization of OR is limited to very few rodent genes and one human OR gene (OR17-40) which was shown to respond to helional and other similar structures [START_REF] Sanz | Comparison of Odorant Specificity of Two Human Olfactory Receptors from Different Phylogenetic Classes and Evidence for Antagonism[END_REF].

An important obstacle in deorphanization and analysis of odorant-receptor bond is the delivery of odorants (ligand). In vivo, when odorants are dispensed in vapor phase, it is difficult to know the final concentration that reaches the olfactory receptor due to the mucus layer lying over the nasal epithelium. However, ex-vivo and in-vitro assays, where the olfactory epithelium is dissociated, require delivery of odorant in water phase. This is very different from the natural physicochemical environment but it gives more accurate information about odorant concentration (Peterlin et al., 2014).

The in-vitro expression of OR gene on HEK293 cells is one of the most important techniques used in OR deorphanization. HEK293 cells were used to express some human ORs like hOR17-4, hOR17-40, OR51E2 and mouse ORs like OR-l7 and Olfr78. Further, in-vivo OR gene expression in olfactory epithelium using adenovirus infection is also a successful technique to study OR-ligand relation. It is followed by electo-olfactrogram recordings of OR activity. OR-l7 adenovirus infected epithelia responded to saturated aliphatic aldehydes and chains containing 7 to 10 carbons. Moreover, ex-vivo, patch recordings of the extracted intact epithelium showed that the murine receptor MOR23 is activated by Lyral (Peterlin et al., 2014).

Impairment 1.7.1 Definition

Decline in olfaction mostly happen in older person, it is accompanied with the decrease of ability to differentiate flavors, thus reduced food preference and appetite. Toxic agents such as tobacco, vapors and drugs can cause olfactory dysfunction. as well as nasal deformity and facial traumas can prohibit the olfactory signal pathway (X. [START_REF] Li | Anosmia[END_REF]. Olfactory dysfunction can lead to anosmia which is the complete inability to respond to olfactory signals [START_REF] Abreu | The smell of "anxiety": Behavioral modulation by experimental anosmia in zebrafish[END_REF]. Olfaction impairment is also associated with several neurodegenerative conditions and postviral infections. [START_REF] Pinto | Olfaction[END_REF].

People with olfaction dysfunction are less able to detect some hazardous events happening around them like gas leaks, smoke and toxins, which remarkably affect their behavior, mood and cognition (X. [START_REF] Li | Anosmia[END_REF].

Degenerative Disease

Olfaction impairment is well-established in patients with degenerative disease. 85-90% of patients with Alzheimer disease (AD) [START_REF] Murphy | Olfactory and other sensory impairments in Alzheimer disease[END_REF] and 90% of patients with idiopathic Parkinson disease (iPD) [START_REF] Albers | Olfactory dysfunction as a predictor of neurodegenerative disease[END_REF] have problems in odor identification. Olfactory dysfunction is also linked to several psychiatric disorders like dementia and schizophrenia [START_REF] Abreu | The smell of "anxiety": Behavioral modulation by experimental anosmia in zebrafish[END_REF]. This suggest that olfactory dysfunction is a potential biomarker for these diseases [START_REF] Murphy | Olfactory and other sensory impairments in Alzheimer disease[END_REF].

Anxiety

Patients with olfactory dysfunction, especially with olfactory hallucinations, are associated with psychiatric problems mainly depression [START_REF] Haj | Olfactory hallucinations in Alzheimer's disease[END_REF]. In rodents, olfaction-induced fear cause anxiety and modulate animal's behavior including social and sexual interaction [START_REF] Kudyakova | Orientation and exploratory behavior and anxiety of CBA mice with anosmia induced by Ntrimethylindole (skatole)[END_REF]. Hence, olfaction is strongly involved in fish behavior, including reproduction, foraging, migration, defense and social interaction. Interestingly, anosmic fishes were found to have high cortisol concentration level [START_REF] Abreu | The smell of "anxiety": Behavioral modulation by experimental anosmia in zebrafish[END_REF].

SARS-CoV-2

The newly found severe acute respiratory syndrome coronavirus [START_REF] Vaira | Potential pathogenesis of ageusia and anosmia in COVID-19 patients[END_REF]. Consequently, several degrees of damage occur after SARS-CoV-2 infection including altered mucus secretion, cilia desquamation and damage of surface microvilli. Moreover, serious levels of inflammatory infiltration and cell apoptosis may take place after this viral infection [START_REF] Ye | SARS-CoV-2 infection in the mouse olfactory system[END_REF].

Two hypotheses have been proposed to explain the inability of SARS-CoV-2

to reach the brain. The first is the normal antiviral activity which forms an effective barrier and prevents the virus to propagate into the central nervous system (CNS).

The second hypothesis is the apoptosis of infected OSNs which inhibits the virus from reach the CNS [START_REF] Mori | Olfactory receptor neurons prevent dissemination of neurovirulent influenza A virus into the brain by undergoing virus-induced apoptosis[END_REF] Importantly, OR mRNA level is downregulated at 2-and 4-days post infection (dpi), whereas, recovery of normal sense of smell starts at 4dpi in mice and within few weeks (1 to 3 months in some cases) in patients infected with COVID-19 [START_REF] Ye | SARS-CoV-2 infection in the mouse olfactory system[END_REF]. Normally, the olfactory epithelium undergoes a continuous regeneration and replacement due to its basal stem cells: the horizontal basal cells (HBCs) and the globose basal cells (GBCs) [START_REF] Salazar | Anatomy of the olfactory mucosa[END_REF]. HBCs are quiescent cells that become activated when OE cells are damaged and differentiate into other type of cells, however, GBCs are responsible of normal regeneration of neuronal and nonneuronal cells as they are mitotically activated [START_REF] Leung | Contribution of olfactory neural stem cells to tissue maintenance and regeneration[END_REF].

Ectopic Expression of Olfactory Receptors

Evidence

One year after the discovery olfactory receptors by Axel and Buck, Parmentier et al.

found the first OR gene transcripts that were identified outside the nose, specifically in mammalian germ cells [START_REF] Parmentier | Expression of members of the putative olfactory receptor gene family in mammalian germ cells[END_REF]. During the following two decade, more descriptive studies confirmed the ectopic expression of ORs in many human tissues all over the human body. ORs are not exclusively present in the olfactory sensory neurons, they were found in testis, lung, skin, intestine, blood and heart.

The human hOR17-4 (OR1D2) [START_REF] Spehr | Identification of a testicular odorant receptor mediating human sperm chemotaxis[END_REF] and the mouse MOR267-13

(orthologous to human OR10J5) were the first OR genes identified outside the nose, they were found in sperm (Fukuda et al., 2004). Hence, some ORs were found exclusively expressed in one tissue while others were found widely expressed in many human organs. The number of ORs in different human tissues is variable ranging from only few ORs in skeletal muscle to around 60 ORs in testis. (Maßberg & Hatt, 2019). Importantly, olfactory signaling molecules such as olfactory marker protein (OMP), G αolf and adenylate cyclase III, are widely expressed in non-olfactory tissues like the brain, lung, testis, intestine, liver, kidney, white blood cells and others (Veitinger & Hatt, 2017).

Despite the widespread of their expression outside the olfactory epithelium, the function of majority of ectopic ORs remains unclear due to the lack of knowledge of their activating ligands. Several studies have shown that some ectopically expressed ORs have a functional role mainly in chemosensing and chemotaxis [START_REF] Kang | Olfactory receptors in non-chemosensory tissues[END_REF] and they can perform many other tasks when they are expressed in different cells and tissues (Veitinger & Hatt, 2017).

Function

ORs are reported to be expressed in non-sensory organs including lung, heart, sperm, skin, blood and cancerous tissues. Ectopic ORs function is different from their function in the olfactory system (Z. Chen et al., 2018). Interestingly, ORs are recently used as an important marker for cancer where they are involved in diagnosis and as a therapeutic tool. ORs are identified to be active in cell-cell recognition, tumor cell proliferation, migration, exocytosis and apoptotic cycle (Maßberg & Hatt, 2019). 

Ligands

Very limited number of ORs is deorphanized, the process of identifying the ligand.

When investigating the interaction of ectopic OR with a special ligand, high concentrations of ligand are used to increase the unwanted effect of the ligand, suggesting that the identified ligand may not activate the ORs under physiological conditions. Studies on endogenous ligands give more reliable results regarding OR functions in non-olfactory tissues. Examples of endogenous ligands are the gut microbiota-derived in the digestive system, also fluids from the reproductive system contain endogenous olfactory ligands Some odorants display dual action, they have agonist and antagonist effect on ORs (Veitinger & Hatt, 2017). Also, OR agonists and antagonists have similar molecular structures; this makes deorphanization of ORs complicated and limits the ability of ligand screening by using odorant mixtures.

It is well known that some ORs have a very broad ligand spectrum, whereas others have limited spectrum; For example, an OR can detect multiple odorants and an odorant can bind to several ORs (Veitinger & Hatt, 2017). 

Ligand

Olfactory Receptors in the Nervous System

Several studies in mice showed that a number of olfactory receptors are expressed in the cerebral cortex [START_REF] Otaki | Odorant Receptor Expression in the Mouse Cerebral Cortex[END_REF]. For example, Olfr110, Gαolf (olfactory G protein) , AC3 (adenylyl cyclase 3) transcripts are expressed in cerebral cortex tissues of less than 1 year old mice [START_REF] Ansoleaga | Dysregulation of brain olfactory and taste receptors in AD, PSP and CJD, and AD-related model[END_REF][START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF]. 

Genes expression values represented as number of tags per million (TPM)

based on the sequencing and the high number of libraries of mice genome, showed that Olfr316 is detected in hippocampus, Olfr287 in cerebellum striatum, cortex, medulla oblongata and spinal cord and Olfr558 is expressed in spinal cord, medulla oblongata, cerebellum and cortex [START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF]. HEK289 cells expressing Olfr287 respond to odor-like molecules: S-and R-carvones and decanoic acid [START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF]. Olfr78 has been reported to be expressed in the murine sensory ganglia and autonomic nervous system [START_REF] Weber | Olfactory receptor expressed in ganglia of the autonomic nervous system[END_REF]. Also, murine OR olfr151 (M71) is identified in mouse cerebral cortex by in-situ hybridization and RT-PCR [START_REF] Otaki | Odorant Receptor Expression in the Mouse Cerebral Cortex[END_REF]. Interestingly, zebrafish ORs, or105-1, or101-1, or102-4, or102-3, or109-9 and or112-1 and their mouse orthologues Olfr303, Olfr308, Olfr323, Olfr520, Olfr521, Olfr544 respectively are expressed in zebrafish and mouse brain by RNA-seq analysis [START_REF] Saraiva | Molecular and neuronal homology between the olfactory systems of zebrafish and mouse[END_REF]. Interestingly, OR11H1 and OR4M1 are used as a biomarker of human traumatic brain injury (TBI) as they are expressed in entorhinal-hippocampus and activated in case of injury to attenuate the abnormal tau phosphorylation [START_REF] Zhao | Decreased Level of Olfactory Receptors in Blood Cells Following Traumatic Brain Injury and Potential Association with Tauopathy[END_REF].

