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Summary 

The chemosensorial and mechanosensorial organs of the adult teleosts 

undergo a continuous turnover and/or cellular regeneration partly 

controlled by growth factors. Zebrafish (Danio rerio) is an 

experimental model applied to detection of odours, hearing and 

deafness and, for the evaluation of new drugs. Brain derived 

neurotrophic factor (BDNF) is the most widely investigated member of 

the neurotrophin family together with TrkB, its related receptor. The 

neurotrophins (NTs) are a family of growth factors that promote 

development, survival, phenotypic differentiation of neuronal 

populations, and some non-neuronal tissues, acting throughout their 

specific transmembrane receptors with tyrosine kinase activity (Trk). 

Neurotrophins and their specific receptors are evolutionarily conserved 

among vertebrates, and they all were found in fishes. As a matter of a 

fact, the gene encoding for BDNF in zebrafish is about 90% identical 

to its mammalian counterpart and its respective protein has been found 

in developing and adult fish, including zebrafish. To our knowledge, 

information on the localization of BDNF in the chemo-sensory organs 

of zebrafish (taste buds and olfactory epithelium) are still scarce, and 

information on the role of the BDNF/ TrkB system in sensory patches 

of the inner ear and lateral line system remains unclear. This study was 

undertaken because the localization of the BDNF/TrkB system in 

chemo-sensory organs could help clarify the function of this 

neurotrophin and its potential role in regeneration. To do this, it might 

be useful to understand the potential functional interaction of BDNF 

with a calcium binding protein, calretinin. Calretinin, along with S100, 

and other members of the CaBPs family are involved in controlling the 

balance of calcium on which important cellular functions depend (e.g., 
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gene expression, synaptic transmission, cell cycle progression, and 

apoptosis). In addition, the S100 protein, is recognized as a specific 

marker for sensory hair cells.  

Chemosensorial (olfactory organ and taste buds) and mechanosensorial 

(inner ear and lateral line system) epithelial by the morphological and 

immunohistochemical study have been investigated. The results 

showed the localization and expression of the BDNF/ TrkB system and 

calcium binding proteins in the chemo and mechanosensory epithelia 

of adult zebrafish and in the larval stage. These data could provide the 

basis for experimental studies such as exogenous administration of 

BDNF and identification of new cell-specific markers.  
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In the aquatic environment, sensory organs are of fundamental 

importance for survival. In teleosts, such as zebrafish, the sensory 

system consists of mechanical and chemical sensory organs (Ostrander 

and Hopkins, 2000). The mechanosensory cells are localized both in the 

epithelium of the inner ear and the lateral line system (deep and 

superficial neuromasts); chemosensory cells, on the other hand, are 

grouped in the taste buds and the olfactory epithelium; photosensitive 

cells are exclusively in the retina (Meier, et al., 2018, Nicolson, 2017, 

Pickett, et al., 2018). Neurotrophins promote the development, 

maintenance, regeneration and synaptic plasticity of numerous neuronal 

populations present in both the central and peripheral nervous systems 

(Hallböök, et al., 2006). During development they are responsible for 

the growth of nerve fibres, the synthesis of  chemical mediators and the 

formation of synaptic links (De Felice, et al., 2014). The presence of 

neurotrophins and its specific receptors has been observed in reptiles, 

birds, mammals, and fish. Although there is some degree of functional 

overlap between them, their activity appears to be tissue-specific and 

for this reason many studies have been conducted in order to study their 

degree of evolutionary conservation (Lanave, et al., 2007). The 

neurotrophies include the nerve growth factor (NGF), the neurotrophic 

factor derived from the brain (BDNF), neurotrophin 3 (NT3), 

neurotrofin 4 (NT4), neurotrofin 5 (NT5), neurotrophin 6 (NT6) (Götz 

et al. 1994) and neurotrofin 7 (NT7) (Lai, et al., 1998, Nilsson, et al., 

1998) isolated exclusively in teleosts (Hallböök, 1999). The four main 

neurotrophins were highlighted in two species of puffer fish (Takifugu 

rubripes and Tetraodon nigroviridis) and in zebrafish (D. rerio). Also 

NT6 was identified in the platyfish (Xiphophorus maculatus and 

Xiphorus helleri) and NT7 in zebrafish and carp (Cyprinus carpio) 

(Hallböök, et al., 2006). New sequences of NT6 and NT7 structurally 
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and physiologically similar to mammalian NGF (Gatta, et al., 2016), 

have been cloned in Salmonidae, Sarpa salpa, Anguilla anguilla and 

puffer fish (Tetraodontidae sp) (Dethleffsen, et al., 2003). 

Neurotrophins act upon target cells through two types of membrane 

receptors: tyrosine kinase receptors (Trk) and the low intensity p75 

receptor. The p75 protein is considered a pan receptor because it binds 

with all neurotrophins with the same affinity. Specifically, NGF, NT6 

and NT7 bind to TrkA, BDNF and NT4 to TrkB and NT3 to TrkC 

(Hallböök, 1999). The orthologous genes of NGF, BDNF, NT3 and 

NT4/5 are well known in bony fish. Some data suggest that NT6 and 

NT7 are orthologues, so the gene should be referred to as NT6/7 by 

analogy to NT4/5 (Hallböök, et al., 2006). Five genes have been 

isolated in zebrafish that encode Trk receptors: one for TrkA, two for 

TrkB and two for TrkC. The two paralogous genes of TrkB and TrkC 

have been recognized in both zebrafish and puffer fish genomes 

(Benito-Gutiérrez, et al., 2006). Finally, partial sequences of BDNF and 

NT3 have been identified in the breed (Raja clavata) (Hallböök, et al., 

2006). The brain-derived neurotrophic factor (BDNF) was discovered 

by Barde et al., (1982), and identified as a member of the neurotrophin 

family (Lewin and Barde, 1996). Brain derived neurotrophic factor 

(BDNF) is the most widely investigated member of the neurotrophin 

family together with TrkB, its related receptor. BDNF, the other 

neurotrophins and their specific receptors are phylogenetically 

preserved among vertebrates (García-Suárez, et al., 2000, Lanave, et 

al., 2007, Tettamanti, et al., 2010), and they all were found in fish 

(Aragona, et al., 2021, Hannestad, et al., 2000, Heinrich and Lum, 

2000). In two important model organisms, zebrafish and 

Nothobranchius furzeri, BDNF and its receptor were localized in the 

brain (Abbate, et al., 2014, D'Angelo, et al., 2012, D'Angelo, et al., 
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2014, Montalbano, et al., 2016). More specifically, they have been 

found in the brain areas involved in adult neurogenesis, suggesting a 

specific role for this neurotrophic factor in controlling cell proliferation 

and contributing to reinforce the hypothesis that the BDNF/TrkB 

system is involved in the neurogenic and reparative abilities of the adult 

fish brain (Lucini, et al., 2018). Moreover, BDNF and its receptors are 

co-expressed in the cranial nerves (Nittoli, et al., 2018) and in different 

fish sensorial systems and organs. For instance, they have been found 

in the fish inner ear (Catania, et al., 2007, Germanà, et al., 2020), in the 

lateral line system (LLS) and in the retina (Germana, et al., 2002, 

Germanà, et al., 2010a, Germanà, et al., 2010b, Lum, et al., 2001, 

Sánchez-Ramos, et al., 2013). The TrkB, has been found in fish taste 

buds (Germana, et al., 2004b). Information about BDNF localization on 

zebrafish chemosensory organs (taste buds and olfactory epithelium) is 

still scarce. In mammals BDNF codifies for pre-proBDNF, proBDNF 

and mature BDNF, which are progressively cleaved to generate the 

mature BDNF (Hempstead, 2015). BDNF approximately shares 50% of 

amino acid identity with NGF, NT-3 y NT-4/5 (Binder and Scharfman, 

2004), and the primary amino acid sequences of zebrafish and human 

BDNF are 91% identical (Hashimoto and Heinrich, 1997, Heinrich and 

Lum, 2000). Interestingly, in addition to NTs their signaling receptors 

are also highly preserved by evolution (Benito-Gutiérrez, et al., 2006, 

Hallböök, 1999, Hallböök, et al., 2006, Lanave, et al., 2007). The 

receptors mediating the functions of BDNF fall into different 

categories: p75NTR and Trk (Colucci-D’Amato, et al., 2020). Mature 

BDNF can bind to both full-length and truncated TrkB receptor 

isoforms, the full-length isoform signaling via an intracellular kinase 

domain while the truncated TrkB binds to and internalizes BDNF, 

indirectly inhibiting BDNF. Also, mature BDNF binds to dimerized 
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p75NTR and may enhance neurotrophin binding Trk receptors, and 

further promote survival. In teleost fish, TrkB receptor is present as 

TrkB1 and TrkB2 due to a specific genome duplication, and the amino 

acid residues of the kinase domain involved in signal transduction are 

identical in zebrafish and mammals (Han, et al., 2014, Martin, et al., 

1995). In zebrafish, among neurotrophies, BDNF is the most studied 

growth factor. Specifically, BDNF plays an important role in promoting 

physiological processes in the brain. The distribution and functions of 

BDNF and TrkB in the brain have been widely studied (Abbate, et al., 

2014, Anand and Mondal, 2019, Cacialli, et al., 2016, De Felice, et al., 

2014, Lucini, et al., 2018, Nittoli, et al., 2018). But both components of 

the system, associated or segregated, are also present outside the central 

nervous system, especially in sensory organs, including the inner ear 

(Germanà, et al., 2020), lateral line system (Germanà, et al., 2010a), 

retina (Germanà, et al., 2010b, Sánchez-Ramos, et al., 2013) and taste 

buds (Germana, et al., 2004b) and olfactory epithelium (Germanà 

personal communication). In this regard, the study of the cellular 

component of the neuromasts of the lateral line system, which for 

morphological and molecular characteristics is very similar to that of 

the sensory cells of the mammalian inner ear, has been a valuable 

contribution to the studies on mechanisation. In this regard, the 

zebrafish has proven to be a valid experimental model for hearing and 

deafness studies (Whitfield, 2002), ototoxic compounds investigations 

(Chiu, et al., 2008, Froehlicher, et al., 2009) and regenerative processes 

against the hair cells of neuromasts (Dufourcq, et al., 2006). 

Experimental data provides indirect evidence for a possible role of 

NGF-like molecules in the olfactory epithelium of adult zebrafish, 

acting on similar TrkA receptors (Catania, et al., 2003). In addition, 

sensory cells in the taste buds showed immunoreactivity to TrkA and 
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TrkB (Germana, et al., 2004a). To date, much of the information 

available about BDNF function is derived from mouse studies, but 

BDNF-/- mice have a high degree of mortality and therefore all results 

are limited to BDNF+/-animals. Generating a knock-out line of BDNF 

in zebrafish through CRISPR/Cas9 technology, the results showed that 

zebrafish BDNF-/-, unlike what happens in mice, survives after birth in 

the absence of the BDNF protein and has no mutation in other off-target 

genes. Several anomalies such as the altered formation of pharyngeal 

arches or the increase of cells in apoptosis emphasize the complex role 

played by BDNF and its implication in numerous biological processes 

(D’Agostino, 2017). The BDNF/TrkB system is poorly characterized in 

the central nervous system of teleosts, however, TrkB 

immunoreactivity has been shown in areas of the brain and 

hypothalamus (Abbate, et al., 2014). Several studies have correlated 

reduced levels of BDNF/TrkB and compromised cerebellar 

development and neurological disorders (Gatta, et al., 2016). In N. 

furzeri the TrkA receptor for NT4/BDNF was located in the cells of 

Purkinje (D’Angelo, et al., 2016). The regenerative capacity of 

olfactory neurons in vertebrates, including teleosts, also seems to 

depend partially on neurotrophic factors, mainly on the nerve growth 

factor (NGF) and the Trk receptor (Carter and Roskams, 2002). The 

sensory systems of vertebrates are associated with the activation of ion 

channels that with their opening and closing cause changes in intra and 

extra cellular ion concentration. These changes make a membrane 

signalling system of the receiving cell possible (Ostrander and Hopkins, 

2000). The main messenger of the signal activation cascade is the 

calcium ion; the members of the calcium binding proteins are low 

molecular weight molecules, acidic, with Ef-hand structures (Yáñez, et 

al., 2012a). Among these proteins, which retain their characteristics 
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during evolution, we recall: Calmodulin, Calpain, Calbindin, 

Parvalbumin, Calretinin, and the numerous groups of S100 proteins. 

S100 protein and Calretinin have been widely found in both 

mechanosensory cells (lateral line system neuromasts, macula and 

ampullar crest of the inner ear) and chemosensorial cells (oral papillae 

and olfactory epithelium) of adult zebrafish (D. rerio) (Abbate, et al., 

2002, Germanà, et al., 2007). In the eye, S100 was identified in the 

Müller cells of Tinca tinca retina (Lillo, et al., 2002). Therefore, it can 

be said that S100 proteins have different functional roles in correlating 

to the cells and tissues where they are expressed (Germanà, et al., 2007). 

Calretinin was highlighted in the retina, ear, taste buds and olfactory 

epithelium of several teleosts (Castro, et al., 2008, Castro, et al., 2003) 

including zebrafish (Castro, et al., 2006a, Gayoso, et al., 2011, Levanti, 

et al., 2008). The olfactory epithelium of some teleosts, including 

zebrafish, contains three types of olfactory sensory neurons. The 

specific immunostaining of the S100 protein was detected exclusively 

in neurons in the crypt, while ciliated neurons, microvilli and 

supporting glial cells showed no reactivity. The role of the S100 protein 

in the crypt of olfactory neurons is unknown, although it is probably 

associated with the ability of these cells to respond to chemical stimuli. 