Studies of OR ectopic expression have explored their function in the organs

where they are expressed, such as chemotaxis in sperm (Fukuda et al., 2004;[START_REF] Spehr | Identification of a testicular odorant receptor mediating human sperm chemotaxis[END_REF]. In the nervous system, the function of ORs differs from detecting odorant molecules, they guide the olfactory axons to reach their target in the olfactory bulb. OR's extracellular domain interact with the specific cues present on their target cells. Thus, OR proteins play a role in intracellular recognition and interaction not only in the olfactory system but also in the nervous system [START_REF] Weber | Olfactory receptor expressed in ganglia of the autonomic nervous system[END_REF]. As ORs are identified in ganglia of the autonomic nervous system it is hypnotized that they are involved in endogenous chemical detection. Importantly, Gαolf is expressed in several areas of the murine brain, its knockdown leads to hyperactive behavior and to decrease in olfaction. This suggest that Gαolf which is an OR mediator is considered an active signaling molecule centered in the brain [START_REF] Garcia-Esparcia | Functional genomics reveals dysregulation of cortical olfactory receptors in Parkinson disease: novel putative chemoreceptors in the human brain[END_REF].

Zebrafish Model

Description

Danio rerio, Brachydanio rerio or zebrafish, belongs to the Cyprinidae family of teleost fish. They are freshwater fish that inhibit South Asia region including India, Bangladesh, Nepal, Pakistan and Myanmar [START_REF] Ge | Zebrafish[END_REF] . They live in still ponds, slow moving streams and rice fields [START_REF] Spence | The behaviour and ecology of the zebrafish, Danio rerio[END_REF] as they are quiet and social creatures. Danio rerio are small in size (2-3 cm length). The fertilization of eggs takes place externally and females lay hundreds of eggs weekly [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF]. Embryos develop quickly as they hatch after around 50 hours, swim at 5 days post fertilization dpf [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF] and start to eat at day 5 [START_REF] Clark | Zebrafish[END_REF]. Their lifespan usually ranges from 3 to 5 years (Ge, 2018) (Figure 9). In 1960, George Streisinger, from the University of Oregon, was the first researcher that introduced zebrafish as an animal model into science. He is known as the founding father of zebrafish in research [START_REF] Ge | Zebrafish[END_REF]. In the past 30 years, zebrafish model was gradually risen as an ideal model organism in the field of biological and genetic research. It is a useful non-mammalian vertebrate model organism with many advantages and it provides high similarity with human biological system [START_REF] Clark | Zebrafish[END_REF].

In a laboratory setting, zebrafish are maintained in 28 o C degrees. They are kept at 14hrs/10hrs day/night cycle [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF]. At day 5, they are fed with paramecia, and after two weeks with brine shrimps (artemia), paramecia or rotifers, in addition to commercially available dry food [START_REF] Ge | Zebrafish[END_REF]. At day 7, the yolk sac of the zebrafish is fully absorbed and the larvae obtains its nutrients through exogenously provided food [START_REF] Allen | Role Of Branchiomotor Neurons In Controlling Food Intake Of Zebrafish Larvae[END_REF].

Advantages

Studies using the zebrafish as a model system has recently increased in genetics, behavioral neuroscience and developmental biology [START_REF] Abreu | The smell of "anxiety": Behavioral modulation by experimental anosmia in zebrafish[END_REF]. The small size and transparency of zebrafish embryo facilitates the manipulation and the observation of several experimental techniques without the need to dissect the embryo. This make it a perfect model for organogenesis and morphogenesis studies in vivo [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF] and very useful in determining in-vivo function during embryonic development stages [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF].

Zebrafish female can produce 200 eggs per mating [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF]. The external fertilization and the embryonic development outside the mother help access the embryos and perform many types of experiments, including exposure of the larvae or fish to water soluble compounds or drugs. This is a main advantage of zebrafish over other species, such as in mouse, where embryonic development takes 21 days and the mother has to be sacrificed [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF].

Furthermore, the accessibility and transparency of this model allows the use of fluorescent transgenic lines during early development. Fluorescent markers, such as the green fluorescent protein (GFP), allow the visualization of live cellular developmental and movements in vivo [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF] and facilitate live imaging of several dynamic events like cell division, neuronal circuit formation and cell migration [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF]. Zebrafish is widely used in vertebrate gene function due to the amenability of gene knockdown and overexpression 71.4% of human genes possess at least one zebrafish orthologue. This makes zebrafish studies in understanding details of disease that include genes orthologous to human [START_REF] Howe | The zebrafish reference genome sequence and its relationship to the human genome[END_REF].

Their small size facilitates the use of different techniques particularly the whole mount in-situ hybridization, as some mRNA of olfactory receptor genes start to be detected at 30-35 hours post fertilization (hpf) [START_REF] Lakhina | Netrin/DCC signaling guides olfactory sensory axons to their correct location in the olfactory bulb[END_REF]. In conclusion, this model allows detailed analyses of transcript expression throughout the whole animal, and is suitable for genetic engineering of the olfactory system and neuronal activity in vertebrates.

Olfactory system

Development

Zebrafish possess a less complex, but well developed, sense of smell. Odorant receptors in the zebrafish epithelium are found segregated into three or more overlapping expression domains. These ORs consist a highly conserved sequence common to the superfamily of GPCRs. Despite the variety in morphology of the sensory surface, the design of odorant receptor expression patterns is significantly consistent having a stripe-like form in fish and mammals, because ORs are distributed concentrically around the midline of the flow of odorant carrier [START_REF] Weth | Nested expression domains for odorant receptors in zebrafish olfactory epithelium[END_REF].

The development of the olfactory system in zebrafish begins at 22 hours postfertilization (hpf) [START_REF] Shao | Olfactory sensory axons target specific protoglomeruli in the olfactory bulb of zebrafish[END_REF]. Calcium activity assays found that ORs in the olfactory bulb of zebrafish respond to odorants from 2.5-3 days post-fertilization (dpf) (J. [START_REF] Li | Early development of functional spatial maps in the zebrafish olfactory bulb[END_REF] and ORs can be detected by RNA-seq starting the age of 2 dpf [START_REF] Shao | Olfactory sensory axons target specific protoglomeruli in the olfactory bulb of zebrafish[END_REF] . However, other studies showed that some ORs are expressed earlier at 24 hours post-fertilization (hpf) such as OR111-1 and at 48 hpf for OR125-1. ORs have different expression patterns in sensory cells even when they belong to the same subfamily of gene [START_REF] Calfún | Changes in Olfactory Receptor Expression Are Correlated With Odor Exposure During Early Development in the zebrafish ( Danio rerio )[END_REF].

Moreover, the number of receptors expressed in OSNs is also variable even in the same OR subfamily. For example, in 3 days post fertilization larvae OR111-9, OR110-10, OR128-7, OR103-3 and OR103-4 are expressed, while OR106-3, OR106-6, OR106-7, OR106-10 and OR111-11, are expressed 10 times or more [START_REF] Shao | Olfactory sensory axons target specific protoglomeruli in the olfactory bulb of zebrafish[END_REF].

Furthermore, most glomeruli differentiate and increase their number during larval development, they proliferate more than 10-fold between embryo and adult stages. They act by detecting different odors. For example, lateral glomeruli are stimulated preferentially by microvillous OSNs sensitive to amino acids, however glomeruli in the medial OB are activated mostly by ciliated OSNs sensitive to bile acids [START_REF] Braubach | Experience-Dependent versus Experience-Independent Postembryonic Development of Distinct Groups of Zebrafish Olfactory Glomeruli[END_REF]. Studies via in-situ hybridization show that olfactory marker protein (OMP), a marker for OSNs, starts to be expressed in olfactory epithelium and the ciliated OSNs in the olfactory bulb at 2dpf [START_REF] Shao | Olfactory sensory axons target specific protoglomeruli in the olfactory bulb of zebrafish[END_REF].

Consequently, the zebrafish olfactory epithelium starts to be functional at 3 days post-fertilization (dpf) [START_REF] Lindsay | Behavioral Responses of Newly Hatched Zebrafish (Danio rerio) to Amino Acid Chemostimulants[END_REF].

In zebrafish, the olfactory marker protein (OMP) is expressed only in ciliated OSNs and not in microvillous OSNs, however, in mammals it is expressed in all chemosensory neurons of the olfactory epithelium and the vomeronasal organ [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF].

The zebrafish genome includes approximately 140 ORs, 6 V1Rs and around 50 V2Rs (Alioto & Ngai, 2006). Genome assembly shows that there are 109 TAAR genes and 10 TAAR pseudogenes in the zebrafish [START_REF] Hashiguchi | Evolution of Trace Amine-Associated Receptor (TAAR) Gene Family in Vertebrates: Lineage-Specific Expansions and Degradations of a Second Class of Vertebrate Chemosensory Receptors Expressed in the Olfactory Epithelium[END_REF]. In fish, TAARs are possible receptors for polyamines that activate OSNs through a special signaling pathway [START_REF] Rolen | Polyamines as olfactory stimuli in the goldfish Carassius auratus[END_REF]. The olfactory system follows the rule of "one glomerulus, one receptor", to establish the odor map in the olfactory bulb.

In-situ hybridization revealed that individual ORs are detected not only in the OE, but also in the axons of OSNs protruding onto fixed glomeruli [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF].

Anatomy

In the zebrafish nose, there is only one type of an olfactory organ, the olfactory rosette (Figure 10,B). It consists of three types of OSNs: ciliated, microvillous, and crypt cells. All OSNs innervate the olfactory bulb via a bundle of olfactory nerves [START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF]. Ciliated OSNs express ORs and TAARs, where ORs are preferentially activated by bile acids [START_REF] Braubach | Experience-Dependent versus Experience-Independent Postembryonic Development of Distinct Groups of Zebrafish Olfactory Glomeruli[END_REF]. Microvillous OSNs expressing V1Rs and V2Rs are activated by amino acids. Adult zebrafish are highly attracted to amino acids, sensing them as important feeding cues. Moreover, crypt neurons represent only one type of V1R receptor "V1R4". Athough their ligands are still unknown; it has been proposed that they respond to pheromones. Additionally, Kappe neurons are immunoreactive (react to antigen) and their receptors are also unknown (Calvo-Ochoa & Byrd-Jacobs, 2019) (Figure 10,C). Finally, pear OSNs are recently discovered neurons that express a new receptor A2C which is responsive to adenosine and adenine [START_REF] Wakisaka | An Adenosine Receptor for Olfaction in Fish Article An Adenosine Receptor for Olfaction in Fish[END_REF]. zebrafish olfactory bulb is divided into three layers: (1) olfactory nerve layer consisting of OSN axons;

( 

Ligands

In fish, the perception of odor starts by a specific interaction between odorants and olfactory receptors expressed in sensory neurons within the olfactory epithelium. In turn, this interaction represents a unique odorant map in the olfactory bulb and it is transmitted to higher olfactory centers located in the brain, and project a series of physiological and behavioral activity [START_REF] Jing | Massive Loss of Olfactory Receptors But Not Trace Amine-Associated Receptors in the World ' s[END_REF]) (Figure 11). It is believed that olfactory receptors of aquatic organisms detect water-soluble odors. While some odorant compounds are insoluble in water (e.g. terpenes from plants), marine organisms can detect only the chemical molecules which are in solution (Mollo et al., 2017). The principal odor classes in teleost are charged molecules like amino acids, bile acids, steroids, nucleotides and prostaglandins, whereas airborne odorants are volatile and uncharged. However, the recognition of airborne and water-soluble odors is conserved between different species because it is fulfilled by orthologous receptor of ORs, TAARs, V1Rs and V2Rs in all vertebrates [START_REF] Korsching | Aquatic Olfaction. Chemosensory Transduction: The Detection of Odors, Tastes, and Other Chemostimuli[END_REF]. They can survive till 7 dpf without eating because their yolk sac provides a source of nutrients [START_REF] Muto | Activation of the hypothalamic feeding centre upon visual prey detection[END_REF]. At 7dpf, the yolk sac becomes fully absorbed and the larvae rely exclusively on exogenous food and they mainly start to eat paramecia. At this stage, the skin of the larva starts forming pigmentation and the brain and intestine of the larvae are clearly visible. This makes zebrafish an important model in studying complex behaviors like feeding. Food seeking and food intake behaviors integrate several systems including visual, olfactory, branchiomotor neuronal pathway (responsible of jaw movement), gustatory and the hypothalamic neuronal pathway, which is the main brain region responsible of food seeking and appetite regulation [START_REF] Allen | Role Of Branchiomotor Neurons In Controlling Food Intake Of Zebrafish Larvae[END_REF].

Brain regions activated by food

The habenula

The habenula (Hb) is a diencephalic structure, which is highly conserved between species. It is divided into medial and lateral Hb in mammals, and is homologous to the dorsal and ventral Hb in zebrafish (T. Chen et al., 2019). It has an important function in emotion-related behaviors [START_REF] Abreu | The smell of "anxiety": Behavioral modulation by experimental anosmia in zebrafish[END_REF] and receives signals from the basal ganglia and limbic system (W. Chen et al., 2019). Cognitive and behavioral responses are directed by left-right asymmetries in the brain, mainly by the habenula. However, the neuronal development mechanism, pathway and functionality of these neurons are not well explored yet. Studies in 4 dpf zebrafish revealed that most sensory neurons that respond to odor stimuli are mainly localized on the right side of the dorsal habenula (dHb) [START_REF] Dreosti | Report Left-Right Asymmetry Is Required for the Habenulae to Respond to Both Visual and Olfactory Stimuli[END_REF].

Odor signals can trigger several behaviors like feeding, alarm and courtship.

Olfactory signals from the mitral cells (cells that receive axons from olfactory neurons and form synapses with axons that transfer the olfactory information to other brain regions) of the olfactory bulb project into the dorsal habenula (dHb) [START_REF] Jetti | Spontaneous activity governs olfactory representations in spatially organized habenular microcircuits[END_REF]. The majority of neurons that are activated by odor stimulus are found in the right habenula. By contrast, neurons that respond to light stimulus are localized in the left habenula (Figure 12). Very few cells respond to both stimuli. The et al., 2014).

In contrast to the asymmetry in odor response in dorsal habenula, odor responses in the olfactory bulb (OB) are symmetrical. Odor input in the dorsal habenula is spatially organized, however olfactory bulb input is less organized (Figure 13). Studies done on one month old zebrafish exposed to a group of several odorants, found that the neuronal cells activated by similar odorants in the olfactory bulb have high correlation. This indicates that the OB has the ability to discriminate and categorize odors [START_REF] Jetti | Spontaneous activity governs olfactory representations in spatially organized habenular microcircuits[END_REF]. 

The Hypothalamus

Several systems in the brain are responsible of appetite regulation. The hypothalamus is a small structure located at the base of the brain [START_REF] Wee | A bidirectional network for appetite control in larval zebrafish[END_REF].

An important role of the hypothalamus is the regulation of food intake by altering appetite and satiety [START_REF] Allen | Role Of Branchiomotor Neurons In Controlling Food Intake Of Zebrafish Larvae[END_REF]. The hypothalamus is divided to many substructures which are also involved in hunger modulation. In food deprivation state, the serotonergic neurons present in the ventromedial caudal hypothalamus become activated, while their activity is reduced in the lateral hypothalamus. Upon food exposure, this activity is reversed. Laterally localized neurons such as glutamatergic and GABAergic neurons are inhibited in hunger state and activated during feeding. Surprisingly, satiated fish have intermediate neuronal activity in caudal and lateral regions of the hypothalamus. These neurons work as regulators of feeding behavior [START_REF] Wee | A bidirectional network for appetite control in larval zebrafish[END_REF].

Taste receptors are found in several regions of forebrain like the hippocampus, the habenula, the cortex and the hypothalamus. In mice, the hypothalamic expression of taste receptors (Tas1r1 and Tas1r2) is regulated by the nutritional state. They are overexpressed during food deprivation when blood glucose level is low [START_REF] Ren | Sweet taste signaling functions as a hypothalamic glucose sensor[END_REF]. Also, immunohistochemistry performed on adult brain tissues confirmed the expression of the olfactory receptors, OR2H2, OR2A4, OR6K3 in many regions of the brain including the hippocampus, the thalamus and the hypothalamus (Ferrer et al., 2016).

Neurons in the hypothalamus respond to internal and external signals. Internal signals are mainly blood glucose levels and external signals include visual information when food sources are seen in the environment. In monkey, hypothalamic area becomes activated when they see familiar food (ref). Also, the inferior lobe of the hypothalamus is activated upon prey detection in zebrafish. The inferior lobe of the hypothalamus is connected to the pretectal area which is responsible for visual perception, suggesting that the pretecto-hypothalamic system is responsible of the visual detection of food or prey and can modulate the feeding behavior [START_REF] Mutlu | Olfactory specificity regulates lipid metabolism through neuroendocrine signaling in Caenorhabditis elegans[END_REF].

Aim

According to the RNA-seq done by the Halpen lab (unpublished data) and [START_REF] Saraiva | Molecular and neuronal homology between the olfactory systems of zebrafish and mouse[END_REF], around 90 olfactory receptors are found to be expressed in adult zebrafish brain. Our aim is to first explore and categorize the expression of olfactory receptors in non-olfactory areas throughout larval zebrafish body. Secondly, we aim to investigate the spatial and temporal pattern of olfactory receptor gene expression in larval and adult zebrafish brain. To explore the role of ectopic olfactory receptors in the brain, we hypothesize that the olfactory receptors expression can be regulated by food intake. We aim to evaluate the effect of feeding on the expression of olfactory receptors in the brain. Our results could provide insights into the role of olfactory receptors in the brain in the future.

CHAPTER 2: ARTICLE Introduction

The olfactory system is essential for the survival of the individual and species, as it plays a crucial role in detecting food, warning signals and in reproduction. In humans, the nasal cavity contains the olfactory epithelium, which consists of olfactory sensory neurons (OSN).

The dendrites of the OSNs contain cilia, which are densely populated by olfactory receptors (ORs), that protrude into the mucosal layer 1 . The ORs belong to the G protein-coupled receptor (GPCR) superfamily, which consists of the largest class of membrane proteins in the human genome 2,3 . There are around 1000 OR genes in rodents, 400 in human and 140 in zebrafish 4,5 . While ORs are generally thought to be expressed specifically in OSNs, studies have demonstrated their expression in non-chemosensory tissues, including heart, lung, skin, liver, muscle and sperm 6-8 . Growing number of studies have revealed that the ORs expressed in non-olfactory tissues are indeed functional. For example, mouse OR23 (mOR23) plays a role in regulating migration and adhesion in muscle cells in vitro 9 and chemotaxis in sperm motility 10 . Gene array studies have also shown the expression of various ORs in mouse and human dopaminergic neurons in the substantia nigra 11 .

Moreover, Olfr1505 and Olfr287 were found in mesencephalic dopaminergic neurons, which show a calcium response to ligands for Olfr287, S-and R-carvones and decanoic acid 12 .

Furthermore, cancer cells upregulate OR expression suggesting odorants could play a role in cancer progression 13 . Indeed, derivatives of androstenone activate OR51E2 receptors causing intracellular calcium increase, resulting in decreased proliferation of prostate cancer cells 14 . Therefore, understanding the spatial and temporal regulation of OR expression could help with health and disease progression. However, due to the large number of OR genes, it is difficult to systematically categorize their expression in nonolfactory tissues in mammals.

The zebrafish (Danio rerio) genome contains a smaller number of OR genes at around 140 genes, which are expressed from 24 hours post fertilization 15-17 . The small size and transparency of larvae facilitate whole mount in situ hybridization, allowing detailed analyses of transcript expression throughout the whole animal. Here, we mined RNA-seq data from adult zebrafish brain and carried out in situ hybridization analysis of OR transcripts in larvae and adult brains. We found that transcripts for or103-5, or 104-2, or108-1, or128-5 and or137-3 were expressed throughout the body, including muscle, pharynx, eyes and the brain in larvae. In addition, we found multiple OR genes, including or102- 3, or103-1, or103-5, or104-1, or105-1, or109-9 and or112-1, were expressed in specific regions in the adult brain, such as the optic tectum, hypothalamus and the habenula. We verified these results by performing RT-PCR in larvae without olfactory epithelium and in adult brain extractions. These results demonstrate that ORs are expressed in various tissues throughout the body in larvae and in distinct regions in the adult brain, providing the framework to start dissecting the function of evolutionarily conserved ORs in non-olfactory tissues.

Materials and Methods

Zebrafish

Wild-type AB strain larvae and adult (around 1 year old) zebrafish and Tg(OMP 6k :GFP) rw033 (APAFIS#27355-2021012213387351 v4). Phenylthiourea (0.2mM) was added daily to fish water from 24 hours post fertilization to prevent pigmentation in larvae.