However, the S100 protein represents an excellent marker for 

identifying the olfactory neurons of the crypt in zebrafish (Abbate, et 

al., 2002, Germana, et al., 2004b). In the ear, S100 was observed in the 

sensory cells of the utricle and sacculum of the teleosts, more recently 

at the level of the ampullar crest and the macula and in the Schwann 

cells of the nerve fibres attached to the sensory epithelium in Salmo 

salar and Salmo trutta (Catania, et al., 2003). Among the calcium 

binding proteins, the role of Calbindin in the various stages of 

development is not well known. In zebrafish embryos, the expression 
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of Calb2a in the retina and a high expression of Calb2b in the olfactory 

cells, the optical roof, the cells of the ganglion layer of the retina and 

the inner nuclear layer were observed. This kind of expression indicates 

the role of Calbindin in the differentiation and development of eyes and 

other zebrafish organs (Bhoyar, et al., 2017).  
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2.1 Neurotrophins and their receptors 

Neurotrophic factors are a family of proteins that play an important role 

in regulating the growth, survival and differentiation of neurons in the 

central and peripheral nervous system, as well as in non-neuronal 

tissues; they can support the maintenance, survival, differentiation and 

growth of neurons and promote nerve regeneration (Fang, et al., 2017a, 

Keefe, et al., 2017, Kowiański, et al., 2018). It is known that a 

deficiency in the expression of neurotrophies, is a key factor in several 

neurological and psychiatric disorders and, the over-expression of 

neurotrophies plays a critical role in chronic pain, lower urinary tract 

symptoms and osteoarthritis. The Nervous Growth Factor (NGF) is the 

first neurotrophins to be identified by Levi-Montalcini (Levi-

Montalcini, 1987), after which many other neurotrophic factors (Ito, et 

al., 2016) namely BDNF, NT-3 and, NT-4 (Keefe, et al., 2017) were 

detected (Kashyap, et al., 2018). All neurotropfins are synthesized as 

precursors within the cell by matrix metalloproteinases to produce 

mature neurotrophies. Pro-NGF, pro-NT-3 and pro-NT-4 are packed 

into vesicles before secretion; pro-BDNF is packed into vesicles and 

secreted in activity-dependent mode (Allen and Dawbarn, 2006, 

Hibbert, et al., 2003, Mowla, et al., 2001). In the nervous system, the 

neurotrophin expression decreases in the adult as the number of neurons 

is reduced by apoptosis, in turn activated by the lower availability of 

neurotrophins (Oppenheim, 1991). The precursors of neurotrophins 

show ~ 250 amino acid residues and neurotrophins are secreted in 

dimers with covalent bonds of about 120 amino acid residues (Sánchez-

Sánchez and Arévalo, 2017). Mature neurotrophies show sequence 

homology and are highly preserved during evolution. BDNF (Popova, 

et al., 2017),  NT-3 and NT-4 (Bothwell, 2014) have about 50% 
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sequence homology with NGF (Kashyap, et al., 2018). NGF (nerve 

growth factor) was the first identified neurotrophic factor and shows 

targets in the peripheral nervous system in neurons involved in 

nociception and sensation of temperature and in the central nervous 

system average survival and functioning of cholinergic neurons (Chao, 

et al., 2006). NGF supports the survival of neurons isolated from 

sympathetic ganglia and neural crest (Davies and Lindsay, 1985, Levi-

Montalcini and Angeletti, 1963), induces the expression of choline 

acetyl transferase in the central nervous system (Gnahn, et al., 1983, 

Hartikka and Hefti, 1988, Hatanaka, et al., 1988, Hefti, 1986) and, in 

connection with neurotransmitters, can promote the survival of Purkinje 

cerebellar cells (Cohen-Cory, et al., 1991). It has been observed that the 

administration of exogenous NGF can almost completely prevent 

natural death of nerve cells (Hamburger, et al., 1981); in addition, the 

action of NGF has been demonstrated on several cell pools such as 

immune system cells (Ehrhard, et al., 1993, Götz, et al., 1994). BDNF 

doesn’t act on sympathetic neurons but acts in the central nervous 

system, in neurons of the basal proencephalon, in motor neurons, in 

granural neurons, in dopaminergic neurons, and in ganglion cells of the 

retina, in neural crest cells and neuronal precursor cells (Götz, et al., 

1994). Neurotrophin-3 acts on neural crest and neural placoid sensory 

neurons, sympathetic neurons and motor neurons, instead,  

Neurotrophine-4 was first observed in Xenopus laevis (Hallböök, et al., 

1991), and shows to be identical to mammalian neurotrophine 5 

(Berkemeier, et al., 1991). Neurotrophine 4 plays a key role in the 

survival of neurons from the neural crest and placode, in motor neurons 

and in the proencephalon (Götz, et al., 1994). Neurotropfins act through 

the pan receptors, p75NTR (neurotrofin p75 receptor) and the family of 

tyrosine-kinase receptors (Trk). All neurotropfins have affinities with 
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p75NTR, but each neurotrofin has high affinity for different Trk 

receptors. Three Trk receptors are known: TrkA, TrkB and TrkC 

specific for NGF, BDNF and NT-4, NT-3 respectively (Allen and 

Dawbarn, 2006, Dawbarn and Allen, 2003). The family of tyrosine-

kinase Trk receptors originates from the protooncogene that led to their 

discovery. The first receptor to be identified is TrkA and later TrkB and 

TrkC were identified for their homology with TrkA. Trks show about 

825 amino acid residues (Bothwell, 2014, Gupta, et al., 2013, Ibáñez, 

1996). Each receptor consist of: an extracellular ligand binding domain, 

a transmembrane domain to transmit signals, and an intracellular 

tyrosine-kinase domain to drive intracellular signalling (Kashyap, et al., 

2018). The first neurotrofin discovered was NFG and only many years 

later it was observed that for its action it was necessary to bind with the 

TrkA receptor (Fang, et al., 2017b, Kowiański, et al., 2018) instead 

TrkB and TrkC were receptors for other neurotrophins. Therefore, for 

neurotrophins to act on the neuron, it is necessary that this neuron 

expresses the specific receptor. Studies carried out on cultured neurons 

have shown that receptors for neurotrophies are stored in intracellular 

vesicles as long as electrical activity, cAMP and Ca2+ ion stimulate 

vesicle exocytosis and receptor insertion on the cell surface (Proenca, 

et al., 2016, Sherrard and Bower, 2002). After binding to neurotrophies, 

these receptors dimerize on the cell surface, while the phosphorylation 

of tyrosine residues is essential in the transduction of the signal 

mediated by neurotrophins (Kashyap, et al., 2018). After the 

Neurotrophin/Trk binding, the ability of the Trk receptor to transmit 

signals needs other factors including differential splicing, the presence 

or absence of p75NTR and the second messenger for the receptor to be 

inserted into the membrane (Buchman and Davies, 1993, Davies, 1994, 

Ito, et al., 2016, Keefe, et al., 2017). Although there is a high affinity 



 
15 

between neurotrophin and receptor, NT-3 can bind to both TrkA and 

TrkB but with lower affinity than TrkC (Proenca, et al., 2016, Sherrard 

and Bower, 2002). Receptors may act as agonists or antagonists, as this 

may depend on the landscape in which they are found. They could act 

as agonists by increasing the concentration of neurotrophins after 

neuronal damage (Kashyap, et al., 2016), and by antagonist, decreasing 

the availability of neurotrophins for neurons during nerve genesis. The 

p75NTR receptor belongs to the tumor necrosis factor receptor 

superfamily, its role is not yet clear, it could increase the specificity of 

the Trk receptor for neurotrophine (Mohamed and El-Remessy, 2015). 

Some data suggest that p75NTR could also play a crucial role to report 

the NT-4. The p75NTR receptor is the only one able to bind with pro 

neurotrophins as well as mature neurotrophins. When p75NTR binds 

with pro neurotropfine, it plays a central role in neuronal destiny. 

Therefore the p75 receptor is recognized to act in many functions 

including apoptosis, cellular remodeling and synaptic plasticity 

(Anastasia, et al., 2015, Kashyap, et al., 2018, Skeldal, et al., 2012). 

Although the Ig domain (Ig-2) is the main site for the link with 

neurotrophins, other extracellular Trk domains also directly or 

indirectly promote the link with neurotrophins triggering 

conformational changes of the link site (Huang and Reichardt, 2001). 

For example, the mutation of a cysteine in the TrkA Ig-1 domain 

inhibits the link with NGF (Arevalo, et al., 2001), TrkB Ig-1 and Ig-2 

domains are required for activation of the BDNF or NT3-dependent 

receptor (MacDonald and Meakin, 1996, Zaccaro, et al., 2001). Instead, 

mutations of leucine in the Ig-1 domain of TrkA increase the bonding 

affinity with NGF (Arevalo, et al., 2001). Other studies on TrkA and 

TrkB have shown that the Ig-2 domain of TrkA is essential for the 

connection with NGF (Zaccaro, et al., 2001). It is known that retinal 
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ganglion cells express TrkA, p75NTR and NGF, while their precursors 

express only p75NTR (Gonzalez-Hoyuela, et al., 2001) and p75NTR 

promotes the retrograde transport of neurotrophins (Curtis, et al., 1995, 

Harrison, et al., 2000). In the neuromuscular junction synaptic 

transmission is modulated by BDNF and its release requires inflow of 

Ca2+, instead the action of NT3 is enhanced by Ca2+ reserves whose 

release requires the activation of kinase II Ca2+-calmodulin-dependent 

and PI 3-kinase (Poo, 2001, Yang, et al., 2001). It has been shown that 

NT3 and BDNF have different effects on the physiological properties 

and ion channel composition of spiral ganglion neurons (Poo, 2001, 

Yang, et al., 2001). Therefore, although NGF and BDNF perform 

functions similar to NT3, the signaling pathways can be 

different.Huang1 . The BDNF/TrkB system is expressed in the central 

nervous system during development and in the adult. Sensory system 

deficits were observed in mice with BDNF/TrkB know down (Jones, et 

al., 1994, Klein, Paul and Banerjee, 1997). In addition, BDNF is also 

important for the differentiation of cortical GABAergic interneurons 

and hippocampus, and modulates the survival of motor neurons in 

injured experimental models (Friedman, et al., 1995, Sendtner, 1992, 

Yan, et al., 1994). The differentiation of cholinergic neurons involved 

in Alzheimer’s disease and dopaminergic neurons is influenced by 

BDNF (Kashyap, et al., 2017). It has been observed that BDNF is 

necessary for the survival of retinal ganglion cells and interacts with 

trigeminal and cerebellar neurons (Takeda, et al., 2013, Vakili Zahir, et 

al., 2012). BDNF and TrkB are coexpressed in many cortical and 

hippocampus neurons, particularly, hippocampus neurons in the rat 

showed the expression of TrkB and TrkC receptors suggesting that they 

can respond to both BDNF and NT3 (Kashyap, et al., 2018, Takeda, et 

al., 2013, Vakili Zahir, et al., 2012). The role of neurotrophins, changes 
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in the expression of neurotrophins and their receptors suggests that 

NT/Trk binding have an important role in the pathophysiology of 

different diseases, thus, it is desirable to take part on these diseases with 

the inhibition of neurotrophies or their exogenous administration or the 

administration of substances that mimic their function. The use of 

neurotrophies could be crucial in the treatment of chronic pain and some 

respiratory diseases such as asthma (Allen and Dawbarn, 2006). 

Neurotrophies are already considered as therapeutic proteins in many 

diseases of the Central Nervous System (Alzheimer’s, ALS, 

Huntington’s disease and depression). In addition, future studies plan 

to use neurotrophies (NGF) in the treatment of neuropathy associated 

with HIV (Allen and Dawbarn, 2006). Despite the great therapeutic 

potential of neurotrophies in neurodegenerative diseases, these proteins 

cannot cross the blood-brain barrier. So these proteins have to be 

administered locally, and this procedure is complex. Some work 

(Tuszynski, et al., 2005) shows that in loco implant of modified 

fibroblasts to produce NGF have beneficial effects in the treatment of 

early Alzheimer’s. It has also been observed that small agonist 

molecules of the TrkA receptor can be a future therapy to prevent the 

degeneration of cholinergic neurons of the basal forebrain and resulting 

in decline of cognitive function (Allen and Dawbarn, 2006). In clinical 

studies for neuropathy and neurodegeneration, neurotrophies showed 

side effects such as chronic pain (Thoenen and Sendtner, 2002). NGF 

showed hyperalgesic effects possibly due to its interaction with the 

TRPV1 channel, or the capsaicin receptor (Caterina, et al., 1997). In 

Xenopus the co-expression of TrkA and TRPV1 was observed 

(Chuang, et al., 2001). It has been suggested that it may be the 

transduction of the signal by TrkA that triggers hyperalgesic effects of 

NGF (Chao, et al., 2006). It has been observed that neurotrophies are 
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also implicated in the pathophysiology of psychiatric disorders and may 

be a therapeutic strategy for neuropsychiatric disorders. The use of 

exogenous neurotrophies to develop therapeutic strategies to provide 

symptomatic treatment is based on reduced availability of 

neurotrophies for affected neurons and reduced neuronal survival 

(Chao, et al., 2006). In addition, neurotrophies have been extensively 

studied in the progression of tumors of the digestive tract, the colorectal 

and the pancreas both as biomarkers and as molecules with therapeutic 

potential. It has been observed that the NT/Trk signaling pathway plays 

an important role in cancer progression and could provide a basis for 

the development of anticancer drugs (Blondy, et al., 2019) 
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2.2 Calcium binding protein   

The role of calcium is fundamental in numerous physiological 

processes: neuronal excitability, neurotransmitter synthesis and release, 

enzymatic activity, gene expression, excitation-contraction coupling, 

stimulation-secretion, synaptic transmission and embryonic 

development (Islam, et al., 2009, Kwong, et al., 2000). Ca2+ action is 

regulated by CaBPs, which have the ability to bind this ion in specific 

domains. Ca2+ binding proteins (CBP) are a heterogeneous and large 

group of proteins that taking part in numerous cellular functions, bind 

selectively and reversibly Ca2+ in specific domains (Carafoli, et al., 

2001, Kretsinger and Nockolds, 1973). The EF hand structure is a helix-

loop-helix pattern with a sequence of 12 amino acid residues. The loop 

in this sequence can accommodate Ca2+ or Mg2+ (Lewit-Bentley and 

Réty, 2000). The EF hand motif has been found in a large number of 

protein families (Nakayama, et al., 2000) acting in different cellular 

functions such as calcium buffer in the cytosol, signal transduction  

muscle contraction (Holmes, 1996, Skelton, et al., 1994, Yáñez, et al., 

2012b). Calcium signaling mechanisms have been investigated in 

several model organisms to understand the mechanisms of many 

physiological processes, and the pathogenesis of many diseases, 

including neurodegenerative disorders such as Alzheimer’s disease, and 

neoplastic diseases. In addition, Calcium signalling studies are used to 

understand the mechanisms of action of drugs (Islam, et al., 2009). 

CaBPs take part in neuronal excitability and release of 

neurotransmitters (Berg, et al., 2018). Three calcium-binding proteins, 

calretinin, D28K calbindin and parvalbumin were 

immunohistochemically localized in cerebellum during development 

(Kwong, et al., 2000, Yew, et al., 1997, Yu, et al., 1996). The responses 
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regulated by Ca2+ can be summarized in three steps: to activate ligands 

with consequent increase of the intracellular concentration of Ca2+. Ca2+ 

binds the CaBPs that transmit the signal changing specific target 

proteins; so the target cells coordinate the cellular response (Schwaller, 

2020). EF hand proteins have been classified into two groups: Ca2+ 

buffer (calbindin-D28k (CB-D28k) and calretinin (CR) and Ca2+ 

sensors (calmodulin and S100 family proteins) (Schwaller, 2020). 

CaBPs are selective neuronal markers of distinct groups of neurons in 

both the central and peripheral nervous systems, including mammalian 

brain stem neuronal populations such as auditory nuclei (Castro, et al., 

2006a). Calbindin-D28k and calretinin are highly conserved calcium 

binding proteins (CBP) involved in many cellular activities. These 

proteins are expressed in several experimental models. Calretinin is 

also expressed in the central and peripheral nervous system and in adult 

zebrafish mechanosensory and chemosensorial cells (Germanà, et al., 

2007, Hof, et al., 1999, Levanti, et al., 2008, Parisi, et al., 2014). 

Calretinin is known as a marker of human mast cells and in the 

diagnosis of tumours (Blum, et al., 2018, Dei Tos and Doglionit, 1998, 

Marino, et al., 2007, Poblet, et al., 2005) and in some mastocyte skin 

lesions (Mangini, et al., 2000), on the other hand, calbindin-D28k was 

shown in the central nervous system, in gastrointestinal neuroendocrine 

cells and in kidney cells of mammals including humans (Lauriano, et 

al., 2020, Walters, et al., 1993). CB-D28k includes 6 EF hand motifs 

arranged in 3 domains; 4 EF hands bind Ca2+ with medium to high 

affinity. CB-D28k is a free protein, but able to bind several target 

proteins such as RanbP, caspase-3, phosphodiesterase, ATPase and 

renal TRPV5 (Bellido, et al., 2000). CB-D28k involved in renal Ca2+ 

reuptake and in the production/secretion of insulin in pancreas (Boros, 

et al., 2009). Some authors show the anti-apoptotic role of CB-D28k, 
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and in the brain this protein is regulated by neuronal activity (Gonzalez-

Perez, et al., 2018, Jung, et al., 2012). CB-D28k slows down the 

metabolic decline of the hippocampus and neuropsychiatric disorders 

(Eyles, et al., 2002, Li, et al., 2017). In addition, recent data shows the 

neuroprotective effect of CB-D28k in Parkinson’s disease (Schwaller, 

2020). Calretinin (CR) contains 6 EF-hands, 5 of which are able to bind 

Ca2+ ions. Cr is expressed in neurons of the central and peripheral 

nervous system and, in testicular Leydig cells, and in Sertoli cells 

during embryonic development (Xu, et al., 2018). CR was shown in  

cancer cells and its neuroprotective role against glutamate toxicity has 

been observed (Schwaller, 2009). In addition, CR is also implicated in 

mouse hippocampus neurogenesis (Schwaller, 2020, Todkar, et al., 

2012). Despite the role of CB and CR in the nervous system is not yet 

understood, these proteins are markers for specific neurons in central 

nervous system of vertebrates (Kress, et al., 2015). CR and CB may be 

associated with both excitatory and inhibitory neurons (Aoki, et al., 

1990, Reynolds and Beasley, 2001). CR has been observed in the motor 

neurons of the spinal cord of several vertebrates (Fahandejsaadi, et al., 

2004, Laslo, et al., 2000, Morona, et al., 2006a, Morona, et al., 2006b) 

such as several teleosts including zebrafish (Castro, et al., 2006a, 

Morona, et al., 2010). CB expression appears to be varies between 

different species (Berg, et al., 2018). Both CR and CB28K showed 

neuroprotective function in disease conditions such as ischemia or 

epilepsy (Castro, et al., 2006a). CR has been shown in optical fibers and 

optical roof, and brain cell in teleosts ,specifically in the forebrain of 

trout during development (Castro, et al., 2003). Castro et al. (2006) 

showed the distribution of CR in the brain stem of adult zebrafish, and 

CR immunopositive fibers in the midbrain, cerebellum and 

rhombencephalons. It is suggested that the distribution of CR is 
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preserved in different evolutionary lines of teleosts. Calbindin-D28K 

and calretinin were located in club cells in normal adult zebrafish skin, 

and in adult zebrafish skin exposed to different light conditions 

(Lauriano, et al., 2020). Several studies suggest  that calbindin-D28K 

and calretinin could play a role in the proliferation of epidermal cells 

(Iger, et al., 1994), so calbindin-D28K and CR could play a role in the 

cytoskeleton reorganization (Lauriano, et al., 2020).  CR was localized 

in chemosensorial cells of taste buds and olfactory epithelium of 

teleosts (Díaz-Regueira, et al., 2005, Germanà, et al., 2007). Levanti et 

al. (2008) showed the localization of calretinin in neuronal populations 

of sensory and sympathetic ganglia and in the enteric nervous system. 

So, the localization of CR in the zebrafish peripheral nervous system is 

similar to that of the superior vertebrates (Levanti, et al., 2008). 

Calbindin-D28K has been shown in the enteric neurons of 

Myoxocephalus scorpius and in the gut of adult zebrafish and zebrafish 

larvae. Enteric neurons calbindin immunopositive have been shown in 

zebrafish larvae from 3 dpf to 13 dpf and in 40%-50% of adult zebrafish 

(Olsson, 2011). The 25 members of S100 proteins are expressed 

exclusively in vertebrates and constitute the main family of calcium 

sensor proteins EF-hand (Moore, 1965). The basic structural and 

functional unit of the S100 proteins is a symmetrical dimer consisting 

of two pairs of EF hands, which are arranged in a bundle of eight 

propellers. Usually, S100 proteins are homodimers or heterodimers. 

S100 proteins are distinguished from all other EF-hand proteins by a 

single S100-specific to 14 residues Ca2+ (Marenholz, et al., 2004). S100 

are associated with multiple targets that promote cell growth and 

differentiation, cell cycle regulation, transcription and cell surface 

receptor activity (Donato, 2003, Santamaria-Kisiel, et al., 2006). The 

detection of abnormal expression of the S100 gene in several 
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pathological condition including chronic inflammation, tumours, 

cardiomyopathy and Alzheimer’s has fuelled clinical interest in this 

multigenic protein family (Heizmann, et al., 2007, Yáñez, et al., 2012b). 

S100 proteins are involved in many cellular processes, such as to 

modulate of protein kinases, of enzymatic activities, of certain 

transduction pathways, to keep of cell form, to regulate of calcium 

homeostasis (Santamaria-Kisiel, et al., 2006). S100 proteins are 

involved in the control of different intracellular and/or extracellular 

functions such as apoptosis, proliferation, differentiation, protein 

phosphorylation and inflammation in different cell types (Zimmer, et 

al., 1995). The S100 expression model shows cell and tissue specificity 

(Kraemer, et al., 2008). In Takifugu rubripes, Salmo salar and zebrafish 

were identified about 14 S100, and 13 in spinarello, medaka and 

Tetraodon nigroviridis. S100 has also been identified in some 

cartilaginous fish and in Petromyzon marinus. The presence of several 

members of the S100 family in cartilaginous fish (shark) indicates that 

the S100 family is phylogenetically very old. In addition, approx. 10 

S100 protein genes have been identified in lampreys and, S100 proteins 

of teleosts are very similar to those of mammals, so these proteins are 

highly preserved during evolution (Kraemer, et al., 2008). The S100 

proteins perform many functions, some of them have a specific name: 

S100A4 known as calvasculin, S100A6 known as calcicline, 

S100A8/A9 known as calprotectin, S100A8 (calgranulin A), S100A9 

(calgranulin B) and S100A12 (calgranulin C). Calprotectin 

(S100A8/A9) is constitutively expressed in some immune cells 

including monocytes, neutrophils and dendritic cells (Averill, et al., 

2011), so the S100 protein expression is regulated to ensure its 

maintenance immune homeostasis (Donato, 2003). S100 proteins are 

also expressed in fibroblasts and mature macrophages (Rahimi, et al., 
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2005). Increasing evidence shows that several S100 proteins also 

contribute to leukocyte migration (Gonzalez, et al., 2020). It has been 

observed that serum S100B concentration is related to 

neurodegenerative diseases such as Alzheimer and Parkinson (Chaves, 

et al., 2010, Gonzalez, et al., 2020). Calcium-binding proteins play a 

key role in vertebrate sensory cells and some of them have been 

detected in mechanosensory and chemo-sensory cells of bony and 

cartilaginous fish. In adult zebrafish, the presence and distribution of 

S100 protein in mechanosensory and chemo-sensory systems have been 

studied and mechanosensory cells have shown S100 immunoreactivity. 

In addition, immunopositivity to the S100 protein was observed in the 

crypt neurons of the olfactory epithelium and in the projections of the 

olfactory bulb (Germanà, et al., 2007, Kress, et al., 2015). In the hair 

cells of adult zebrafish neuromast and in the larval stage the S100 

protein has been localized, in the deep neuromasts like those superficial 

ones (Germana, et al., 2004b). The mRNA of S100 protein is expressed 

in the central nervous system of adult zebrafish, moreover the S100 

protein is distributed in the cytoplasm of the neuronal and non-neuronal 

cells of the central nervous system. Particularly, S100 protein 

immunotoxicity was observed in glial and ependymal cells and, in 

Purkinje neurons of the cerebellar cortex, and in sensory and 

sympathetic neurons while absent from the enteric nervous system 

(Germanà, et al., 2008). 
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3. EXPERIMENTAL MODEL 
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3.1 Zebrafish (Danio rerio) 

 

 

 

 

 

 

Danio rerio (Hamilton 1882) 

 

Danio rerio (Hamilton 1882), (Eukaryota Domain; Kingdom Animalia; 

Phylum Chordata; Class Actinopterygii; Order Cypriniformes; Family 

Cyprinidae; Subfamily Danioninae; Genus Danio; Species D. rerio), 

known as zebrafish, is a small teleost belonging to the family 

Cyprinidae; omnivorous; widely distributed in shallow waters of the 

Indian subcontinent. Zebrafish are commonly found in shallow 

stagnated waters and at the foot of water bodies often linked to rice 

crops; where present, they are the most representative fish species 

(Spence, et al., 2008). For many decades zebrafish have been one of the 

most popular aquarium fish, but also an important experimental model 

for biological research (especially developmental biology and 

toxicology). The use of zebrafish as an experimental model for modern 

research began with the pioneering work of George Streisinger and 

colleagues at the University of Oregon (Briggs, 2002, Streisinger, et al., 

1981) who recognized many of the characteristics of D. rerio as an 

experimental model. Since then, zebrafish have become a popular 

model organism for biomedical research. Zebrafish have been used to 
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study the development of vertebrates, evolution, genetics, and 

pathology because they have many features that make them suitable for 

experimentation. They are small fish, robust, very diffused, cheap and 

easy to maintain in the laboratory, where they reproduce all year round; 

they have a short generation time and, in comparison to other 

vertebrates, zebrafish produce a large number of eggs, and transparent 

embryos that allow manipulation and observation at all stages of 

development (Briggs, 2002). Streisinger developed methods to produce 

homozygous strains using genetically modified sperm, performed early 

mutagenicity studies; subsequently, the use and importance of D. rerio 

in research grew, to the point that these fish have become extremely 

important vertebrate models in a wide range of research fields 

(Rinkwitz, et al., 2011). The genome of D. rerio has been sequenced 

(Spence, et al., 2008) (http://www.sanger.ac.uk/Projects/D_rerio/), 

which makes it a very valuable organism for research. Gene analysis 

has led to the identification of hundreds of genes that control the 

development of vertebrates (Rinkwitz, et al., 2011). Like other 

vertebrates, D. rerio is used as a model of human disease and for drug 

screening (Chakraborty, et al., 2009) and is better for gene and 

embryological manipulation and more economically valid than other 

animal models such as mice. Some researchers have used D. rerio to 

study the genetic basis of vertebrate behavior too (Miklósi and Andrew, 

2006, Norton and Bally-Cuif, 2010, Spence, et al., 2008). It is clearly 

similar to mammalian and human models in toxicity testing and has a 

daytime sleep cycle with homologies to mammalian sleep behavior 

(Jones, 2007). However, several disadvantages such as the absence of a 

standard diet (Penglase, et al., 2012) and the presence of small but 

important differences between zebrafish and mammals in the roles of 

genes related to human disorders (Jurynec, et al., 2008, Rederstorff, et 
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al., 2011) are important to consider when deciding whether the 

zebrafish is an appropriate model for specific research. Although D. 

rerio is very well studied as a laboratory organism, it has been less 

studied in its natural habitat. Spence and colleagues in 2008 revisited 

the ecology and behavior of D. rerio (Engeszer, et al., 2007, McClure, 

et al., 2006, Spence, et al., 2008) as well as its taxonomy, morphology, 

and other aspects of its biology. 
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3.2 Distribution and Habitat 

D. rerio is native to Indian inland waterways and rivers. It is widely 

distributed throughout the Indian subcontinent, from the basins of the 

Ganges to the Brahmaputra River of Bangladesh, and in Nepal. Some 

species have been introduced into the United States (California, 

Connecticut, Florida and New Mexico), Colombia and South America 

(Boisen, et al., 2003, Fuller, 1999, Mayden, et al., 2007, Spence, et al., 

2008). Zebrafish live in freshwater streams and rivers, but are often 

considered to be alluvial species, typically found in shallow water 

streams that flow slowly or in stagnant water. They have a vast 

geographic distribution and where present are abundant. In their natural 

habitat they reproduce easily and in 2007 the increase in the rate of 

captured specimens suggested their abundant presence (Tamang, et al., 

2007). Due to the monsoon season in their native geographical area, the 

zebrafish has adapted to a wide range of temperatures, from 6º C in 

winter to 38 º C in summer. Rice cultivation has had a significant impact 

on zebrafish habitat. Rice cultivation requires damming of watercourses 

and the creation of irrigation systems; since rice cultivation is common 

in India, many zebrafish habitats have been dramatically altered by 

damming and irrigation systems. Fortunately, zebrafish are relatively 

tolerant to anthropic disturbance and are able to survive and reproduce 

in altered habitats (Engeszer, et al., 2007). They prefer chemical water 

parameters such as pH 6-8; dh 5-19. They do not demonstrate migratory 

behaviour, but do participate in extensive local migratory flows, usually 

less than 200 km, in particular periods of the year for reproduction and 

wintering purposes. They are omnivorous fish, and obtain most 

nutrients out of the water column, feeding on zooplankton, insects and 

arachnids, algae, and phytoplankton. The consumption of a number of 
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insects, including mosquito larvae, probably helps to control the 

geographical distribution of insects. It is commonly prey to several 

aquatic species and fish-eating birds, including: the Channa snake, the 

freshwater shrimp Xenentodon Cancila, the knife fish Notopterus 

notopterus, the Indian heron Ardeola grayii, the spiny eel 

Mastacembelidae, and the kingfisher Alcedo atthis, the catfish Mystus 

bleekeri. 

 

 

 

 

 

 

 

 

 

 

 

 



 
31 

3.3 Features 

The zebrafish has a fusiform body, which reaches an average length of 

2,5 cm; the largest zebrafish has reached 6,4 cm in captivity. It has 

lateral eyes, elongated and thin jaws with a protruding lower jaw that 

makes the mouth point upwards. Like other cyprinids, zebrafish is a 

toothless teleost with a small stomach. So, gills play an important role 

in alimentation because they act as a filter for the alimentary particles. 

The zebrafish is defined by several characteristics including an 

incomplete lateral line; up to 7 uniformly pigmented longitudinal 

stripes on the side of the body, extended up to the extremity of the rays 

of the caudal fin; anal fin typically striped; anterior rostral barbels 

extend to the margins of the orbit; maxillary barbels end at about half 

of the operculum; 10-12 rays of the anal fin; 31-32 vertebrae. The 

degree of sexual dimorphism in zebrafish is minimal, males tend to be 

yellow and anal fins larger than females. The zebrafish is heterothermic 

and bilaterally symmetric (Albertson and Kocher, 2006). Zebrafish 

show typical and spectacular behaviors to evade the predator, in 

response to visual and olfactory stimuli. Among the alarm behaviors 

there is greater agitation, aggressiveness, and a slowdown of feeding. 