RNA in situ hybridization

Plasmids for full-length coding regions of ORs were described in 19,20 . Antisense RNA probes were synthesized using SP6 or T7 polymerases (Promega) and digoxigenin-labeled UTP (Roche). Whole mount colorimetric in situ hybridization (ISH) in zebrafish larvae was performed as described in 21 . Briefly, probes were tagged with uridine-5'-triphospate UTPdigoxigenin and incubated with the larvae overnight at 70ºC in 50% formamide-containing hybridization solution. Hybridized probes were then visualized using alkaline phosphataseconjugated antibodies that hydrolyze 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) with 4nitro blue tetrazolium (NBT). Larvae were washed in phosphate-buffered saline (PBS) and conserved at 4ºC until imaged. Three to five months old male and female zebrafish were anesthetized in 0.4% tricaine (ethyl-m-aminobenzoate methanesulfonate), decapitated and dissected in cold Ringer's solution (0.134M NaCl, 2.9mM KCl, 1.2mM MgCl 2 , 8.3mM HEPES, 10mM glucose, 2.8mM CaCl 2, pH ~7.5). Dissected brains were fixed in 4% paraformaldehyde overnight at 4ºC, then stored in 100% methanol at -20ºC. ISH was performed as described for larvae above with the following modifications: brains were rehydrated in PBS followed by treatment with 20µg/ml proteinase K for 50 minutes then post-fixed in 4% paraformaldehyde at room temperature for 1 hour. Sectioned brain slices were mounted on slides and developed using NBT/BCIP treatment in a dark and humid box.

Slides were then washed with PBS and mounted with a cover slip with Mowiol (Sigma-Aldrich) 22 .

Sectioning and Microscopy

Larvae or adult brains processed with ISH were mounted in 4% low-melting agarose and sectioned at 35 µm transverse slices using a vibratome (Leica, Inc) in PBS 22 . Larvae processed by ISH were mounted laterally in 1.2% agarose for imaging. Whole larvae and slides were imaged using 5x, 10x or 20x Objective W "N-Achroplan" water immersion lens on a Zeiss Apo Examiner Upright Microscope equipped with Zeiss Axiocam 305 color microscope camera.

RNA extraction and cDNA synthesis

RNA was extracted from ten AB male and female adult zebrafish brain, eighty Tg(OMP: YFP) 18 6-day-old whole larvae and eighty larvae without their nose. The nose (olfactory epithelium) was removed using fine forceps by gently pinching off the anterior forebrain region in anesthesized (0.4% tricaine) larvae. The lack of yellow fluorescent protein (YFP)

to ensure that the nose was fully removed was verified under a fluorescence microscope for each larva. Adult zebrafish were dissected on ice in cold Ringer's solution. Samples were treated with TRIzol Reagent (Invitrogen), washed with phenol/chloroform and precipitated with isopropanol. Extracted RNA was treated with DNAse I and cDNA synthesized using SuperScript™ III First-Strand Synthesis (Invitrogen) according to manufacturer's instructions.

Analysis of olfactory receptors by RT-PCR

The and sterile water as negative control (results not shown). 

Results

Olfactory receptors are expressed in distinct brain regions in larvae

To confirm the expression of OR genes in the brain and surrounding areas, we carried out transverse sectioning of larvae expressing categories 2 and 3 ORs. We analyzed the expression of 9 OR genes in the forebrain, midbrain, hindbrain and posterior hindbrain sections (Figure 2). We found that the staining was not always uniform throughout the sections but localized to distinct regions for some ORs. For example, while the expression of most OR genes tested appeared to be ubiquitous in the forebrain, or103-1 and or135-1 transcripts were localized to the more dorsal/peripheral regions. In the midbrain, labeling was observed in the optic tectum (all OR genes) and in the hypothalamus (or103-1, or104- 1, or105-1, or133-7, or137-3). Staining was also observed in the hindbrain for all tested OR transcripts, albeit or103-1 and or135-1 were strongly expressed in the dorsal-part of the hindbrain, while the staining for or104-1 was stronger in the ventral hindbrain. Most OR gene transcripts were found in the posterior hindbrain except for or133-2 and or135-1.

These results show that different ORs are indeed expressed in distinct brain regions in zebrafish larvae.

In the peripheral tissues, labeling was also observed in putative ganglions including the otic ganglion (or103-1, or104-1, 105-1), anterior lateral line ganglion (or137-3) and/or vagal ganglion (or104-1), the roof of the pharynx (or104-1, or105-1, or109-9, or133-2, or135-1), otic capsules (or103-1, or105-1, or135-1, or137-3), muscle (or104-1, or105-1, or109-9, or133-2, or135-1) or the pronephros (or137-3). These results indicate that OR genes are also expressed in diverse non-olfactory tissues.

To test whether the expression pattern of OR genes was consistent during developmental stages, we also analyzed or102-3, or103-1 and or104-1 expression in 10day-old larvae (Figure 3). We found that the expression of each OR gene was similar to that observed in 6-day-old larvae. However, the difference in the intensity of the signals within the brain section was more pronounced at 10 days. For example, the labeling appeared stronger in the dorsal area of the mid-and hindbrain for or103-1 while it was stronger in the ventral part of the hindbrain sections for or104-1 (Figure 3). We also analyzed the expression of a category 1 OR gene, or112-1, which in 6-day-old larvae shows little or no expression in the head. By contrast, we found that or112-1 is highly expressed in the brain in 10-day-old larvae (Figure 3). These results suggest that the OR genes are expressed differentially throughout development. 

RT-PCR amplification of olfactory receptor genes in non-olfactory tissues in larvae and adult zebrafish brain

To confirm the expression of OR genes that was detected in the brain by , we performed RT-PCR. As a positive control, we first amplified OR transcripts from cDNA extracted from whole larvae expressing yellow fluorescent protein (YFP) in the olfactory epithelium [Tg(OMP:YFP) 18 ] (Figure 4A). Next, we carried out RT-PCR from non-olfactory tissues from cDNA extracted from Tg(OMP:YFP)] larvae that had the fluorescent protein-expressing olfactory epithelium and its surrounding tissues removed. Indeed, we were also able to amplify all tested OR transcripts of expected sizes (Figure 4B). Finally, we performed RT-PCR on cDNA from dissected adult zebrafish brains and were able to amplify the OR transcripts (Figure 4C).

The results confirm that OR genes are indeed expressed in non-olfactory tissues in the larvae and in the adult zebrafish brain. OMP:YFP expressing olfactory epithelium, which was removed for (B). White boxes outline bands that correspond to the expected size. Original non-cropped images are in Figure S3.

Olfactory receptor genes are expressed in specific structures in the adult brain

Certain OR genes appeared to become more restricted in their expression profile during development (see Figures 2 and3). To test whether OR genes are expressed in specific identifiable brain regions in the adult, we carried out ISH for or102 -3, or103-1, or103-5, or104-1, or105-1, or109-9, and or112-1 in dissected adult brain sections. We analyzed their expression in the forebrain, midbrain and hindbrain regions. We found that all tested OR genes are expressed in the different brain regions, albeit with different patterns (Figure 5).

In the forebrain, we found that that all tested OR genes were expressed in the habenula (Figure 5C, a). Interestingly, or103-1, or103-5, 104-1, or105-1 and or109-9 were highly expressed in a restricted region in the habenula and the preoptic area (hypothalamus), while or102-3 and or112-1 were ubiquitously expressed throughout most of the forebrain. In the midbrain, all OR genes were expressed in the optic tectum as well as in the hypothalamus (Figure 5C,b). Finally, in the hindbrain, or102-3 was the only OR gene to be preferentially expressed in the ventral domain (medulla oblongata), while the rest of the OR genes were expressed largely in the dorsal domain (cerebellum). Interestingly, or103-1 showed stronger staining in in the dorsal-most area of the hindbrain (Figure 5C,c). Moreover, OR genes were also expressed in the diffuse nucleus of the inferior lobe (or104-1), eminentia granularis (or103-1, or104-1, or109-9), interpeduncular nucleus (or103-5), torus longitudinalis (or104-1, or109-9), valvular cerebellum (or103-1, or104-1, or109-9, or112-1)

or the torus lateralis (or103-1, or104-1). These results indicate that specific structures in the adult brain express different combinations of OR genes.

cerebellum (orange arrow), eminentia granularis (magenta arrow), interpeduncular nucleus (blue arrow) cerebellum (white asterisk), medulla oblongata (blue asterisk), torus lateralis (magenta arrowhead). Scale bar: 500µm.

Discussion

Conservation of olfactory receptor expression in non-olfactory tissues

The expression of ORs is not only restricted to the olfactory system, as many ORs are found widely spread throughout various tissues in rodent and humans 25 . However, the conservation of expression in other vertebrate animals nor the extent of the number of OR genes expressed in non-olfactory systems is unknown. To elucidate the spatial temporal conservation of OR gene expression in non-olfactory tissues, we carried out an ISH screen for 36 OR genes in larvae and 7 in the adult brain of zebrafish. We found that OR genes are indeed expressed in various tissues including the head, trunk and the gut areas. The OR genes that were expressed in the same areas were not part of the same OR subclass nor located on the same chromosome (data not shown). However, the exact number or subclass of OR genes that are expressed in non-olfactory tissues need to be further verified.

Sequencing analysis revealed that the OR plasmids used to synthesize RNA probes were specific. However, it is difficult to ascertain the specificity of the anti-sense riboprobe binding to the endogenous mRNA, in particular to transcripts with highly similar sequences. ISH experiments using hybridization chain reaction (HCR) 26 using multiple smaller probes to decrease background noise and increase specificity of the signal in future studies should resolve this issue.

Transverse sectioning of the head of larvae expressing 9 OR genes showed that they are found in various tissues including the eyes, roof of pharynx, brain and muscles. Sectioning adult brains also revealed that 7 OR genes are differentially expressed in distinct brain regions including the habenula, hypothalamus and the optic tectum. Further studies performing double-labeling using markers or transgenic lines labeling specific cellular populations, ganglions, muscles and pronephros will confirm the presence of the ORs in various tissues and brain nuclei.

Dynamic expression of olfactory receptor genes in the brain

Expression of most ORs examined in the brain became more restricted during development.

The expression of three OR genes that showed distinct patterns in the larval brain was assayed in 10-day-old larvae, in which neuronal reorganization is suspected to take place 27 .

We found that while these OR genes were expressed in similar brain areas between the 6-and 10-day-old larvae, the spatial pattern became more restricted with age. By contrast, or112-1 is weakly detected in 6-day-old larvae (Figure 1, transverse sections not shown),

while showing strong expression in the 10-day-old and adult brains. In the adult brain, the majority of the OR genes tested were expressed in the hypothalamus and habenula. 3 out of 5 hypothalamus-expressing OR transcripts are also observed in the hypothalamus in larvae. By contrast, none of the 7 adult habenula-expressing ORs were found in the larval habenula. These results suggest that the expression of ORs is highly regulated in a spatial and temporal manner.

In rodents, ORs are expressed in several brain areas, including the hypothalamus and the ventral tegmental area (VTA) 28 . In vitro studies showed response of OR-expressing dopaminergic neurons in the VTA to natural odorant molecules. However, the endogenous ligands that activate these receptors are unknown. It is noteworthy that all ORs assessed in the adult brain in this study show expression in the habenula and the hypothalamus. The hypothalamus has long been implicated in controlling food intake 29 and recent studies have implicated the habenula in food-related behaviors 30-33 . One interesting possibility is that the odors during food intake is transported into the brain and plays a role in the modulation of brain areas associated with food-related behaviors.