Zebrafish have three types of cells responsible for the production of 

pigments responsible for the typical staining of the stripes; the cell 

responsible for the production of the dark blue melanophore can modify 

the production of the pigment in response to external stimuli. It is 

believed that this helps the fish to evade potential predators, thus 

manifesting a mimic-like behavior. The senses of smell, sight, and the 

detection of movement through the system of the lateral line allow them 

to perceive the environment around them and to evade potential 

predators. The movement of the surrounding water is detected by the 
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lateral line, which can detect minimal pressure variations. Zebrafish 

respond to a wide range of chemical signals detected by the olfactory 

bulb. Smell is particularly important for reproduction (Cermakian and 

Sassone-Corsi, 2002).  
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3.4 Life Cycle 

Immediately after hatching, all larvae develop into females. At 5-7 

weeks of life the differentiation of the gonads begins. Males take about 

3 months to fully develop testicles. The determination of sex is not 

entirely clear; however, evidence suggests that the food supply and 

growth rates play a key role in determining sex and how slow-growing 

individuals become males and fast-growing individuals become 

females. Zebrafish reproduce in the monsoon season, from April to 

August, although spawning has been recorded outside the wet season, 

suggesting that reproduction may be a result of food availability. 

Spawning is temperature-induced and begins at the beginning of the 

monsoon season; food availability also acts as a stimulus for 

reproduction. Mating is strongly influenced by the photoperiod- the 

spawning begins in the first light of dawn and lasts about an hour. In 

order to initiate the courtship, about 3-7 males chase the female and try 

to lead her towards the spawning site by pushing her and swimming 

around her in a narrow circle forming an eight-dimensional figure. The 

deposition of the eggs takes place on a layer of vegetation; on the 

contrary, when in captivity, they tend to cover their eggs. The female 

must come into contact with male hormones for ovulation to take place. 

At the same time, the male must come in contact with the female 

pheromones in order to start the reproductive behaviour. When the 

couple reaches the spawning site, the male aligns its genital pore with 

that of the female and begins to tremble, this movement causes the 

female to spawn and the male to release the sperm. The female releases 

5 to 20 eggs at a time and the cycle repeats for about an hour (Johnson, 

1932). Female pheromones are necessary to induce male courting 

behavior, on the other hand male hormones are required by the female 
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to achieve ovulation (Cermakian and Sassone-Corsi, 2002). There is 

proof of male-male antagonism and mate preference by the female. 

Zebrafish lay non-adhesive eggs without nesting and are considered to 

be grouped spawners. Although hatching time depends on water 

temperature, most eggs hatch between 48 and 72 hours after 

fertilisation. After hatching, Zebrafish are about 3mm and are 

immediately independent, able to swim, eat and show avoidance 

behaviors within 72 hours (Engeszer, et al., 2007, Spence, et al., 2008).   
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4. SENSORY SISTEMS 
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4.1 Chemosensory Systems 

4.1.1 Olfactory Epithelium  

The sense of taste and smell are fundamental to perform key functions 

to ensure survival for vertebrates, especially in zebrafish (Bettini, et al., 

2016, Lazzari, et al., 2017). Teleosts have two olfactory cavities, placed 

dorsally on each side of the muzzle, where the olfactory epithelium is 

organized in lamellae converging in a central raphe forming a structure 

called “olfactory rosette” (Laberge and Hara, 2001). Each lamella 

contains sensory and non-sensory regions. The sensory epithelium 

found in the central portion includes the medial extension of each 

lamella (Byrd and Brunjes, 1995, Hansen and Eckart, 1998, Parisi, et 

al., 2014, Weth, et al., 1996). Three types of olfactory cells have been 

identified: ciliated cells, microvillous cells and cryptic olfactory 

neurons. These cell types differ from each other in morphology, 

ultrastructure and molecular characteristics, as well as in their 

projections to the central nervous system (Gayoso, et al., 2012, 

Hamdani and Døving, 2006, Hansen, et al., 2004, Hansen and Zielinski, 

2005, Oka and Korsching, 2011, Oka, et al., 2012, Yoshihara, 2008). 

Crypt neurons have been identified in both bony and cartilaginous fish 

(Ferrando, et al., 2006, Hansen and Finger, 2000) and have been 

morphologically characterized (Hansen and Eckart, 1998, Hansen and 

Finger, 2000, Parisi, et al., 2014). While ciliated olfactory neurons 

detect bile salts, microvillous cells detect amino acids (Dew, et al., 

2014, Døving, et al., 2011, Hansen, et al., 2003, Kolmakov, et al., 

2009), crypt neurons respond to pheromones (Ahuja, et al., 2014, 

Hamdani and Døving, 2006). The olfactory epithelia is covered only by 

a thin layer of mucus, so the olfactory neurons are in contact with the 
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environment and exposed to both odors and contaminants (Tierney, et 

al., 2010, Volz, et al., 2020). Despite the anatomical differences in the 

anatomy of the olfactory system among vertebrates, the neural basis of 

odor detection is highly conserved (Cande, et al., 2013, Parisi, et al., 

2014, Taniguchi, et al., 2010). Each olfactory sensory neuron has a 

receptor (law “one neuron/one receptor”) and converge their axons on 

a specific target in the olfactory bulb (Axel, 1995, Friedrich and 

Korsching, 1997). The stimuli generated by odors are processed by 

neurons in the olfactory bulb and conveyed by mitral cells to several 

brain areas (piriform cortex, anterior olfactory nucleus, olfactory 

tubercle, amygdala cortical and entorhinal cortex).  It is known that the 

olfactory system is able to function  before complete development and 

the zebrafish is an excellent model for studying the olfactory epithelium 

(Friedrich, et al., 2010). In all vertebrates, the cranial sensory organs, 

including the olfactory epithelium, develop from the placodes, 

thickened ectodermal structures in the developing head (Baker and 

Bronner-Fraser, 2001). The olfactory system of zebrafish is 

histologically similar to that of other vertebrates (Tierney, et al., 2010), 

and the olfactory epithelial cells have been identified well by 

immunohistochemical techniques (Braubach, et al., 2012, Gayoso, et 

al., 2011, Germanà, et al., 2007). Anti-S100 and anti TrkA antibodies 

have been indicated as a specific marker for immunostaining the cryptic 

olfactive neurons but also other cells of the olfactory epithelium (Ahuja, 

et al., 2014, Bettini, et al., 2016, Catania, et al., 2003, Germana, et al., 

2004a, Lazzari, et al., 2017, Oka, et al., 2012, Sato, et al., 2005). 
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4.1.2 Taste Buds 

In teleost fish, such as the zebrafish, taste buds are small pear-

shaped or onion-shaped intraepithelial sensory organs. Taste 

buds are made of modified epithelial cells resting on a small 

dermal papilla (Jakubowsky and Whitear, 1990, Reutter, 2012). 

The sensory epithelium of this organ is formed by elongated and 

vertically oriented cells: dark cells rich in microvilli and light 

cells with a long final microvillo. Basal cells described as 

Merkel-like cells are found between sensory cells and basal 

lamina (Reutter, 2012). Merkel-like basal cells do not have a 

regenerative capacity as in mammals, but, they have synapses 

and can act as mechanical cells, paracrine cells or neuroendocrine 

cells (Reutter, 2012). Finally, taste buds are surrounded by 

marginal cells that have no sensory function but constitute the 

interface between the stratified squamous epithelium and the 

sensory epithelium. Taste buds can be found both in the mouth, 

oropharyngeal cavity, on the skin of the head and the trunk 

(Reutter, 2012). Regardless of their location they are innervated 

by the facial (VII), glossopharyngeal (IX), or the vagal cranial 

nerve(X). In larval stage, the primordes of the taste buds are 

found in the lips skin and the branchial arcs about 4-5 dpf, when 

the larvae begin to eat. The development of these cell types is a 

rapid process in zebrafish. Also, taste buds are added 

continuously to the epithelium of the growing animal, so early 

and mature taste buds are present in both larva and adult 

zebrafish (Hansen, et al., 2002). The chemosensory organs of 

adult teleosts, such as the mechanosensory ones, undergo 

continuous cell regeneration and turnover (Montalbano, et al., 
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2014, Montalbano, et al., 2018) regulated in part by growth 

factors. It has been demonstrated that the development and 

maintenance of these sensory organs is under the direct or 

indirect control of the NT and their Trk-like receptors (Fritzsch, 

et al., 1997, Krimm, et al., 2001, Mistretta, et al., 1999). The taste 

buds of adult zebrafish express TrkA- and TrkB-like  

immunoreactivity in mammals (Farbman, 2003, Ganchrow, et 

al., 2003, Uchida, et al., 2003), and in D. labrax (Hannestad, et 

al., 2000). These data suggest that sensory cells in adult zebrafish 

taste buds could be targets for neurotrophies (Heinrich and Lum, 

2000) and could control unknown functions in these organ 

sensors (Germana, et al., 2004b). Calretinin has been localized in 

taste buds, olfactory epithelium and nerve fibers that provide the 

inner ear (Coppens, et al., 2001). Castro et al., (2008, 2003, 

2006b) described the expression of calretinin in the zebrafish 

central nervous system. Díaz-Regueira et al., (2005) 

demonstrated the expression of calretinin in taste buds in Chelon 

labrosus (Germanà, et al., 2007). The distribution and structure 

of the taste buds (Hansen, et al., 2002), and the olfactory 

epithelium (Hansen and Eckart, 1998) are well known in the 

developing or adult zebrafish, which has become a common and 

attractive model in experimental embryology and cell biology 

studies (Bang, et al., 2001). This model has also been used in 

experiments for odor detection, hearing and deafness (Whitfield, 

2002), or for assessing new drugs (Ton and Parng, 2005). The 

taste buds of the zebrafish contain different types of sensory cells 

that might be targets for neurotrophins able to bind TrkA- and 

TrkB-like receptors (Hansen, et al., 2002, Heinrich and Lum, 
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2000) probably controlling some unknown functions in these 

sensory organs.  
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4.2 Mechanosensory Systems 

4.2.1 Inner Ear  

In teleosts, the auditory system is formed by the inner ear and lateral 

line system. The inner ear, more specifically, consists of the labyrinth 

formed by three semi-circular canals, connected to a sacciform 

structure, the utricle, which connects, in the lower part, to a second 

sacciform structure, the saccule. Adjacent to the saccule is the lagena. 

At the base of each canal, the bony region is enlarged and has a dilated 

sac at one end, called the osseous ampullae. Each ampulla includes a 

patch of sensory epithelium with an evident round shape, called crista 

ampullaris. The utricle, saccule and lagena are provided with a 

thickening of sensory cells called macula, whose kinocilia and 

stereocilia are connected to dense limestone structures, the otoliths 

(Bang, et al., 2001). It is known that the utricle is considered to be a 

vestibular organ; the sacculus is involved in sound reception and the 

lagena assists with sacculus functions, playing an important role in both 

orientation and hearing (Monroe, et al., 2015). The zebrafish is 

recognized as an important experimental animal for studying genetics 

and developmental biology as well as for modelling human disorders, 

including sensorineural hearing loss mainly resulting from damage to 

the sensory hair cells of the inner ear (Harris, et al., 2003, Nicolson, 

2017, Owens, et al., 2008). The hair cells of the zebrafish inner ear have 

a structural and molecular homology with the sensory cells of the 

mammalian inner ear including that of humans. Moreover, numerous 

genes such as ATOH1, POU4F3, GFI1 and other genes, that are 

expressed in the sensory cells of zebrafish, mostly during embryonic 

development, also expressed in mammals (Blanco-Sánchez, et al., 

2017). It is well known that the zebrafish is able to regenerate hair cells 
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damaged or lost by acoustic trauma, chemical exposure or genetics 

within a few days (Chen, et al., 2017, Germanà, et al., 2020, He, et al., 

2017, Montalbano, et al., 2014, Montalbano, et al., 2018, Rubel, et al., 

2013). 
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4.2.2 Lateral Line System  

The lateral line is a sensory organ present in aquatic vertebrates, which 

allows them to perceive variations in the pressure of the external 

environment. The lateral line of the fish is composed of channels that 

run in the sub-epithelial portion along the body and epithelial 

corpuscles to have contact with the outside (pit Organs). The lateral line 

is divided into the cephalic and caudal portion. In some species the 

receptor cells of the lateral line have changed, becoming 

electroreceptors. The morpho-functional unit of the lateral line is the 

neuromast, consisting of a group of hair cells and a cupule that encloses 

them (Laurà, et al., 2018b). The hair cells are cylindrical cells, having 

numerous stereo-cilia on the apical surface (towards the fluid), about 

150 kinocilium which are grouped in a central position. The cilia of 

each neuromast are oriented along two opposite directions, according 

to the water flow; the orientation of the cilia is different in the different 

type of neuromasts. The cilia are enclosed by a gelatinous cupule-

shaped material, which divides the cilia from the environment (Harris, 

et al., 2003). The basal pole is in synaptic contact with an afferent and 

efferent fiber. In the structure of the ciliated cell, it is possible to observe 

that the body of the cell is incorporated into the supporting cells, which 

form a tight junction both with the ciliated cell and with each other. The 

kinocilium folding away from cilia opens mechanosensory cationic 

channels and depolarizes the cell. The motion in the opposite direction 

inhibits the opening of mechanosensory channels, hyperpolarizing the 

cell. Depolarization increases the release of a chemical mediator, 

increasing the flash rate of afferent fibers; hyperpolarization has an 

opposite effect. The individual fibers project specifically to midbrain 

neurons, which respond specifically to the direction of motion. 
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Neuromasts, as we know, are superficial, or in sub-epithelial 

channels. Some fish species show less than 50 superficial neuromasts, 

others several thousand. Although superficial neuromasts and channel 

neuromasts have similar structural and functional properties, a different 

location helps the response to stimuli. Superficial neuromasts undergo 

three-dimensional stimuli, probably of greater intensity than deep 

neuromasts whose response depends on the velocity of the fluid. 