Implication for olfactory receptors in non-olfactory tissues

The endogenous ligands for the ORs are currently unknown. Hence, it is difficult to hypothesize the role of these ORs in different tissues. However, the exposure to various environmental compounds that activate distinct ORs could result in the perturbation of cellular processes in cells that express specific OR genes. Indeed, in vitro studies on different cell types have shown that the activation of ORs affects distinct cellular processes.

For example, Olfr78 found in murine kidney cells is activated by acetate and pronate and causes renin expression leading to vasoconstriction 34 . Moreover, Olfr2, which is expressed on macrophages, is activated by octanal resulting in increased inflammation and acceleration of atherosclerosis 35 . The upregulation of certain OR genes in colorectal or breast cancer cells is used as an early detection marker 36 . The activation of ORs in lung or prostate cancer cells results in apoptosis while in hepatocellular carcinoma, cell proliferation is reduced 14,37,38 . While certain chemicals have already been shown to induce specific cancer or health issues, ascertaining causality between environmental factors and most occupational diseases is often times contentious and inconclusive. Future studies identifying the external ligands for ORs expressed in specific cell types could provide a mechanistic understanding to how environmental factors affect human health.

Breaking the code for ligand-receptor binding stereochemistry

GPCRs are the major targets for drug development due to their role in multiple diseases, however, deorphanizing (the process of identifying ligands) the GPCRs has not been straightforward 38 . This is more so an issue for the ORs, as the structure for vertebrate ORs has yet to be resolved. As one receptor can detect several odorant molecules and one odorant molecule can activate multiple ORs, the specificity of ligand-OR interaction is yet unclear 1 As such, only 8-10 % of mammalian ORs have been deorphanized 25 . In zebrafish, prostaglandinF2, the female sex pheromone has been shown to activate OR114-1 19 . Based on sequence homology, OR genes from terrestrial and aquatic animals have been categorized into distinct non-overlapping classes, in which the ligands were proposed to be air-borne volatile or water-soluble compounds, respectively 39 . However, terrestrial and aquatic animals show behavioral responses to the same molecules 40 , indicating that sequence homology in ORs does not determine ligand binding affinity. Prioritizing the identification of ORs that respond to molecules that elicit a behavioral response in both terrestrial and aquatic animals could provide the key to understanding the ligand-receptor stereochemistry using machine learning, which could be applied to design GPCR-targeted drugs 41,42 .

In conclusion, we show that multiple ORs are expressed throughout the body of zebrafish larvae and also in distinct areas in the adult brain. Despite the divergence in OR gene sequences between terrestrial and aquatic animals, the conservation of OR expression in non-olfactory tissues between vertebrate animals suggests that these ORs likely respond to similar odorants to mediate distinct cellular processes. As more species are constantly being subjected to unnatural environmental factors, it will be important to understand the role of ORs in non-olfactory tissues and how activation of these ORs could influence the health and well-being of the animal.

CHAPTER 3: ANNEX 

Feeding experiment

Fish preparation:

AB wild type fish were normally raised till the age of 5dpf, then they were divided into three groups, 100 larvae per group and N=5 experiments:

(1) unfed control

(2) fed with dry food

(3) fed with rotifers At the age of 5, 6, 7dpf at 9:00h, 12:00h and 15:00h, 6ml blue E3 medium were added to group (1), 0.09g Dry Food (zebrafeed by Sparos <100 micro) dissolved in 6ml blue E3 medium were added to group (2) and 6ml rotifers which contain around 6.10 3 rotifers of Brachionus plicatilis species were added to group [START_REF] Buck | A Novel Multigene Family May Encode Odorant Receptors: A Molecular Basis for Odor Recognition[END_REF].

The medium was changed every day in the morning, we started with 20ml E3 medium. We used E3 with methylene blue (blue E3 medium) to prevent any contamination and parasite formation.

When larvae were prepared for ISH, we added PTU every day from day 1. On the 7 th day in the morning, embryos were washed and not fed prior to fixing them in PFA at 11:00h.

Figure 14: Schematic description of the protocol of feeding experiment.

Imaging:

Six larvae of each group were isolated at 9:30h in the morning at 5, 6 and 7dpf and were imaged under stereomicroscope to measure their length and yolk size (N=5, n=90). Measures were performed using ImageJ software.

Statistical analysis:

Differenced among groups were analyzed by GraphPad Prism software 8.3.0(538), results were represented as mean ± standard deviation (SD). One way ANOVA test was used to compare the three groups.

In-situ hybridization and sectioning:

Embryos that were treated with PTU undergo in-situ hybridization to check the difference of expression of some olfactory receptor gene expression between different conditions. Some treated embryos were then sectioned to compare the expression at different levels.

Rotifer consumption experiment: 20 larvae at 5 dpf were exposed to 50 rotifers for two hours once a day at 28 o C.

After 2 hours of incubation, the number of rotifers was counted to quantify the number of rotifers consumed by the larvae. This process was repeated on 3 consecutive days when larvae were 5, 6, 7 days-post fertilization stages.

Ex-vivo Calcium Imaging

Brain extraction: 6 and 7 days post fertilization transgenic Tg(elavl3:GCaMP6) (T. W. [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF] Method: During the experiment, ringer's solution is rolling by perfusion method using a peristaltic pump (Ismatec), by a rate of 1.54ml/min. Ringer's solution and menthone are injected directly on the brain at t=3mins, t=6mins, t=9mins. The perfusion system is paused 30 seconds before injection and 30 mins after injection.

Imaging: Calcium imaging is performed on a spinning disk microscope (Zeiss Axio Examiner.Z1) using a 40X water immersion objective (NA = 0.95).

Recordings are acquired at 5 frames per second. Average fluorescence intensity was analyzed by manually drawing regions of interest (ROI) of brain parts in ImageJ software (FIJI). Average fluorescence intensity for each ROI was analyzed on MATLAB using custom written scripts. Amplitude of calcium signal was calculated according to the formula: ∆F/F = (Fi -Fmean)/Fmean; whereby, Fi is the mean intensity in a single ROI at a single time point while Fmean is the mean intensity in a single ROI throughout entire recording time.

2.Results

Feeding experiment

1) Larvae start feeding from 5 days.

To verify that our feeding protocol ensures that the larvae were indeed consuming the food, embryos were exposed to food that they normally start to eat in the fish facility from day 5 and their yolk sizes analyzed: rotifers (Brachionus Plicatilis sp.)

and dry food (zebrafeed by Sparos <100 micro), and they were compared to control unfed larvae (Figure 15). We started to give them food at 5 dpf and we stopped the experiment at 7dpf in the morning after the first meal to prevent starvation of the unfed group. When we compared the yolk area of each group throughout the following days, we found that it decreased with time due to the absorption of the yolk by the larvae (Figure 15, a). The length of the embryo was measured under the stereomicroscope and analyzed by ImageJ software. We found that larvae length does not change significantly between larvae that were exposed to food and control, nor between larvae fed with rotifers and with dry food (Figure 15,b). However, the yolk size of 5 dpf larvae fed with dry food was bigger in comparison with unfed larvae, which suggest that larvae at this age consume the small particles of dry food (<100 micro). Larvae at 7 dpf appear to eat rotifers since the yolk size area increases significantly compared to unfed and compared to those fed with dry food groups (Figure 15,c). This is confirmed by comparing yolk size of all condition at 7dpf before and after their exposure to food, larvae after being fed with rotifers have the largest yolk area. 2) Feeding alters expression of olfactory receptor genes in the brain.

In-situ hybridization (ISH) assay was carried out for some ORs that were found to have a moderate to low expression in brain (Figure 16). Larvae which undergo ISH are not exposed to food at the day of fixation (on the 7 th day). or103-5 has high expression in unfed larval brain, and the ISH results suggested that this expression increases in fed larval brain after exposure to dry food and rotifers. Similarly, for or132-4 which has a moderate expression in brain in unfed larvae, the expression was upregulated in fed larvae and it was stronger in larvae fed with rotifers. The presence of or133-7 and or137-3 became higher in fed larvae brain and more abundant with rotifer fed ones (Figure 17). In situ hybridization is not a quantitative assay. However, we analyzed 9 OR genes in 7 dpf larvae. We observed some ORs, like or103-4 and or106-1, that did not show a change in the expression levels following feeding. The results suggest that there may be upregulation of specific OR expression upon feeding. This result needs to be validated using quantitative methods such as qRT-PCR.

3) 20 larvae can consume an average of 4 rotifers in 2 hours. As a result, we can estimate that a group of 20 larvae at 5 days old can consume up to 5 rotifers in two hours. This number increases when larvae become older as at 7 dpf they can consume up to 7 rotifers in two hours. This indicates that larvae between 5 and 7 days old can recognize their food as well as get trained to inhale and chase their preys as rotifers are in constant movement. Scale bar: 0.5dF/F

Rotifers

Calcium Imaging

We carried out calcium imaging to study if the brain neurons respond to the exogenously added odorants, we started by the "Menthone". A dose of Ringer's solution if also injected at the same site, in order to assure that the change in the action potential is due to the odorant not to the motional changes. We also tried to perform this experiment with dry food infusion (results not shown). We observed similar results in the brains for menthone and dry food. However, these brains showed inconsistent results. Due to the high levels of spontaneous activity in the brain explant, it is difficult to ascertain whether the odorant is causing the activity.

Further experiments are necessary to confirm these findings. Tetrodotoxin should be first added to block all activity, followed by perfusing the odorant. Also, the method of injecting the odorant (mechanosensation) may potentially induce activity.

Perfusing the odorants may be a better solution. 

CHAPTER 4: DISCUSSION

Olfactory receptor gene expression is not restricted to the olfactory system, many ORs are found widely spread throughout various body tissues where they may have different functional roles (Peterlin et al., 2014). Only few is known about their role such as in cellular migration (Griffin et al., 2009), an important markers in many types of cancer (Maßberg & Hatt, 2019) and in chemotaxis in sperm during eggsperm communication.

The anatomical defect in the olfactory tract in zebrafish leads to impairment in food perception and feeding behavior [START_REF] Hamdani | Is Feeding Behaviour in Crucian Carp Mediated by the Lateral Olfactory Tract?[END_REF]). Larvae start swimming and feeding at 4 days post fertilization (dpf) (Mollo et al., 2017) and the yolk is completely absorbed at 7 dpf. At this age, larvae completely eat exogenous food [START_REF] Allen | Role Of Branchiomotor Neurons In Controlling Food Intake Of Zebrafish Larvae[END_REF][START_REF] Holmberg | TTX-sensitive and TTXinsensitive control of spontaneous gut motility in the developing zebrafish (Danio rerio) larvae[END_REF]. To monitor the body changes during this phase, we have designed a protocol when they are exposed to two sources of food, dry food and live rotifers (Figure 14).

Our findings suggest that zebrafish larvae can eat rotifers and dry food from day 5 and the OR expression in zebrafish brain is upregulated in fed larvae (Figure 16), mainly in fish fed with rotifers. In addition, transversal sections have shown that or103-5 is highly expressed in many areas of the brain of fed fish, including the hypothalamus, compared to non-fed fish (Figure 17). This confirms our previous findings about the changes in OR transcript levels and their spatial expression pattern in many brain areas including the hypothalamus. Together with the study that reveal that the hypothalamus is involved in feeding and food seeking behavior [START_REF] Allen | Role Of Branchiomotor Neurons In Controlling Food Intake Of Zebrafish Larvae[END_REF], we suggests that ORs expressed in the hypothalamus are regulated by feeding process and in its turn, they play a role in feeding behavior.

Despite the immense effort on OR research, few ORs has been deorphanized

where ligands were used in high concentrations (Veitinger & Hatt, 2017). In our environment, we are exposed to food that is considered odorant. Food contains potential ligands to multiple ORs responsible to alter and facilitate various cellular processes. Consequently, we propose that the role of brain ORs is to recognize food-related ligands that are essential to maintain cellular function.

To understand whether the brain ORs are activated by natural odorants present in food, we aimed to visualize the direct action of this ligand on the brain.

Menthone, the main constituent of mint, activates the olfactory receptor olfr287 expressed in mesencephalic dopaminergic neurons in mice [START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF].

Indeed, the identification of ligands that activate ORs expressed in brain could be a key in treatment of many pathological conditions including cancer, Parkinson's and Alzheimer's diseases, which have been reported to show dysregulation of ectopic ORs [START_REF] Ansoleaga | Dysregulation of brain olfactory and taste receptors in AD, PSP and CJD, and AD-related model[END_REF].

In this study, we carried out calcium imaging technique to detect the direct effect of the odorant. We conclude that the natural compound "Menthone" is able to induce calcium activity when added to extracted zebrafish larval brain. This activation was observed in many areas of the brain which could be a result of transmission of signal. For further experiments, we propose the use of the sodium channel blocker Tetrodotoxin (TTX), which is a neurotransmitter blocker [START_REF] Holmberg | TTX-sensitive and TTXinsensitive control of spontaneous gut motility in the developing zebrafish (Danio rerio) larvae[END_REF]. TTX can block neural activity of the CNS [START_REF] Stuermer | Development of the retinotectal projection in zebrafish embryos under TTX-induced neural-impulse blockade[END_REF], thus it inhibits signal propagation between distinct brain areas.

Multiple natural odorants including thymol and isoeugenol, stimulate serotonin release via olfactory receptors present in human enterochromaffin cells [START_REF] Braun | Enterochromaffin Cells of the Human Gut: Sensors for Spices and Odorants[END_REF]. Functional studies in mice, showed that mesencephalic dopaminergic neurons responsible for motivation, learning and behavior, express various ORs which respond directly to food-like compounds, such as carvone, the main constituent of spearmint oil [START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF]. These studies propose that ORs still have unexplored function in non-olfactory systems.

Ligands that activate GPCRs are conserved between species. A recent study has shown that the mouse endocannabinoid receptor GPR119, a receptor that regulates gastrointestinal tract physiology, is activated by bacterial metabolites found in humans. GPR119 is the main therapeutic target for obesity and diabetes as it directly regulates glycose homeostasis and gastric emptying [START_REF] Cohen | Commensal bacteria produce GPCR ligands that mimic human signaling molecules[END_REF]. Furthermore, despite the difference in sequence analysis between terrestrial and aquatic animal's DNA sequence, both type of animals responds similarly to the same chemicals found in both environments (Mollo et al., 2017). This suggests that ORs recognize similar chemicals regardless to animal's environment and confirms the conservation of neuronal circuits in vertebrates.

One hypothesis for the role of brain olfactory receptors is that they are activated by non-caloric nutrients and regulated by food intake. Animals can recognize their health state and undergo self-medication to adjust their feeding behavior. For example, Goats and sheep with parasite infection prefer food rich in tannins which is a natural anti-parasite compound [START_REF] Villalba | Influence of macronutrients and polyethylene glycol on intake of a quebracho tannin diet by sheep and goats[END_REF][START_REF] Villalba | Selection of tannins by sheep in response to gastrointestinal nematode infection[END_REF]. Also, human suffering from pellagra which is niacin (vitamin B3) or tryptophan (an amino acid of niacin) deficiency, [START_REF] Hampl | Pellagra and the origin of a myth: evidence from European literature and folklore[END_REF] seek food containing high levels of the lacking nutrient like raw meat (Pellagra, an American Problem (1912 Edition) | Open Library, n.d.). Craving also happens during pregnancy the reason is not well known but it is mainly due to nutrient and mineral deficiencies [START_REF] Nordin | Intolerance to ambient odors at an early stage of pregnancy[END_REF][START_REF] Orloff | Pickles and ice cream! Food cravings in pregnancy: hypotheses, preliminary evidence, and directions for future research[END_REF]. These findings suggest that individuals are able to sense the deprived nutrient and change their behavior to seek the required nutrient.

However, it is unknown how this occurs.

In conclusion, this project proposes a novel hypothesis linking non-nutrient food compounds to neuronal activation via ectopic brain ORs. In this project, we could categorize the ectopic expression of almost 30% of olfactory receptors in larval zebrafish body. We found that they are remarkably expressed in the brain and we could identify their spatial expression pattern. This ectopic expression was also confirmed by RT-PCR of larval and adult zebrafish brain. Later, to understand the role of OR genes in brain, we showed that larvae can eat at 7dpf, and we found an upregulation of brain OR genes in fed zebrafish. Finally, we tried to study the direct effect of odorant on the brain. However, we propose in future experiments the use of TTX to stop the effect of signal translation from the olfactory bulb and visualize the exogenously activated areas.

In further studies, we suggest to carry out single cell RNA-seq from brain explants of fed versus not fed larvae. q-PCR also can be performed, it monitors and quantify the changes in transcript level of ORs. Moreover, to localize the expression of OR in the brain, fluorescent in-situ hybridization can be carried out using antibody labeling in transgenic lines that label special neuronal populations.

. Zebrafish become adult and fertile at 3 months of age [START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF]. 
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BFigure 3 :

 3 Figure 3: (A) Schematic representation of zebrafish olfactory system. The olfactory epithelium organization into four olfactory receptor families. (B) Schematic representation of mouse olfactory systems. The repartition of olfactory receptors in various areas. Abbreviations: Main olfactory epithelium: MOE, olfactory bulb: OB, accessory olfactory Bulb: AOB, Grueneberg ganglion: GG, Vomeronasal organ: VNO, septal organ of Masera, guanylyl cyclase D: GCD, necklace glomeruli: NG, trace amine associated receptors: TAARs, olfactory receptors: ORs, vomeronasal receptors type1: V1Rs, vomeronasal receptors type2: V2Rs (Hussain, 2011).

Figure 4 :

 4 Figure 4: anatomical organization of the vomeronasal organ (VNO) and the main olfactory epithelium (MOE). (A) drawing of a parasagittal section of an adult rat head. VNO neurons are divided into two populations according to the expression of G-protein subunits Gαi2 (presented by green color) and G0 (presented by red color).

Figure 8 :

 8 Figure 8: Illustration of neuronal projections of OSNs from the olfactory bulb to different brain areas.[START_REF] Albers | Olfactory dysfunction as a predictor of neurodegenerative disease[END_REF] 

  Gene array assays and qRT-PCR have revealed the presence of several ORs in human brain[START_REF] Garcia-Esparcia | Functional genomics reveals dysregulation of cortical olfactory receptors in Parkinson disease: novel putative chemoreceptors in the human brain[END_REF]. RT-PCR, in-situ hybridization and nanoCAGE (Cap Analysis of Gene Expression) assays have confirmed the expression of some ORs in mouse mesencephalic dopaminergic (mDA) neurons of the substantia nigra[START_REF] Grison | Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules[END_REF]. OR51E1, OR52L1, OR2L13, OR2J3 and OR11H1 mRNA are expressed in the frontal cortex area of human brain and they are downregulated in Parkinson's disease. However, OR4F4 gene expression adult human brain tissues revealed the expression of OR2A4, OR2H2, OR6K3 in many brain areas like hippocampus, striatum, basal forebrain, hypothalamus, cerebellar cortex and in neurons of the spinal cord[START_REF] Garcia-Esparcia | Functional genomics reveals dysregulation of cortical olfactory receptors in Parkinson disease: novel putative chemoreceptors in the human brain[END_REF].

Figure 9 :

 9 Figure 9: A schematic representation of the stages of embryonic developmental of zebrafish. The cycle starts with a fertilized single cell. In one day, all organs are present and the complete body plan is established. At 48 h, the embryo hatches and swims freely. Zebrafish become adult and fertile at 3 months of age[START_REF] Willemsen | Zebrafish (Danio rerio) as a Model Organism for Dementia[END_REF] 

  2) glomerular layer, which is formed by approximately 140 glomeruli; (3) internal cell layer consisting of mitral and tufted neuron somata and granule cell dendrites (Calvo-Ochoa & Byrd-Jacobs, 2019) (Figure 10, D).

Figure 10 :

 10 Figure 10: Illustration of the organization of the zebrafish olfactory system. (A) Dorsal view of zebrafish head showing the localization of the olfactory system. (B)

Figure 11 :

 11 Figure 11: Schematic representation of the odor map in the zebrafish olfactory bulb. Nucleotides and amino acids are detected by V2Rs on microvillous OSNs and are represented in the lateral region of the OB. Bile acids are sensed by ORs on ciliated OSNs. CNGA2: cyclic nucleotide-gated cation channel A2 subunit; OMP: olfactory marker protein; TRPC2: transient receptor potential channel C2; LOT: lateral olfactory tract; MOT: medial olfactory tract[START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF].

  habenula send efferent projections to the interpeduncular nucleus (IPN), the lateral dorsal habenula (dHbl, largely located in the left Hb) subnuclei is connected to the dorsal IPN (dIPN) and the medial dorsal habenula (dHbm, mainly in the right Hb) subnuclei projects to the ventral IPN (vIPN). Calcium imaging assays confirmed that light responses were localized to the dorsal IPN (dIPN), yet odor responses activated the ventral IPN (vIPN)[START_REF] Dreosti | Report Left-Right Asymmetry Is Required for the Habenulae to Respond to Both Visual and Olfactory Stimuli[END_REF].