Neuromasts in channels are stimulated by the external flow through the 

channel axis (Montalbano 2014). In fact, channel neuromasts respond 

to the acceleration of the surrounding fluid rather than its velocity. In 

addition, they are able to perceive the movements of water generated 

even by very small organisms (i.e., zooplankton). The lateral line 

functions in the perception of the water movements generated by the 

prey, whose position, size and perhaps swimming style is 

evaluated. Thus, the information enables the fish to orient itself towards 

the prey or to move away from the possible predator.  It could also allow 

the recognition of the type of fish which can promote coupling. For 

example, the movement of insects trapped on the water surface 

produces high frequencies that attract predatory fish. Blind fish use 

their lateral line to evaluate movements in the water and the presence 

of nearby objects, so they can cross a barrier made up of sticks 

immersed in the water without touching. Mechano-reception is also 

essential in fish for schooling. The structural organization of the lateral 

line suggests that there are at least four groups of information related to 

the movement of water that, in parallel, reach the nerve centers: 

information from superficial neuromasts, information from neuromasts 

arranged in the canals and within these two groups, information about 

the orientation of the cilia of neuromasts with respect to the movement 

of water (Montalbano, et al., 2014). The zebrafish is used to analyze 
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hearing and deafness (Whitfield, 2002), ototoxicity of several 

compounds (Chiu, et al., 2008, Froehlicher, et al., 2009), and the 

regeneration of hair cells (Dufourcq, et al., 2006). Therefore, 

understanding the mechanisms of BDNF/ TrkB action in zebrafish 

neuromasts is important. BDNF and TrkB have already been detected 

in the neuromast LLS (Germana, et al., 2002, Hashimoto and Heinrich, 

1997, Lum, et al., 2001) and the inner ear of zebrafish (Germanà, et al., 

2020), Salmo salar and Salmo trutta (Catania, et al., 2007). Moreover, 

Germanà et al., (2010a) showed that there is a parallel decline linked to 

ageing in the expression of BDNF and TrkB in zebrafish. However, 

Trkb in the lateral line ganglia does not vary with age, so their neurons 

are potentially able to respond to BDNF throughout the life of zebrafish 

(Germanà, et al., 2010a).  
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The chemo and mechanosensory organs of adult teleosts undergo 

continuous cell regeneration and turnover which is partly regulated by 

growth factors. Zebrafish are a model also used in experiments for the 

detection of odors. hearing and deafness and, for the evaluation of new 

drugs. According to our knowledge, information on the localization of 

BDNF in the chemosensory organs of zebrafish (taste buds and 

olfactory epithelium) is still scarce. Thus, studying the localization of 

BDNF in chemosensory organs could help elucidate the function of this 

neurotrophin and its potential role in regeneration. To do this, it might 

be useful to understand the potential functional interaction of BDNF 

with a calcium-binding protein, calretinin. Calretinin, together with 

S100, and the other members of the CaBPs family are involved in the 

control of calcium balance which important cellular functions depend 

on (e.g., gene expression, synaptic transmission, cell cycle progression 

and apoptosis). In addition, in zebrafish, the sensory areas of the lateral 

line system, such as the inner ear, have the ability to regenerate 

mechanical and chemical damage. This study was undertaken: 

1. to analyze the cellular localization of BDNF/TrkB system and 

CaBPs in chemosensorial organs (taste buds and olfactory 

epithelium) and in mechanosensory organs (inner ear and 

neuromasts of lateral line system) of adult zebrafish and in the larval 

stage. 

2. to recognise the S100 protein as a specific marker for hair sensory 

cells in all zebrafish sensory organs.  

3. finally, the study of neurotrophins, receptors and CaBPs in the 

normal sensory organs of D. rerio will help to create new 

experimental models for the study of different pathologies in 

translational medicine. In addition, these data could provide the 
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basis for experimental studies such as exogenous administration of 

BDNF. 
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6. MATERIALS AND METHODS 
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6.1 Zebrafish Breeding and Tissue Treatments 

In this study, we used eighty (80) zebrafish from larval to adult stage. 

Particularly, we utilized samples at 8 days post-fertilization (dpf), 15 

dpf, 30 dpf, 50 dpf and adulthood. The fish were obtained from CISS 

(Center of Experimental Ichthyiopathology of Sicily, University of 

Messina, Italy) and kept on a 14 h day, 10 h night cycle at a constant 

temperature of 28.5 ◦C and were fed twice a day. All embryos were 

collected after natural spawning and staged according to Kimmel et al. 

[46]. The fishes, at the above-mentioned stage, were sacrificed with a 

lethal dose of tricaine methane sulfonate (MS222; 1000–10,000 mg L-

1. The heads of 5 zebrafish for each group were quickly removed, fixed 

in 4% paraformaldehyde in phosphate buffered saline (PBS) 0.1 m (pH 

= 7.4) for 12–18 h, dehydrated trough graded ethanol series, clarified in 

xylene, for paraffin wax embedding. Included tissues were then cut in 

to 7 µm thick serial sections and collected on gelatin-coated microscope 

slides and then routinely processed for histological and 

immunohistochemical analysis. Furthermore, three adult and two larval 

zebrafish heads (8 dpf) were fixed in 2.5% glutaraldehyde in 0.1 M 

Phosphate buffer, and processed, partly for scanning electron and stereo 

microscopy analysis and partly embedded in epoxy resin for 

histological study using semi-thin section (0.99 µm) stained with 

toluidine blue. In the remaining animals (40), to obtain the olfactory 

epithelium in 10 animals the olfactory organs were isolated and then 

collected in a pool per age group, finally used to isolate mRNA (5) and 

proteins (5). To obtain the taste buds, in 10 animals, a region of skin 

and pharynx were isolated and then collected in a pool per age group, 

finally used to  isolate mRNA (5) and proteins (5).To isolated the inner 

ear, the heads of 10 animals have been deprived of the brain, the gills, 
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the snout including the olfactory system and the eyes and then collected 

in a pool per age group, finally used to  isolate mRNA (5) and proteins 

(5). To obtain the lateral line system, in 10 animals a deep portion of 

the skin of the head was isolated respectively for the supra orbital, 

infraorbital, and mandibular canal and then collected in a pool per age 

group; finally used to isolate mRNA (5) and proteins (5).  
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6.2 RT-PCR  

For the isolation of RNA and Reverse Transcription PCR, total RNAs 

were extracted using Trizol reagent (Sigma; St. Louis, MO, USA). The 

integrity of RNA was checked using agarose gel electrophoresis. RNA 

extracted was reverse-transcribed in a final volume of 20 µL using 20 

U of Superscript RNA-ase H2 Reverse Transcriptase (Gibco BRL, 

Gaithersburg, MD, USA) in the manufacturer’s buffer containing 2 µg 

RNA, 5 µM oligo (dT), 12–18 mM dNTPs 40 U RNA-ase inhibitor 

(Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, 

UK), 0.1 µg/µL BSA and 10 mM DTT. The reaction took place at 42 

◦C for 90 min. The sequences of the oligonucleotide primers were based 

upon the published sequences for, Brachidanio rerio bdnf (GenBank 

accession number NM_131595) Brachidanio rerio ntrk2b (GenBank 

accession number NM_001197161.2) and Brachidanio rerio β-actin 

(GenBank accession number NM_131031) and were: 

• bdnf forward: 5JAACTCCAAAGGATCCGCTCA3J, reverse: 

5JGCAGCTCTCATGCAACTGA3J, 

• ntrk2b forward: 5JACGAGG-ACCACATGAAGTTC3J, reverse: 

5JGCAGAACGTCTCTTTCACTG3J 

• β-actin forward: 5J CACAGATCATGTTCGAGACC3J, reverse 

5JGGTCAGGATCTTCATCAGGT3J. 

The conditions of amplification were as follows: 2 U Taq DNA 

Polymerase (Promega, Madison, WI), 1 µM primers, 10 ng zebrafish 

brain cDNA, 0.2 mM each dNTP in 15 µLTaq DNA Polymerase buffer. 

The reaction was performed in a thermal cycler (Hyband Th. Cycler) 

with the following program: 1 min at 94 ◦C initial denaturation, then 10 

cycles of 94 ◦C for 1 min, 65 ◦C for 30 s and 72 ◦C for 45 s, followed 

by 20 cycles of 94 ◦C for 1 min, 61 ◦C for 30 s, 72 ◦C for 45 s and a 5 
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min final extension at 72 ◦C. The PCR products were visualized by 

ethidium bromide staining under UV light following electrophoresis on 

a 2% agarose gel. 
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6.3 Western Blot  

Frozen material was processed for Western blot. Experiments were 

performed in triplicate as follows: they were rinsed in cold saline, then 

pooled and homogenized (1:2, w/v) with a Potter homogenizer in Tris–

HCl buffered saline (Tris-HCl 0.1 M, pH = 7.5) containing 1 µM 

leupeptin, 10 µM pepstatin and 2 mM phenylmethylsulfonyl fluoride. 

The homogenates were then centrifuged at 25,000× g for 15 min at 4 

◦C, and the resulting pellet dissolved in 10 mM Tris–HCl, pH = 6.8, 2% 

SDS, 100 mM DTT, and 10% glycerol at 4 ◦C. The pellets were thawed 

and analyzed by electrophoresis in 10% (for Trks) or 15% (for NTs) 

polyacrylamide SDS gels. After electrophoresis, proteins were 

transferred to a nitrocellulose membrane and unspecific binding was 

blocked by incubation for 3 h in phosphate-buffered saline containing 

5% dry milk, and 0.1% Tween 20. The membranes were then incubated 

at 4 ◦C for 2 h with primary antibodies against BDNF and TrkB 

proteins. We used rabbit polyclonal antibodies against an amino-

terminal sequence of mouse BDNF (sequence H2N-HSDPARRGEL-

COOH; dilution 1:500; Chemicon International Inc., Temecula, CA, 

USA; catalog #AB1534SP) and TrkB (dilution 1:500, directed against 

the residues 794–808 of the intracytoplasmatic domain of human TrkB; 

Santa Cruz Biotechnology, Santa Cruz, CA, USA; catalog #sc-12). 

These antibodies have been characterized elsewhere for use in zebrafish 

and are suitable for use in Western blot and immunohistochemistry 

(Catania, et al., 2007, Germanà, et al., 2010b). β-Actin protein was used 

as an endogenous control to allow the normalization of BDNF and TrkB 

proteins. We used mouse monoclonal beta Actin antibody (GT5512), 

validated in WB, and also tested in Zebrafish (dilution 1:500, Gene Tex, 

Cat No. GTX629630) After incubation the membranes were washed 
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with TBS pH = 7.6 containing 20% Tween 20, and incubated at room 

temperature for 1 h with goat anti-rabbit IgG secondary antibodies 

diluted 1:100. Membranes were washed again and incubated with the 

plasmin-alpha-2-antiplasmin (PAP) complex diluted 1: 100 for 1 h at 

room temperature and the reaction was visualized using Amersham™ 

ECL™ Western Blotting Detection Reagents (Amersham 

Pharmaceuticals). Marker proteins were visualized by staining with 

Brilliant Blue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
56 

6.4 Scanning Electron Microscopy 

For the study of the olfactory organ, the head of two adult zebrafish was 

deprived of the scalp and skull cap and the olfactory organs were 

isolated. For the study of taste buds, the skin and oropharyngeal tract of 

two adult zebrafish have been isolated. For the anatomical study of 

inner ear, two heads of adult zebrafish utilized before being fixed, were 

put in a tank containing tap water for one month in order to accelerate 

the tissues maceration process (Amato, et al., 2012, Gier, 1951). During 

this period the water was changed every two days. Then the samples 

were fixed in 2.5% glutaraldehyde in Sörensen phosphate buffer 0.1 M. 

After several rinsing in the same buffer, they were dehydrated in a 

graded alcohols series (50°, 70°, 80°, 95° and 100°, 1 hr for each step), 

critical-point dried in a Balzers CPD 030, sputtercoated with 3 nm gold 

in a Balzers BAL-TEC SCD 050 and examined under a Zeiss EVO LS 

10.2.2 (Mairs, et al., 2004, Modina, et al., 2007).  

 

 

 

 

 

 

 

 

 

 



 
57 

6.5 Immunohistochemical analysis 

6.5.1 Localization of BDNF/TrkB, pro BDNF, 

Calretinin and, S100 Protein in olfactory 

epithelium and taste buds using 

immunofluorescence and peroxidase method 

To analyze the expression of different proteins in the sensory patches 

of the olfactory lamellae and taste buds in adult zebrafish, sections were 

deparaffinized and rehydrated, washed in Phosphate-Buffered Saline 

(PBS) 0.1 M pH = 7.4 and incubated for 30 min in a PBS solution of 

fetal bovine serum to avoid non-specific binding, followed by 

incubation with the primary antibodies. Incubation was carried out 

overnight at 4 ◦C in a humid chamber with antibodies anti-BDNF, anti 

TrkB, and anti S100 protein that recognizes a mixture of both S100A 

and S100B proteins subunit (manufacturer’s notice). Moreover, BDNF 

rabbit antibody was used in double experiment with Calretini N-18 goat 

antibody and with anti Phalloidin Fluorescein isothiocyanate labelled 

(see Table 1). Phalloidin is a fungal toxin isolated from the poisonous 

mushroom Amanita phalloides. Its toxicity is attributed to the ability to 

bind F actin in liver and muscle cells. As a result of binding phalloidin, 

actin filaments become strongly stabilized. Phalloidin has been found 

to bind only to polymeric and oligomeric forms of actin, and not to 

monomeric actin. The dissociation constant of the actin-phalloidin 

complex has been determined to be on the order of 3 ´ 10–8 M.6 

Phalloidin differs from amanitin in rapidity of action; at high dose 

levels, death of mice or rats occurs within 1 or 2 hours.1 Fluorescent 

conjugates of phalloidin are used to label actin filaments for histological 

applications. Some structural features of phalloidin are required for the 

binding to actin. However, the side chain of amino acid 7 (g-d-
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dihydroxyleucine) is accessible for chemical modifications without 

appreciable loss of affinity for actin (supplier information). To analyze 

the expression of different proteins in the sensory patches of the 

olfactory lamellae and taste buds in zebrafish larvae 8dpf, the sections 

were treated as above and incubated with anti Calretinin N-18 (see 

Table 1). Moreover, mouse monoclonal antibody anti pro-BDNF, also 

designated preproprotein BDNF antibody was used in double 

experiment with anti S100 rabbit antibody (see Table 1). After rinsing 

in Tris–HCl buffer (0.05 M, pH 7.5) containing 0.1% bovine serum 

albumin and 0.2% Triton-X 100, the sections were incubated for 1 h at 

4 °C with anti rabbit IgG-peroxidase conjugate, anti-Mouse IgG (H+L) 

Alexa Fluor 488, anti Rabbit IgG (H+L) Alexa Fluor 594, Anti Goat 

IgG (H+L) Alexa Fluor 594, Anti Goat IgG (H+L) Alexa Fluor 488 (see 

Table2). Both steps were performed at room temperature in a dark, 

humid chamber. Finally, the sections were washed, dehydrated, and 

mounted with Fluoromount Aqueous Mounting Medium (Sigma 

Aldrich, USA). For the slide were performed peroxidase method: the 

immunoreaction was visualized using 3-30-diaminobenzidine as a 

chromogen (manufacturer’s notice, Sigma-Aldrich, D5905). After 

rinsing in freshwater, sections were dehydrated, mounted, and 

examined under Leica DMRB light microscope. To provide negative 

controls, representative sections were incubated with specifically 

preabsorbed antisera as described above. Under these conditions, no 

positive immunostaining was observed (data not shown).  
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6.5.2 Localization of BDNF, proBDNF, TrkB 

and S100 Protein in inner ear and lateral line 

system Using Single and Double 

Immunofluorescence Staining  

To analyze the expression of different proteins in the sensory patches 

of adult inner ear and neuromast of lateral line system, the sections were 

treated as above and finally incubated with rabbit polyclonal antibodies 

against a sequence of amino-terminal mouse BDNF, TrkB and S100 

protein directed against bovine S100 protein  and it detects both S100A 

and S100B proteins (manufacturer’s notice) (see Table 1) To analyze 

the expression of different proteins in the sensory patches of inner ear 

of zebrafish larvae 8dpf, the sections were treated as above and finally 

mouse monoclonal antibody pro-BDNF, also designated preproprotein 

BDNF antibody (Santa Cruz Bio- Biotechnology, CA, USA catalog no. 