Figure 12 :

 12 Figure 12: Visual and Odor sensory neurons are localized asymmetrically into the dorsal habenula and project into dorsal and ventral IPN, respectively, in 4dpf Tg(elavl3: GCaMP5G) zebrafish larvae. A: schematic dorsal view and sagittal view of 4dpf zebrafish showing right and left habenular nuclei and their projections to the ventral and dorsal IPN domains, respectively. B: two-photon dorsal view images of the fish and its corresponding calcium signals in dorsal habenular (dHb) neurons in response to the presentation of light and odor stimuli. Scale bar is 14µm. C: twophoton lateral view image of the IPN of the fish and its corresponding calcium activity to light and odor. Scale bar is 20µm. D: dorsal; V: ventral; fr: fasciculus retroflexus; IPN: interpeduncular nucleus; dHb: dorsal habenulae; L: left; R: right; mc: mitral cells; Pp: parapineal.[START_REF] Dreosti | Report Left-Right Asymmetry Is Required for the Habenulae to Respond to Both Visual and Olfactory Stimuli[END_REF].

Figure 13 :

 13 Figure 13: Odor responses are spatially distributed in the olfactory bulb and the dorsal habenula. The neurons are colored using the k-means clustering. Scale bar equals 50µm[START_REF] Jetti | Spontaneous activity governs olfactory representations in spatially organized habenular microcircuits[END_REF].

larvae 18 (

 18 referred to as Tg(OMP:GFP)) were used in this study. Animals were raised and housed at 28ºC in a 14/10h light/dark cycle at the fish facility approved by the French "Service for animal protection and health" (A-75-05-25). Experiments were performed in agreement with the European Directive 210/63/EU on the protection of animals used for scientific purposes and the French application decree 'Décret 2020-118' and follows the recommendation in the ARRIVE guidelines. All experiments on larvae and adult zebrafish have been approved by the ethical committee "Comité d'éthique Charles Darwin"

Figure 1 .

 1 Figure 1. Olfactory receptors genes are expressed throughout the body of zebrafish larvae. (A) Schematic of a lateral view of zebrafish larva illustrating different organs. (B) Lateral views of 6-day-old larvae processed by whole mount in-situ hybridization showing

Figure 2 .

 2 Figure 2. Olfactory receptor genes are expressed in distinct areas in the larval head. (A) Lateral view of a zebrafish larva showing the anterior-posterior levels (a-d) of the transverse sections in (B) and (C). (B) Images of transverse sections of 7-day-old larvae with different structures annotated. Sections represent the forebrain (a), midbrain (b), hindbrain (c) and posterior hindbrain (d). Modified from Bio-Atlas (Jake Gittlen Laboratories for Cancer Research). (C) Transverse sections of 6-7-day-old zebrafish larvae processed by in situ hybridization showing expression of olfactory receptor genes in different areas of the head. The stainings are localized in the dorsal midline (purple arrowhead), eyes (red asterisk), roof of pharynx (black asterisk), optic tectum (white asterisk), hypothalamus (green arrowhead), otic capsule (green arrow), otic ganglion (pink arrow), anterior lateral line ganglion (blue arrow), pronephros (purple arrow), vagal ganglion (red arrow), hindbrain (black arrow) and muscle (black arrowhead). Scale bar: 100µm.

Figure 3 .

 3 Figure 3. Spatial regulation of olfactory receptor genes during development. Representative images of lateral view in the first panels (scale bar: 200µm) and transverse sections of 10-day-old larvae processed by in situ hybridization for or102-3, or103-1, or104-1 and or112-1 (scale bar: 100µm). Refer to Figure 2 for symbol legends.

Figure 4 .

 4 Figure 4. RT-PCR amplification of 7 olfactory receptor genes in non-olfactory tissues in larval and adult zebrafish. (A) or102-3, or104-1, or104-2, or105-1, or106-1, or112-1 and or133-7 genes are expressed in the whole 6-day-old zebrafish larvae. (B) RT-PCR analysis of 7 olfactory receptor transcripts in 6-day-old larvae without nose. All OR genes are expressed in larvae without nose. 6-day-old Tg(OMP: YFP) larvae were used to ascertain the complete removal of the olfactory epithelium. (C) All tested OR mRNA are detected in the adult zebrafish brain. 100 bp ladder is used. Cartoons on left depict conditions for tissues used for RT-PCR. Green dot on rostral part of larva (A) represents

Figure 15 :

 15 Figure 15: Larvae were suggested to eat at 7dpf: (a) yolk size decreased significantly from day 5 till day 7. (b) Graphs comparing larvae length of larvae after 30 mins of each condition: when larvae were unfed (control) and when larvae were fed with dry food and fed with rotifers. No difference in larvae length at 5 and 6dpf, at 7dpf larvae fed with rotifers were longer than larvae fed with dry food. (c) Graphs showing the yolk size of unfed and fed zebrafish at 5, 6 and 7dpf. At 5dpf yolk area of dry food fed larvae were bigger compared to control. Yolk size became bigger at 7dpf when larvae were fed with rotifers. One-way ANOVA multiple comparison test, *p<0.05, **p<0.01, ****p<0.0001.

Figure 16 :

 16 Figure 16: Upregulation of olfactory receptors genes in fed larvae. Lateral view of 7dpf zebrafish embryos processed by in-situ hybridization showing increased staining for olfactory receptor genes in embryos fed with dry food and rotifers. Scale bar: 200µm.

Figure 17 :

 17 Figure 17: Upregulation of or103-5 gene in specific areas in the brain. Coronal sections of 7dpf larvae confirm the increase of or103-5 gene expression in fed larval brain and spinal cord. Scale bar: 200µm.

Figure 18 :

 18 Figure 18: Brain neurons are activated upon menthone injection. (a) A representative image of Tg(elavl3: GCaMP6) 6 dpf zebrafish brain explant under the spinning disk microscope. Representative regions of the anterior brain selected for analysis are demarcated by colored lines. Forebrain (yellow), left habenula (blue), right habenula (orange), optic tectum (purple). (b) Graph showing the average dF/F fluorescent value of GCaMP activity in each region. Ringer's solution and menthone solution are alternatively injected every 3 minutes. Graphs are color coded for brain areas according to (a). The red asterisks annotate the activity of neurons in each region of interest after addition of menthone (M), while no immediate activity is observed after addition of ringer's solution (RS).
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 192 Figure 1: A detailed picture showing the different structures forming the olfactory system[START_REF] Coker | Odor Monitoring and Detection Tools[END_REF].

Figure 3 :

 3 Figure 3: (A) Schematic representation of zebrafish olfactory system. The olfactory epithelium organization into four olfactory receptor families. (B) Schematic representation of mouse olfactory systems. The repartition of olfactory receptors in various areas. Abbreviations: Main olfactory epithelium: MOE, olfactory bulb: OB, accessory olfactory Bulb: AOB, Grueneberg ganglion: GG, Vomeronasal organ: VNO, septal organ of Masera, guanylyl cyclase D: GCD, necklace glomeruli: NG, trace amine associated receptors: TAARs, olfactory receptors: ORs, vomeronasal receptors type1:V1Rs, vomeronasal receptors type2: V2Rs.[START_REF] Hussain | The Olfactory Nervous System Of Terrestrial And Aquatic Vertebrates[END_REF].
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 4567 Figure 4: anatomical organization of the vomeronasal organ (VNO) and the main olfactory epithelium (MOE). (A) drawing of a parasagittal section of an adult rat head. VNO neurons are divided into two populations according to the expression of G-protein subunits Gi2 (presented by green color) and G0 (presented by red color). (B) Schematic drawing of VNO and MOE neurons projection.MOE neurons project to the olfactory bulb (OB) and VNO project to accessory olfactory bulb (AOB). These axons form glomeruli when they synapse with mitral cells. Then they project to the accessory olfactory tract (aot) or to the lateral olfactory tract (lot) and continue their way to the brain[START_REF] Herrada | A Novel Family of Putative Pheromone Receptors in Mammals with a Topographically Organized and Sexually Dimorphic Distribution[END_REF] Figure5: evolutionary repertoire of olfactory receptor (OR) genes: represents the phylogenetic tree of different groups of OR genes of 5 vertebrate species. The size of the triangle is proportional to the

Figure 8 :Figure 9 :

 89 Figure 8: Illustration of neuronal projections of OSNs from the olfactory bulb to different brain areas. (Albers et al., 2006) Figure 9: A schematic representation of the stages of embryonic developmental of zebrafish. The cycle starts with a fertilized single cell. In one day, all organs are present and the complete body plan is established. At 48 h, the embryo hatches and swims freely.

Figure 10 :

 10 Figure 10: Illustration of the organization of the zebrafish olfactory system. (A) Dorsal view of zebrafish head showing the localization of the olfactory system. (B) Olfactory organ (olfactory rosette) morphology that are arranged in lamellae. (C) Olfactory epithelium that contain olfactory sensory neurons (OSNs) consisting of microvillous (mv), ciliated (cl), crypt (cr), kappe (kp) and pear (pr) OSNs. OSNs project their axons via the olfactory nerve (ON) to the olfactory bulb to form the glomeruli; (D) Olfactory bulb composition in three layers: olfactory nerve layer (ONL), glomerular layer (GL) and intracellular layer (ICL) (Calvo-Ochoa & Byrd-Jacobs, 2019).

Figure 11 :

 11 Figure 11: Schematic representation of the odor map in the zebrafish olfactory bulb. Nucleotides and amino acids are detected by V2Rs on microvillous OSNs and are represented in the lateral region of the OB. Bile acids are sensed by ORs on ciliated OSNs. CNGA2: cyclic nucleotide-gated cation channel A2 subunit; OMP: olfactory marker protein; TRPC2: transient receptor potential channel C2; LOT: lateral olfactory tract; MOT: medial olfactory tract[START_REF] Yoshihara | Molecular Genetic Dissection of the Zebrafish Olfactory System[END_REF].
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 121314 Figure 12: Visual and Odor sensory neurons are localized asymmetrically into the dorsal habenula and project into dorsal and ventral IPN, respectively, in 4dpf Tg(elavl3: GCaMP5G) zebrafish larvae. A: schematic dorsal view and sagittal view of 4dpf zebrafish showing right and left habenular nuclei and their projections to the ventral and dorsal IPN domains, respectively. B: two-photon dorsal view images of the fish and its corresponding calcium signals in dorsal habenular (dHb) neurons in response to the presentation of light and odor stimuli. Scale bar is 14m. C: two-photon lateral view image of the IPN of the fish and its corresponding calcium activity to light and odor. Scale bar is 20m. D: dorsal; V: ventral; fr: fasciculus retroflexus; IPN: interpeduncular nucleus; dHb: dorsal habenulae; L: left; R: right; mc: mitral cells; Pp: parapineal. (Dreosti et al., 2014) Figure 13: Odor responses are spatially distributed in the olfactory bulb and the dorsal habenula. The neurons are colored using the kmeans clustering. Scale bar equals 50m (Jetti et al., 2014) Figure 14: Schematic description of the protocol of feeding experiment.

Figure 15 :

 15 Figure 15: Larvae are suggested to eat at 7dpf: (a) yolk size decrease significantly from day 5 till day 7. (b) Graphs comparing larvae length of larvae after 30 mins of each condition: when larvae are unfed (control) and when larvae are fed with dry food and fed with rotifers. No difference in larvae length at 5 and 6dpf, at 7dpf larvae fed with rotifers are longer than larvae fed with dry food. (c) Graphs showing the yolk size of unfed and fed zebrafish at 5, 6 and 7dpf. At 5dpf yolk area of dry food fed larvae is bigger compared to control. Yolk size becomes bigger at 7dpf when larvae are fed with rotifers. One-way ANOVA multiple comparison test, *p<0.05, **p<0.01, ****p<0.0001.

Figure 16 :

 16 Figure 16: Upregulation of olfactory receptors genes in fed larvae. Lateral view of 7dpf zebrafish embryos processed by in-situ hybridization showing increase in the expression of olfactory receptors in embryos fed with dry food and rotifers. Scale bar: 200μm.

Figure 17 :

 17 Figure 17: Upregulation of or103-5 gene in specific areas in the brain. Coronal sections of 7dpf larvae confirm the increase of or103-

  

  

  

  

  

  

  

  

  The discovery of OSNs started in 1980 when Richard Axel (New York, USA) became fascinated by the process of perception in olfaction. At the same time, Linda Buck (Seattle USA) started investigating the mechanism of odor detection (Discovery of Odorant Receptors, 2010) (Press Release: The 2004 Nobel Prize in Physiology orMedicine, 2004). In 1988, Buck and Axel worked together to confirm that odorants can activate and depolarize olfactory sensory neurons present in the nose epithelium. They also found that olfactory transduction required G-protein coupled receptors and lead to an increase in cAMP. Later, in 1991, they published their first fundamental paper in Cell where they described the large family of a thousand olfactory receptor genes that encode transmembrane proteins present in the olfactory epithelium and are responsible in detecting odorant molecules that enter the nose. They also discovered that each olfactory receptor neuron expresses only one olfactory receptor

Table 1 :

 1 Importantly, ectopic ORs are involved in progression/ regression of disease in non-olfactory tissues. For examples, ORs in lung play role in initiation of hypoxic ventilation and oxygen homeostasis when oxygen levels decrease, ORs trigger glucose homeostasis in cases of diabetes, they also regulate the systemic blood pressure by vasodilation and increasing renin secretion. Additionally, ectopic ORs affect obesity, wound healing, angiogenesis, thalassemia and sickle cell anemia (Z.Chen et al., 2018). Table summarizing the ectopic expression of olfactory receptors found in

	Tissue	OR type	Species	Function	Reference
	Tongue	OR1E1, OR5P3, OR8B8, OR8D1, OR8D2, OR10A5	Human		(Gaudin et al., 2001)
	Tongue, Fetal TPCR85J/JCG8	Human		(Gaudin et al., 2001)
	Tongue, Adult	OR6Q1	Human		(Durzyński et al., 2005)
	Tongue, Fetal and Adult	HGMP07I/OR1E1	Human		(Gaudin et al., 2001)
	Tongue	Olr1867	Rat		(Abe et al., 1993)
	ASM cell	OR1D2, OR2AG1	Human	Induce contraction and inflammation	(Kalbe et al., 2016)
	Lung	OR51E2	Human	Inhibit cell proliferation	(Aisenberg et al., 2016)
				Enhance cell	
	Non-small-cell lung cancer	OR2J3	Human	apoptosis, inhibit cell proliferation	(Kalbe et al., 2017)
				and migration	
	Prostate Carcinoma	OR51E2	Human	Inhibition of proliferation of cancer	(Neuhaus et al., 2009)

diverse tissues in human, mouse and rat and their functions. Abbreviations: ASM: airway smooth muscle, GIT: gastrointestinal tract.

Table 2 :

 2 table summarizing specific odorant ligands with the corresponding receptors and their effect. Abbreviations: LNCaP: lymph node carcinoma of the prostate, EC: enterochromaffin, HEK: human embryonic kidney, K562 cells: chronic myelogenous leukemia cell line

	Receptor	Role	Model	Reference

1. Materials and Methods 1.1 Ringer's solution:

  

		1ul	Reverse primer 10mM
		0.25ul Polymerase GoTaq Promega 5U/ml
		1ul	product of the 1 st amplification
		q.s 25ul sterile water
	2. Protocol :
	7.831g Initialization	NaCl 98°C 30 sec
	40 x	0.216		KCl
	0.114g [Denaturation	MgCl2	98°C 10 sec
	2.383g Annealing	HEPES 55°C 30 sec
	1.802g Extension	glucose 72°C 30 sec]
		0.309g	CaCl2
	Sterile water q.s 1L Final elongation 72°C 4 min
		Calibrate pH = ~7.5.
		1.2 PCR: Polymerase Chain Reaction
	1 st amplification:
	1. Mix:	
		5ul	Go Taq 5x buffer
		0.5ul dNTP 0.2mM
		1ul	Forward primer 10mM
		1ul	Reverse primer 10mM
		0.25ul Polymerase GoTaq Promega 5U/ml
		1ul	cDNA
		q.s 25ul sterile water
	2. Protocol :
	Initialization		98°C 30 sec
	40 x		
	[Denaturation	98°C 10 sec
	Annealing		55°C 30 sec
	Extension		72°C 30 sec]
	Final elongation	72°C 4 min
	2 nd amplification :
	1. Mix:	
		5ul	Go Taq 5x buffer
		0.5ul dNTP 0.2mM
		1ul	Forward primer 10mM

  zebrafish larvae are dissected, on ice, in cold ringer's solution. The brains are extracted and mounted in 1.2% agarose prepared in ringer's solution. When the agarose is hardened, 7ml of cold ringer's solution are added to the petri dish. Calcium activity is monitored under spinning disk microscope within one hour after brain extraction.

	Test solution: 0.2% Menthone solution (Sigma Aldrich) in ringer medium is
	freshly prepared to be tested. 100µl menthone is dissolved in 50ml ringer's
	solution.

Table 3 :

 3 Zebrafish larvae are able to consume rotifers. A group of 20 larvae can consume an average of 4 rotifers during 2 hours at the age of 5, 6 and 7 dpf.

				Consumed	
			5 dpf	6 dpf	7 dpf
	Experiment 1	Petri dish A Petri dish B Petri dish C Petri dish D Petri dish E	5 4 4 4 3	4 3 3 4 4	2 3 4 4 3
		Average 1	4	3.6	3.2
	Experiment 2	Petri dish A Petri dish B Petri dish C Petri dish D Petri dish E	4 5 5 4 4	5 5 4 6 5	6 5 5 6 5
		Average 2	4.4	5	5.4
	Experiment 3	Petri dish A Petri dish B Petri dish C Petri dish D Petri dish E	4 5 5 3 4	6 5 5 6 4	6 7 6 5 6
		Average 3	4.2	5.2	6
		Total average	4.2	4.6	4.9

gene expression in fed larval brain and spinal cord. Scale bar:200μm.
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Olfactory receptor genes are expressed in zebrafish larvae

Compilation of RNA-seq analyses in dissected adult brains from two separate studies (Saraiva et al. 23 , Halpern lab, unpublished) revealed the presence of 97 out of 140 OR transcripts. We randomly chose 44 OR genes (42 ORs present in RNA-seq data + 2 ORs absent from RNA-seq data) and carried out a screen to assay for the expression of these genes in 6-day-old larvae using whole mount ISH. Firstly, to verify the efficacy of the OR probes, we confirmed that 36 OR genes are expressed in the olfactory epithelium of 6-dayold larvae (Figure S1). 8 OR genes that were not expressed in the olfactory epithelium were excluded from the following study. Next, we analyzed the expression of the 36 OR genes and found that 31 ORs are expressed in non-olfactory tissues throughout the larvae, including the head, trunk, pharynx and pancreas (Figure 1A, B, Table S1). We carried out a control experiment using anti-sense and sense or103-1 probes and found significantly lower expression with the sense probe (Figure S2). The expression profile from the sense probe was used as the standard to classify the OR genes based on their expression profile into 3 categories: 1) absent or low expression throughout the larva (similar to the or103-1 sense probe: or111 -11, or112-1, or115-1, or126-3, or103-4), 2) expression in the head and trunk (e.g or105 -1, or111-5, or133-2, etc.), and 3) expressed mainly in the head (or102-3, or103-1, or104-1, or106-1, or106-11, or117-1, or128-4) (see Figure 1C). The two OR transcripts that were absent in the RNA-seq data (or103-4 and or137-9) displayed little or no expression in the head (Category 1, Figure 1B,C). The results show that a majority of OR genes found via RNA-seq in adult brain are expressed in non-olfactory tissues in larvae. or102-3, or103-1, or103-5, or104-1, or105-1, or109-9 andor112 Table 1: Table summarizing the ectopic expression of olfactory receptors found in diverse tissues in human, mouse and rat and their functions. Abbreviations: ASM: airway smooth muscle, GIT: gastrointestinal tract. 
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Abstract:

Olfactory receptors (ORs) are the largest multigene family of G-protein coupled receptors in vertebrates. There are approximately 400 OR genes in human and 1000 in mice, while the teleost fish contains only 10-150 genes. The role of ORs in the olfactory neurons to detect odorants is a well-studied field. While ORs are also found in various non-olfactory organs including the brain, muscle cells, skin, sperm, lung in humans and rodents, their endogenous function is still unknown. In addition, whether there is conservation of OR gene expression in non-olfactory tissues in other vertebrates or during development is unclear.

Data from zebrafish adult brain RNA-seq suggest that around 60% of OR genes are transcribed in the brain. To elucidate the spatial and temporal pattern of OR gene expression, we carried out an in-situ hybridization screen for 36 ORs in the larvae and 7 ORs in adult brains of zebrafish. The OR genes were expressed in different patterns with the majority of the ORs clearly expressed in the brain, while others were found in distinct areas in the body of 6-day old larvae. To localize the presence of OR genes in the brain, analysis of transverse sections revealed that the ORs genes are expressed in distinct areas of brain, including the optic tectum, hypothalamus and the trabecular bar. In the adult brain, we found that ORs are expressed in specific nuclei such as the hypothalamus and the habenula.

Comparison of OR gene expression in the brain between larvae and adult zebrafish suggest that there is dynamic regulation of their expression during development.

Finally, RT-PCR using tissues from adult brain and larvae where the olfactory epithelium was removed confirmed the expression of OR genes in non-olfactory tissues in the adult brain and larvae. We demonstrate that ORs are expressed in a spatial and temporal manner in the brains of larval and adult zebrafish, indicating the conservation of OR expression in non-olfactory tissues in vertebrates.

This work provides a foundation for future studies to elucidate the role of the ORs in the brain using the genetically accessible zebrafish. Keywords: olfactory receptors, zebrafish, brain, odorants