sc-65513) was used in double experiment with rabbit polyclonal 

antibody TrkB (see Table2). After rinsing in PBS, the sections were 

incubated for 1 h and incubated overnight at 4 ◦C with Alexa Fluor 488 

and/or with Alexa Fluor 568 (see Table2). Both steps were performed 

at room temperature in a dark humid chamber. Finally washed, 

dehydrated, and mounted with Fluoromount Aqueous Mounting 

Medium (Sigma Aldrich, St. Louis, MO, USA). To provide negative 

controls, representative sections were incubated with specifically 

preabsorbed antisera as described above. Under these conditions, no 

positive immunostaining was observed (data not shown).  
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Table. 1 Primary antibodies 

Primary 

antibodies 

Supplier  Catalogue 

number 

Source   Dilution  Antibody ID 

proBDNF 

(9C1) 

Santa Cruz 

Biotechnology, 

Inc. 

sc-65513 mouse 1:100 AB_831028 

BDNF Merck 

Millipore  

AB1534SP rabbit  1:100 AB_90748  

TrkB (794) Santa Cruz 

Biotechnology, 

Inc. 

sc-12 rabbit 1:100  

S100 Dako  Z0311 rabbit 1:100 AB_10013383 

Calretinin N-

18 

Santa Cruz 

Biotechnology, 

Inc. 

sc-11644 

 

goat 1:100 AB_634545 

Phalloidin 

Fluorescein 

isothiocyanate 

labeled 

Sigma-Aldrich P5282 Amanita 

phalloides 

Ready to 

use 

This is no 

antibody 
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Table. 2 Secondary antibodies 

Secondary 

antibodies 

Supplier  Catalogue 

number 

Source   Dilution  Antibody ID 

anti-Mouse IgG 

(H+L) Cross-

Adsorbed 

Secondary 

Antibody, Alexa 

Fluor 488 

 

Invitrogen A-11001 Goat 1:300 AB_2534069 

anti-Rabbit IgG 

(H+L) Cross-

Adsorbed 

Secondary 

Antibody, Alexa 

Fluor 594 

 

Invitrogen A-11012 Goat  1:300 AB_141359 

anti-Goat IgG 

(H+L) Cross-

Adsorbed 

Secondary 

Antibody, Alexa 

Fluor 488 

 

Invitrogen A-11055 Donkey 1:300 AB_2534102 

anti-Goat IgG 

(H+L) Alexa 

Fluor 594  

Invitrogen A-11058 Donkey 1:300 AB_142540 
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6.5.3 Laser confocal immunofluorescence 

Sections were analyzed and images acquired using a Zeiss LSMDUO 

confocal laser scanning microscope with META module (Carl Zeiss 

Micro Imaging GmbH, Germany) microscope LSM700 AxioObserver. 

Zen 2011 (LSM 700 Zeiss software) built in “colocalization view” was 

used to highlight the expression of both antibodies signals in order to 

produce a “colocalization” signal, the scatter plot and fluorescent signal 

measurements. Each image was rapidly acquired in order to minimize 

photodegradation. 
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7. RESULTS 
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7.1 Expression and Occurrence of Bdnf and TrkB  

The expression of Bdnf and ntrk2b mRNA was assayed in the 

homogenates of zebrafish isolated samples (olfactory system, inner ear, 

skin and pharynx for taste buds, a deep portion of the skin for lateral 

line system) using reverse transcriptase PCR. Our observations 

demonstrated that Bdnf and ntrk2b are expressed at 8, 15, 30, 50 dpf 

and adult stage. B-actin controls for each condition were also conducted 

(Figure 1). 

 

Figure 1. RT-PCR, Bdnf and ntrk2b mRNA expression in the (olfactory system, 

inner ear, skin and pharynx for taste buds, a deep portion of the skin for lateral line 

system) from larval to adult stage. B-actin controls for each condition are also 

shown. Lines 1, 2 and 3: detection of β-actin, Bdnf and ntrk2b at 8 dpf. Lines 4, 5 

and 6: detection of β-actin, Bdnf and ntrk2b at 15 dpf. Line 7 Marker. Lines 8, 9 

and 10: detection of β-actin, Bdnf and ntrk2b at 30 dpf. Lines 11, 12 and 13: 

detection of β-actin, Bdnf and ntrk2b at 50 dpf. Lines 14, 15 and 16: Bdnf, ntrk2b 

and β-actin in the adult stage. The size of the amplified fragment is indicated. 

 

The negative (not shown) and positive controls were performed to 

validate the obtained results. Moreover, in order to test the specificity 

of the antibodies utilized, we performed western blot analysis at the 

same age. Two specific protein bands with a molecular weight of 14 

and 145 kDa, corresponding to the mammalian isoform of BDNF and 

TrkB respectively, were observed. β-Actin protein was used as an 
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endogenous control to allow the normalization of BDNF and TrkB 

proteins (Figure 2). 

 

 

Figure 2. Western blot: detection of BDNF at 8 dpf (line 1), 15 dpf (line 2), 30 dpf 

(line 3), 50 dpf (line 4), adult stage (line 5). Detection of TrkB at 8 dpf (line 1), 15 

dpf (line 2), 30 dpf (line 3), 50 dpf (line 4), adult stage (line 5). β-Actin protein was 

used as an endogenous control: 8 dpf (line 1), 15 dpf (line 2), 30 dpf (line 3), 50 dpf 

(line 4), adult stage (line 5). 
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7.2 Anatomical study and immunohistochemical 

analysis of olfactory lamellae and taste buds of 

zebrafish during development 

Teleost fish, as well as zebrafish, have developed sensory mechanisms 

to detect and process signals essential for survival, feeding and 

reproduction. Among these sensory systems are the smell and the taste. 

The olfactory organs are located in the dorsal part of the snout inside 

olfactory cavity connected with the aquatic environment (Figure 3). 

Into olfactory cavity, the olfactory epithelium is organized in lamellae 

converging in a central raphe forming a structure called olfactory 

rosette (Figure 3).  

 

 

Figure 3. Stereomicrograph: Cranial cavity dissection in adult zebrafish, dorsal 

view. The bone skull has been removed in order to highlight the brain and the 

topographical relationships with olfactory lamellae: OB—olfactory bulb, red 

arrow- olfactory lamellae, Tel—Telencephalon, TeO—Optic tectum, CCe—

cerebellar corpus.  
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During development the olfactory rosette appears for the first time as 

an olfactory placode and at 8dpf the lamellae are not yet fully formed 

(Figure 4 a, b, c). The olfactory placode is made up of poorly grouped 

cells with various shapes under the epidermis (Figure 4 a, b, c). 

 

 

 

 

 

 

 

 

Figure 4. Light micrographs 

(Haematoxylin/Eosin staining) of 

olfactory lamella of zebrafish larvae 

8dpf, transversal view. Transversal 

view of right and left olfactory lamella 

(a). Sensory epithelium of olfactory 

lamella show ciliated cells 

(arrowhead)and cells with microvilli 

(arrow) (b,c). Scale bars=200µm (a), 

50µm (b, c).  

 



 
68 

Cellular localization was performed in zebrafish larvae using double 

and single immunofluorescence with a polyclonal antibody against pro-

BDNF, Calretinin N-18 and S100 protein. Moreover, in order to 

identify the positive cells, we used a morph-topographical approach 

based on the observation of the cellular histological features. The 

results, using confocal laser microscopy, demonstrated that sensory 

cells with microvilli in olfactory epithelium, show immunoreactivity to 

proBDNF and S100 protein (Figure 4 a, b, c) such as to proBDNF and 

Calretin N-18 (Figure 4 d, e, f). 

 

Figure 4. Olfactory lamellae of zebrafish larvae 8dpf; cross view. 

Immunohistochemical detection (immunofluorescence method) of proBDNF and 

S100 protein (a, b, c). Immunohistochemical detection (immunofluorescence 

method) of pro BDNF and Calretinin N-18 (CR) (d, e, f). In olfactory epithelium, 

sensory microvillous cells show immunoreactivity to proBDNF (a, d) and S100 

protein (b, e) and ciliated cells show proBDNF (d) and Calretinin N-18 (e) 

immunopositivity. Colocalization view (c, f). Scale bars=10µm (a, b, c), 20µm (d, 

e, f).  
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In teleosts fish, the taste system is an important chemosensory system 

to evaluate of the taste of food and to detection of variations in the 

environmental chemical stimuli are transduced into electrical signals 

that convey taste information to the brain. The taste buds are distributed 

on the outer surface of the skin of the head, lips, and oral cavity in adult 

zebrafish such as larvae. In our study conducted on larvae 8dpf we 

identified taste buds of the oral cavity. At this stage of development 

light cells can be identified with single apical microvillus (Figure 5). 

 

 

 

 

 

Figure 5. Light micrographs 

(Semithin section 0,99 µm, toluidine 

blue staining) of zebrafish larvae 

8dpf, dorsal view (a).  Taste buds in 

oral cavity of zebrafish larvae (b, c) 

show light cells (arrowed) (c). Scale 

bars=200μm (a), 100μm (b), 50μm 

(c).  
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Regarding immunohistochemical detection of Calretinin N-18 in oral 

taste buds and cutaneous taste buds, an immunoreactivity to this 

antibody was found in dark cells (Figure 6). 

 

In the anatomical investigation of the olfactory epithelium of adult 

zebrafish, olfactory organs were observed in the dorsal part of the snout 

inside olfactory cavity connected with the aquatic environment (Figure 

7 a). Into olfactory cavity, the olfactory epithelium is organized in 

lamellae (Figure 7 d) converging in a central raphe forming a structure 

called olfactory rosette (Figure 7 b, c). Each lamella contains sensory 

and non-sensory regions, the sensory epithelium is located in the central 

portion. Three types of olfactory receptor neurons have been identified 

Figure 6. Oral taste buds of zebrafish 

larvae 8dpf; cross view. 

Immunohistochemical detection 

(immunofluorescence method) of 

Calretinin N-18 (CR). 

Immunoreactivity to Calretinin N-18 

(CR) was observed in light cells. Scale 

bars=20μm (a), 10μm (b, c).   
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in the olfactory epithelium of teleosts: ciliated cells, microvillous cells 

and cryptic olfactory neurons (Figure 7 e).  

 

Figure 7. (a) Graphical representation of adult zebrafish head in order to highlight 

the topographical relationships with olfactory lamellae: OB—olfactory bulb, red 

arrow- olfactory lamellae, Tel—Telencephalon, TeO—Optic tectum, CCe—

cerebellar corpus. (b, c,) Scanning electron microscopy: Into olfactory cavity, the 

olfactory epithelium is organized in lamellae converging in a central raphe forming 

a structure called olfactory rosette covered with a thin layer of mucus (asterisks, 

(c)). Light micrographs (Masson Trichrome with Anylin blue staining) of adult 

zebrafish olfactory lamella, dorsal view. Dorsal view of right (b, d) and left (c, d) 

olfactory lamella. (d, e) sensory epithelium of olfactory lamella show ciliated cells 

(blue arrow), microvillous (arrow) and crypt olfactory neurons (asterisk). Scale 

bars=20μm (b, c), 100μm (d), 50μm (e).  
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An immunohistochemical analysis was carried out in serial sections 

using single and double immunofluorescence. Cellular localization was 

performed in adult zebrafish using double and single 

immunofluorescence with a polyclonal antibody against BDNF, 

Calretinin N-18 and S100 protein. Moreover, in order to identify the 

positive cells, we used a morpho-topographical approach based on the 

observation of the cellular histological features. Regarding the olfactory 

epithelium of adult zebrafish, an intense and strong immunostaining for 

BDNF, was observed in ciliated cells of sensory and non-sensory 

epithelium (Figure 8). Moreover, the immunohistochemical detection 

performed using S100 protein demonstrated a cytoplasmatic 

immunoreactivity to this antibody in crypt olfactory neurons (Figure 9).  
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Figure 8. Olfactory lamellae of adult zebrafish; dorsal view. Immunohistochemical 

detection:  peroxidase method (a, b, c), immunofluorescence method (d, e, f, g, h, 

i) of BDNF. Sensory cells (arrow) in basal and sensory segment of olfactory 

lamellae show immunoreactivity to BDNF (a, b, c). Localization of sensory cells 

immunoreactivity to BDNF (red cells) (d, e, f, g, h, i) and phalloidin 

immunoreactivity in cells that are rich in actin (green cells) (d, e, f). Scale 

bars=50μm (a, b, c), 20μm (d, e, f, g),10μm (h, i).  
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Figure 9. Olfactory lamellae of adult zebrafish; dorsal view. Immunohistochemical 

detection (immunofluorescence method) of S100 protein. cytoplasmatic 

immunoreactivity to S100 was observed in crypt olfactory neurons (a, b, c, d). Scale 

bars=20μm (a), 10μm (b, c, d) 
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Mature taste buds are peer-shaped intraepithelial sensory organs located 

on a small dermal papilla. Two main populations of sensory cells can 

be distinguished: dark cells characterized by an apex with short 

microvilli; and light cells showing a single large microvillus at the apex 

(Figure 10 b, c, d). Between the sensory cells and the basal lamina, 

Merkel-like basal cells have been described (Figure 10 b, c, d).  

 

 

 

Figure 10. Scanning electron micrograph of zebrafish taste bud (a). Schematic 

drawing of a taste bud (b) with light cells (cl), dark cells (cd), light cells with 

microvilli (cmv), marginal cells (cm), basal cells (cb), nerve (n), fibrocytes (FC) 

and basal layer (bl). (c, d) Light micrographs (Haematoxylin/Eosin staining) of 

adult zebrafish taste buds, dorsal view.  (c) Taste buds in oral cavity. (d) Cutaneous 

taste buds.  Taste buds show light cells (arrowhead), dark cells (arrow) (c, d) and, 

Merckel-like basal cells (star) (c, d). Scale bars=20μm (a), 50μm (c, d).  
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The results, using confocal laser microscopy, demonstrated that 

cytoplasmatic immunoreactivity for BDNF and Calretinin N-18 was 

found in different type of cutaneous taste buds (Figure 11) and oral taste 

buds (Figure 12). Immunoreactivity to Calretinin N-18 was observed in 

light cells and in some dark cells of cutaneous taste buds. Instead, 

immunoreactivity to BDNF was found in dark cells and in some light 

cells (Figure 11). 

Figure 11. Adult zebrafish cutaneous taste buds; transversal view. 

Immunohistochemical detection (immunofluorescence method) of calretinin (a, d, 

g) and BDNF (b, e, h). Cytoplasmatic immunoreactivity for these antibodies was 

found in different type of sensory cells. Immunoreactivity to calretinin was 

observed in light cells (arrowhead) and some dark cells (arrow) of taste buds (a, d, 

g). Immunoreactivity to BDNF was found in dark cells (arrow) and in some light 

cells (arrowhead). Moreover, Merkel-like basal cells (four-pointed star) showed 

immunoreactivity to BDNF (b, e, h). Colocalization view (c, f, i). Canal of lateral 

line system (asterisks). Scale bars=20μm  
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In Oral taste buds was found cytoplasmatic immunopositivity to 

Calretinin N-18 in light cells and, immunoreactivity to BDNF was 

found in dark cells and in some light cells (Figure 12). 

 

Figure 12. Adult zebrafish cutaneous taste buds; transversal view. 

Immunohistochemical detection (immunofluorescence method) of calretinin (a, d) 

and BDNF (b, e). Cytoplasmatic immunoreactivity for these antibodies was found 

in different type of sensory cells. Immunoreactivity to calretinin was observed in 

light cells (arrowhead) and in some Merkel-like basal cells of taste buds (a, d). 

Immunoreactivity to BDNF was found in dark cells (arrow) and in some light cells 

(arrowhead). Moreover, some Merkel-like basal cells (four-pointed star) showed 

immunoreactivity to BDNF (b, e).   Colocalization view (c, f, i). Scale bars=20μm 
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In addition, oral taste buds showed dark cells immunoreactive to TrkB 

(Figure 13). 

 

 

Figure 13. Adult zebrafish cutaneous taste buds (a, b); oral taste buds (c, d); 

transversal view. Immunohistochemical detection (immunofluorescence method) 

of TrkB. Cytoplasmatic immunoreactivity was found in dark cells of taste buds (a, 

b, c, d). Scale bars=20μm 
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7.3 Anatomical Study and immunohistochemical 

analysis of inner ear and lateral line system of 

Zebrafish during development 

 

The inner ear in zebrafish is located in a bone capsule in the cranial 

cavity, posterolaterally to the optic tectum, just behind the eyes (Figure 

14 a, b). It is divided into an upper part including three semicircular 

canals related to the utricle and the lower part made up of the saccule 

and lagena, also called otolith organs. The semicircular canals are 

spatially oriented in three mutually perpendicular planes following the 

main axis and orthogonally among them. The anterior and posterior 

canals are placed vertically and the lateral canal horizontally. The 

opposite parts of the anterior and posterior canals considering the 

ampullary end, converge in a common part called crus communis 

(Figure 14). 
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Figure 14 (a) Stereomicrograph: Cranial cavity dissection in adult zebrafish, lateral 

view: the bone skull has been removed in order to highlight the brain and the 

topographical relationships with the inner ear; some bony labyrinth was dissected 

away to improve visualization of membranous labyrinth: Tel—Telencephalon; 

TeO—Optic tectum; on—optic nerve with optic papilla (arrowhead) u—utricle, 

lapillus in the utricle, aa—anterior ampulla; (b) schematic drawing of the dorsal 

view zebrafish head without the skull: the topographical relationship of the inner 

ear with respect to TeO and eyes is represented. OB—olfactory bulb, Tel—

Telencephalon, TeO—Optic tectum, CCe—cerebellar corpus, MS—spinal cord. (c) 

schematic drawing of the membranous labyrinth in adult zebrafish: lateral view; 

Orientation: D-dorsal, V-ventral, A—anterior, P—posterior, L—lateral, M—

medial; aa—anterior ampulla; ac—anterior canal; cc—crus commune; ha—

horizontal ampulla; hc—horizontal canal; la—lateral ampulla; pc—posterior canal; 

S—saccule; U—utricle; L—lagena. The otoliths (lapillus, sagitta, asteriscus) have 

been depicted in the respective otolithic organs, utricle, saccule and lagena. (d–f) 

Scanning electron microscopy: lapillus (d), asteriscus (e), base of the neurocranium, 

ventro-dorsal view: cervical vertebra in posterior view (asterisk) (f). The black 

arrow shows a landmark of the inner ear area placed inside the bone capsule; ph—

parapophysis, nc—neural canal, ns—neural spine. Scale bar: (a) 1 mm, (d–f) 100 

µm. 
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In the larval stage, at 8 days post fertilization (dpf), the inner ear shows 

little resemblance to the final adult form but is merely a slight 

ventromedial pouch containing the posterior macula (Figure 15). 

 

 

Figure 15. (a) Transverse section of the larval stage head (8 dpf), semithin section, 

toluidine blue staining. Structure of an 8 days old inner ear: crista ampullaris 

(square) and macula (rectangle). (b) High magnification of sensory epithelial cells 

of lateral cristae: (c) High magnification saccular macula. ml—macula lagena; la—

lagena; pc—posterior canal, cp—crista posterior. Scale bars: (a) 30µm, (b, c) 9 µm. 

Although its dimensions have increased, the 15, 30 and 50 dpf ear is characterized 

by the semicircular canals and utricle, and the anatomical spatial organization and 

the histological features of the neuroepithelium are very similar to the adult 

zebrafish.  
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An immunohistochemical analysis was carried out in serial sections 

using single and double immunofluorescence. Cellular localization was 

performed in zebrafish larvae using double immunofluorescence with a 

monoclonal antibody against pro-BDNF and a polyclonal antibody 

against TrkB. Moreover, in order to identify the positive cells, we used 

a morpho-topographical approach based on the observation of the 

cellular histological features. The results, using confocal laser 

microscopy, demonstrated that pro-BDNF and TrkB were found only 

in the hair cells of the macule and cristae lateralis with an identical 

pattern of expression (Figure 16 a–f). To make clear what is signal and 

what is background, both negative and positive controls are provided. 

 

 

Figure 16. Inner ear of zebrafish larva 8 dpf: immunohistochemical detection of 

proBDNF (a), TrkB (b) and colocalization of both antibodies (c) in utricular 

macula; Immunohistochemical detection of proBDNF (d), TrkB (e) and 

colocalization of both antibodies (f) in lateral crista. Immunoreactivity was found 

in the sensory epithelial cells of utricular macula and lateral crista. Scale bars = 20 

µm. 
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In adult zebrafish, at the end of each semicircular canals a dilated sac is 

present, called ampulla ossea, containing a cluster of sensory cells 

called crista ampullaris and a thick gelatinous cap called cupula (Figure 

17 a). The crista ampullaris shows a cuboidal epithelium. In the apical 

part a sensory epithelium with hair, supporting and basal cells is present 

(Figure 17 b). 

 

 

Figure 17. (a) Light micrographs (Masson Trichrome with Anylin blue staining) of 

adult zebrafish head; dorso-ventral view, horizontal section: semicircular horizontal 

canal (hc) of the inner ear, with its ampulla (ha) containing the crista ampullaris, 

placed near Optic tectum (TeO), are visible; ac—semicircular anterior canal; (b) 

High magnification of ampullary crest in the horizontal canal: the connective tissue 

(ct) supports nerve fibers (asterisk). The black arrowheads indicate the supporting 

cells, blue arrowheads indicate the hair cells, the arrow points to the cupula. Scale 

bars=200μm (a), 20 μm(b). 
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Each otolith organ, containing an oval thickening called maculae of 

supporting cells, interdigitates among hair sensory cells (Figure 18). 

Dense calcareous structures are present in close proximity to sensory 

epithelium, the utricular otolith (lapillus), saccular otolith (arrow) and 

lagenar otolith (asterisk) located in a small cavity in the temporal bone 

(Figure 14 d–f).  

 

Figure 18. (a) Light micrographs (Masson Trichrome with Anylin blue staining) of 

adult zebrafish head; dorso-ventral view, horizontal section: macula of utricle 

(rectangle); (b) High magnification of utricular macula. The portion of the utricle 

that forms the macula shows a sort of pouch. The sensory hair cells (black arrows) 

with numerous stereocilia (arrowheads) and less numerous but longer kinocilia 

(asterisk) are visible. The white arrows indicate the supporting cells. Scale 

bars=200μm (a), 20 μm(b). 
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Regarding the adult zebrafish, an intense and strong immunostaining 

for BDNF, and its specific receptor TrkB, was observed in the maculae 

of the utricle, saccule and lagena and more specifically in the hair 

bundle of the sensory cells (Figure 19 a, b). 

 

Figure 19. Inner ear of adult zebrafish. Immunohistochemical localization of TrkB 

(a) and BDNF (b) in the macula of the utricle. Immunohistochemical localization 

of TrkB (c) and BDNF (d) in the macula of the lagena and saccule. Arrowheads in 

(b, d) indicate nerves. Scale bars = 50 µm. 

Moreover, the immunohistochemical detection performed in serial 

sections, also using S100 protein as specific marker for hair cells in 

order to identify the cells displaying BDNF and TrkB, demonstrated a 

similar pattern of distribution (Figure 20). Both BDNF and TrkB were 

localized in the cytoplasm of cylindrical cells placed in the apical part 

of the sensory patches of the different macules. These cells were 

identified as sensory hair cells because of their morphology and 

localization as well as their S100 protein immunoreactivity (Figure 20). 

In fact, S100 proteins are a large subfamily of EF-hand Ca2+-binding 
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proteins localized in the cytoplasm and/or nucleus of a wide range of 

cells, participating in the regulation of intracellular Ca2+ homeostasis 

as trigger or activator proteins. S-100 immunoreactivity, in previous 

studies, has been localized within the sensory epithelium of the saccular 

macula, hair cells and myelinated saccular nerve fibers. 

 

Figure 20. Inner ear of adult zebrafish. Immunohistochemical detection of S100 

protein* in the macula of the utricle (a), saccule (d) and lagena (g), of TrkB in the 

macula of the utricle (b), saccule (e) and lagena (h). Immunohistochemical 

detection of BDNF in the macula of the utricle (c), saccule (f) and lagena (i). The 

utricular and saccular maculae consist of a cylindrical epithelium formed by sensory 

hair, supporting, mantle and basal cells. Cytoplasmic immunoreactivity for these 

antibodies was found in the sensory epithelial cells of the utriculus, sacculus and 

lagena. Scale bars = 10 µm (a, c, d, f, g, i). Scale bar s = 20 µm (b, e, h). The authors 

specify that the green channel was chosen to differentiate the immunofluorescence 

for protein S100. 

In addition, BDNF, TrkB and S100 proteins were detected in the cristae 

ampullaris of the semicircular canals. Specific staining was found in a 
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subpopulation of hair cells localized in the central and peripheral part 

of the sensory cells cluster respectively (Figure 21). 

 

Figure 21. Inner ear of adult zebrafish. The cristae ampullaris in the apical portion 

contain sensory hair, supporting and basal cells. The sensory hair cells of the cristae 

ampullaris displayed cytoplasmic immunoreactivity for S100 protein. (a), TrkB (b) 

and BDNF (c). Scale bars= 10 µm. The authors specify that the green channel was 

chosen to differentiate the immunofluorescence for protein S100. 
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The mechanosensory system of the lateral line (LLS) is present on the 

head and trunk of teleost fish and is composed of receptor organs called 

neuromasts whose role is to detect the movement of water and pressure 

gradients. It is known that the sensory system of the lateral line plays 

an important role in fundamental survival behaviors: balance, hearing, 

orientation in the water and behaviors such as schooling, avoidance of 

predators, detection and capture of prey. The neuromast is considered 

the morphofunctional unit of LLS and is formed by a central cluster of 

sensory cells surrounded by a mantle and support cells (Figure 22). 

Lateral line hair cells have their mechanosensitive stereocilia embedded 

in a gelatinous cupola (Figure 22).  

Figure 22. graphical rappresentation of neuromast: hc-sensory hair cells with long 

cilia covered by gelatinous cupola; sc-supporting cells separating from the basal 

lamina; mc-long mantle cells separating epithelium. 
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The LLS shows divergent patterns in adult teleosts fish, and the number 

and distribution of neuromasts vary among species. Due to 

morphological differences, two types of neuromasts can be 

distinguished: superficial neuromasts directly exposed to water and, the 

neuromasts of the canal that are found within ossified channels through 

a process of bone remodelling (Figure 23).   

 

 
Figure 23. (a) Stereomicrograph: head of adult zebrafish, dorsal view; the insert 

(dotted line) represents a pore of  lateral line system. (b) Graphical representation 

of the canal of the lateral line system; pore (arrow), neuromast (nt) and  connettive 

tissue (ct).   
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In the early stages of development there are only superficial neuromasts 

(Figure 24) which during development will undergo an invagination 

process inside the bone canal.  

 

 

 

 

 

 

 

 

Figure 24. Light micrographs 

(toluidine blue staining, semi thin 

section 0,99μm) of lateral line system 

of zebrafish larvae 8dpf (a).  In Larvae 

are present free neuromast (a, b, c). 

Free neuromast show sensory cells 

(black arrow) supported by supporting 

cells (red arrow) and surrounded 

laterally by long mantle cells (star). (b, 

c). Scale bars= 200µm (a), 50 µm (c), 

100 µm(b).  
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The diameter and extent of the development of the lateral line canals 

and their morphology and distribution depend on five phenotypes; 

therefore, the cranial canals can be "narrow simple", "narrow 

branched", "narrow with enlarged tubules" "enlarged" or "reduced". In 

the head of teleost fish, as in zebrafish, neuromasts are classified by 

location: supra-orbital neuromasts, infra-orbital neuromasts (Figure 25 

a), and mandibular neuromasts (Figure 25 b).  

 

Figure 25. Light micrographs (Masson Trichrome with Anylin blue staining) of 

lateral line system of adult zebrafish head, dorsal view (a, b). Supraorbital canal of 

head (a, black insert). Infraorbital canals od head (a, yellow insert). Mandibular 

canal of head (b, red insert). Scale bars= 1mm.  
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Morphological analysis showed that in canal neuromasts of the LL 

numerous sensory hair cells (HCs) surrounded by non-sensory cells as 

support near and underlying or basal cells and mantle cells placed in the 

margin are present (Figure 26). Most of the HCs, located near the apical 

surface of the neuromast, were typically pyriform and had numerous 

microvilli at the apex (Figure 26). In the margin of the neuromast, 

elongated mantle cells that extend from the base of the membrane to the 

surface of the organ appeared particularly tight. They were located more 

laterally and had a structure similar to that of the support cells (Figure 

26). Outside the neuromast, near the mantle cells, accessory epithelial 

cells and scarce goblet cells were found (Figure 26). 

Figure 26. Light micrographs (Masson Trichrome with Anylin blue staining) of 

lateral line system of adult zebrafish head, dorsal view. Supraorbital canal of head 

(a, b). Into each canal is present a neuromast. Neuromast show sensory cells (black 

arrow) supported by supporting cells (blue arrow) and surrounded laterally by long 

mantle cells (star). (b, c). Scale bars= 50 µm.  
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An immunohistochemical analysis was performed in serial sections of 

the adult zebrafish head using the immunofluorescence method. 

Furthermore, to identify positive cells, we used a morpho-topographic 

approach based on the observation of cell histological characteristics. 

The results, using confocal laser microscopy, demonstrated an intense 

and strong immunostaining for BDNF and its specific receptor TrkB in 

the hair sensory cells of neuromast (Figure 27) Both BDNF and TrkB 

were located in the cytoplasm of sensory hair cells located in the central 

apical part of the neuromast (Figure27). These cells have been 

identified as sensory hair cells due to their morphology and localization, 

as well as their S100 immunoreactivity (Figure 27). On an anatomical 

basis we have identified the neuromasts of the channels supra orbital, 

infraorbital, and mandibular also in the immunohistochemistry 

investigation. Our data show that there are no differences in expression 

of BDNF/TkB and S100 protein in the sensory patches of neuromasts 

of the three types of channels in the adult zebrafish head. Furthermore, 

immunohistochemical detection performed in serial sections, also using 

the S100 protein as a specific marker for hair cells in order to identify 

cells showing BDNF and TrkB, demonstrated a similar distribution 

pattern (Figure 27). 
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Figure 27. Neuromast of lateral line system of adult zebrafish. 

Immunohistochemical detection of BDFN (a, d, h), TrkB* (b, e, i), S100 (c, f, l). 

Cytoplasmatic immunoreactivity to these antibodies was found in sensory hair cells 

of supraorbital neuromast (a, b, c), infraorbital neuromast (d, e, f), mandibular 

neuromast (h, i, l). *The authors specify that the green channel was chosen to 

differentiate the immunofluorescence for protein TrkB. Scale bars=10µm 

 

The specificity of the antibodies used in this study has been also 

previously demonstrated by our research group using cross pre-

absorption analysis and the western blot technique on homogenates of 

the whole head of the zebrafish (Germanà, et al., 2010b, Sánchez-

Ramos, et al., 2013).  
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8. DISCUSSION 
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In teleosts, such as zebrafish, the sensory system consists of mechanical 

and chemical sensory organs (Ostrander and Hopkins, 2000). Taste 

buds and the olfactory epithelium are chemo-sensory organs (Hansen, 

et al., 2002, Hansen and Zielinski, 2005). The lateral line system and 

the inner ear are mechanosensory organs (Bang, et al., 2001, Coombs 

and Montgomery, 1999). Furthermore, scattered sensory cells are 

present in the skin (Kotrschal, et al., 1997) and, photosensitive cells are 

in the retina, morphologically similar to other vertebrates (Amato, et 

al., 2012, Marc and Cameron, 2002, Yazulla and Studholme, 2002). The 

turnover and/or regeneration of zebrafish sensory epithelia, such as the 

potential role of neurotrophin factors including the BDNF/ TrkB system 

are well known. Neurotrophins and their receptors including BDNF and 

TrkB have been well preserved during vertebrate evolution (Heinrich 

and Lum, 2000). TrkB also known as neurotrophic tyrosine kinase 

receptor (ntrk) has two isoforms in zebrafish, ntrk2a and ntrk2b. In this 

study we investigate the expression of ntrk2b because it is the most 

expressed isoform in mechanosensory systems, if compared to ntrk2a 

(Germanà, et al., 2010a, Nittoli, et al., 2018). With ageing the sense of taste 

and smell decrease significantly (Doty and Kamath, 2014, Doty 

Richard, et al., 1984, Methven, et al., 2012) thus dysfunction has an 

impact on quality of life, a change in appetite or body weight, 

psychological well-being, as well as safety (Deems, et al., 1991, Doty, 

2018). In daily life the olfactory and gustative system work in unison, 

so, the loss or distortion of odours (disosmia) and taste (disgeusia) as 

the hallucinations of taste or smell (fantogeusia, phantosmia) can be 

psychologically and physically debilitating both at home and at work 

(Doty, 2018). It is known that olfactory dysfunction occurs during the 

early stages of a series of neurological disorders, neurodegenerative 

diseases such as dementia and mild cognitive conditioning (DeVere, 
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2017), particularly Alzheimer’s disease and Parkinson’s disease (Doty, 

2018). Olfactory disorders can be caused by infections of the upper 

respiratory tract, or inhalations of vapors (Landis, et al., 2004) and 

general systemic pathologies (Bettini, et al., 2016). Taste and smell 

disorders may occur as a result of head trauma, multiple sclerosis and 

convulsive disturbances (DeVere, 2017). Besides it has been 

ascertained that the loss of taste can be subsequent to tonsillectomy 

(Kim, et al., 2020) and during the recent COVID-19 pandemic, an 

association between COVID-19 and olfactory and gustatory 

dysfunction (OGD) was raised (Agyeman, et al., 2020) The sense of 

smell is fundamental in the vertebrate life, as in zebrafish, to perform 

key functions to ensure survival (Bettini, et al., 2016, Evans, et al., 

2013, Lazzari, et al., 2017). Despite the anatomical differences in the 

anatomy of the olfactory system among vertebrates, the neural basis of 

odor detection is highly conserved (Parisi, et al., 2014). Environment 

chemical information is transmitted from the olfactory organ to the 

brain, affecting the alarm response, predator avoidance, food search, 

social communication, reproductive activity and migration (Eisthen and 

Polese, 2007, Hamdani and Døving, 2006, Sorensen and Caprio, 1998). 

The olfactory system of the teleosts can discriminate the substances 

present in the water and, this information transmitted by the olfactory 

organ to the brain influences a behavioural response (Eisthen and 

Polese, 2007, Hamdani and Døving, 2006, Sorensen and Caprio, 1998). 

The regenerative abilities of the olfactory epithelia both  zebrafish (Ma, 

et al., 2008) and mammal (Uranagase, et al., 2012) are known. BDNF 

is one of the growth factors involved in the generation and 

differentiation of new olfactive neurons (Cohen-Cory and Fraser, 1995, 

Ernfors, et al., 1994, Lindsay, 1994). BDNF has been shown to be 

transcribed into both the olfactory bulb and the olfactory epithelium 
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during the regeneration process. Moreover, the expression of TrkB 

(high affinity receptor for BDNF) in mature olfactory neurons shows 

that BDNF is needed during the regeneration process of olfactory 

neurons (Uranagase, et al., 2012). Calretinin was observed in the 

olfactory epithelium and nerve fibers that provide sensory epithelium 

in the inner ear (Coppens, et al., 2001). Castro et al., (Castro, et al., 

2008, Castro, et al., 2003, Castro, et al., 2006a) described the expression 

of calretinin in the central nervous system of zebrafish. Díaz-Regueira 

et al., (2005) demonstrated the expression of calretinin in the taste buds 

of Chelon labrosus. In zebrafish, as in Oncorhynchus mykiss, a subset 

of olfactory sensory neurons was observed as immunoreactive to 

calretinin (Germanà, et al., 2007, Porteros, et al., 1997).Calretinin in the 

crypt of sensory neurons, as well as olfactory sensory neurons or even 

support cells, was observed in Verasper moseri (Saito, et al., 2004) and 

Lamprea fluviatilis (Pombal, et al., 2006).  Germanà et al., (2002, 2007) 

show the localization of the protein S100 in the neurons of the crypt.  

Our result shows that in adult zebrafish ciliated cells in the sensory 

segment of olfactory lamellae have shown BDNF immunoreactivity 

and olfactory crypt neurons have been S100 immunolabeled. In the 

olfactory epithelium of zebrafish larvae 8dpf immunopositivity of pro 

BDNF, S100 and Calretinin in different cell types has been observed. 

Especially, pro BDNF and S100 colocalize in microvillous cells, 

instead pro BDNF e Calretinin colocalize in ciliated cells. Our data 

confirms that in the larval stage the pro BDNF precursor of mature 

BDNF is expressed and that, in olfactory epithelium two calcium 

binding proteins are expressed in two different types of sensory cells. 

Ciliated olfactory neurons detect bile salts, microvillous cells detect 

amino acids (Hansen, et al., 2003, Kolmakov, et al., 2009). We 

observed that in the larval stage microvillous cells show S100 
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immunoreactivity, so we assume that these cells will differ in crypt 

neurons of adult zebrafish to respond to pheromones. In teleost fish, 

such as zebrafish, taste buds are small intraepithelial sensory organs 

pear-shaped, or onion shaped. Taste buds are made of modified 

epithelial cells resting on a small dermal papilla (Jakubowsky and 

Whitear, 1990, Reutter, 2012). The sensory epithelium of this organ is 

formed by elongated and vertically oriented cells: dark cells rich in 

microvilli and light cells with a long final microvillo. Basal cells 

described as Merkel-like basal cells are between sensory cells and basal 

lamina (Reutter, 2012). It has been demonstrated that the development 

and maintenance of these sensory organs is under the direct or indirect 

control of the NT and their Trk-like receptors (Fritzsch, et al., 2006, 

Krimm, et al., 2001, Mistretta, et al., 1999). Taste buds of adult 

zebrafish express TrkA- and TrkB-like immunoreactivity (Germana, et 

al., 2004b) as in mammals (Farbman, 2003, Ganchrow, et al., 2003, 

Uchida, et al., 2003), and in D. labrax (Hallböök, 1999). These result 

suggest that sensory cells in adult zebrafish taste buds could be targets 

for neurotrophies (Heinrich and Lum, 2000) and could control unknown 

functions in these organ sensors (Germana, et al., 2004b). Calretinin has 

been localized in taste buds, olfactory epithelium and nerve fibers that 

make up the inner ear (Coppens, et al., 2001). Castro et al., (2008, 2003, 

2006a) described the expression of calretinin in the zebrafish central 

nervous system. Díaz-Regueira et al., (2005) demonstrated the 

expression of Calretinin in taste buds in Chelon labrosus . Our data 

shows that sensory cells of adult zebrafish taste buds have 

immunoreactivity to BDNF and Calretinin. Immunopositivity to these 

antibodies has been observed in different cell types. We show light cells 

to be immunoreactive to Calretinin, and dark cells to be 

immunoreactive to BDNF. Moreover, colocalization of BDNF and 
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Calretinin has been observed in both dark cells and light cells, and in 

some Merkel like basal cells. These results are comparable in both skin 

and oral taste buds. Our data confirms the correlation between 

neurotrophies and calcium-binding proteins in the action mechanism of 

neurotrophies and their role in sensory epithelia. Finally, taste buds that 

were immunopositive to Calretinin were observed in zebrafish larvae 8 

dpf. In this larval stage, Calretinin immunopositivity is confined to the 

light cells identified by the presence of a single apical microvillus. In 

conclusion, the sense of taste and smell are fundamental in the life of 

vertebrates, including human and teleosts. The regenerative abilities of 

the olfactory epithelia of zebrafish are known (White, et al., 2014). 

Also, the olfactory epithelium of mammals has the characteristic of 

continuous neurogenesis throughout its life (Uranagase, et al., 2012). 

Taste buds are added continuously to the epithelium of the growing 

animal, so it is possible to observe early and mature taste buds both in 

the larva and in adult zebrafish. Brain-derived neurotrophic factor 

(BDNF), a member of the neurotrophin family, and their signal 

transducing Trk receptors (TrkB) play a crucial role in the development 

and maintenance of the nervous and sensory systems in mammals 

(Chao, 2003, Huang and Reichardt, 2001). Calretinin, together with 

S100, and the other members of the CaBPs family are involved in the 

control of the balance of calcium from which important cellular 

functions depend (i.e., gene expression, synaptic transmission, cell 

cycle progression and apoptosis). The reason for the difference in 

expression of Ca2 + BP by chemo and mechanosensory cells observed 

by Germanà et al., (2007) could be explained by considering their 

innervation (Alexandre and Ghysen, 1999, Gompel, et al., 2001, 

Northcutt, et al., 2000, Ostrander and Hopkins, 2000), their embryonic 

origin (Collazo, et al., 1994, Hansen, et al., 2002) (Collazo et al., 
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1994; Hansen et al., 2002) and their function (Germanà, et al., 2007). 

According to the World Health Organization, around 466 million 

people (5% of the populations) worldwide have disabling hearing loss. 

The onset of the hearing disorders originates from genetic problems to 

pharmacological treatments, through infectious diseases and exposure 

to strong noise. In particular, the non-sensorineural hearing loss 

constitutes the most common hearing disorder, resulted by a serious 

morpho functional alteration of cochlear hair cells. Brain-derived 

neurotrophic factor (BDNF) belongs to the neurotrophin family and is 

involved in the development, maintenance and neuronal plasticity of 

the different neuronal subpopulations of the central and peripheral 

nervous systems (Huang and Reichardt, 2001). BDNF acts on cell 

surfaces through a specific receptor called TrkB. Brain-derived 

neurotrophic factor (BDNF) and neurotrophin 3 (NT-3) with their 

specific receptors (TrkB and TrkC) play a key role in the regulation of 

the acoustic system of mammals (Fritzsch, et al., 2004). Recently, the 

expression and localization of neurotrophins and their receptors have 

been found in the inner ear and lateral line system of different teleosts 

(Catania, et al., 2007, Germana, et al., 2002, Hannestad, et al., 2000). It 

was demonstrated that the BDNF and TrkB sequences are well 

preserved during evolution (Hallböök, 1999) and therefore these two 

proteins have been identified and analyzed thoroughly in the fish 

nervous system with a specific focus on the zebrafish sensory organs. 

BDNF and its specific receptor TrkB were localized in different areas 

of both adult and developing zebrafish brain (Abbate, et al., 2014, 

Cacialli, et al., 2016, De Felice, et al., 2014, Lucini, et al., 2018, 

Montalbano, et al., 2016), in the photoreceptor layer of the retina, from 

larval to adult stage, under both physiological and experimental 

conditions with an identical pattern of distribution and cell localization 
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(Sánchez-Ramos, et al., 2013), in the hair cells of the lateral line system 

during development (Germanà, et al., 2010a) and in the chemosensory 

cells of the taste buds (Monroe, et al., 2015). This study demonstrates 

the expression and cell localization of the BDNF, and its specific 

receptor TrkB in the inner ear of zebrafish from larval to adult stages. 

Moreover, the S100 protein was also found in the sensory cells of the 

zebrafish inner ear. This conclusion is in complete accordance with 

previous results, proving the presence and specificity of the S100 

protein used as a specific marker for the detection of hair cells in the 

inner ear and lateral line system of zebrafish at different stages of 

development (Abbate, et al., 2002, Germanà, et al., 2008, Germana, et 

al., 2004b, Germanà, et al., 2007, Montalbano, et al., 2019). A specific 

immunoreactivity for the BNDF and TrkB and the expression and the 

presence of the BDNF and TrkB at mRNA and protein levels in the 

sensory cells of the inner ear were found (Guerrera, et al., 2015). It is 

well known that neurotrophins are involved in the development and 

maintenance of the auditory system. Particularly, BDNF is expressed in 

sensory epithelium of the utricle and saccule of mammals, birds, and 

amphibians (Don, et al., 1997, Montcouquiol, et al., 1998, Pirvola, et 

al., 1997). The data, present in literature, regarding the presence and 

distribution of BDNF and TrkB in the inner ear of zebrafish, is scarce 

and there are only a few reports related to the expression of 

neurotrophins and their specific receptors in the sensory organs of 

different teleosts (Catania, et al., 2007, Germana, et al., 2002, 

Hannestad, et al., 2000). Specifically, BDNF and TrkB in zebrafish are 

expressed and localized in the mechanosensory cells of the lateral line 

system from embryo to adult stage (Germanà, et al., 2010a).  BDNF 

and TrkB in the sensory patches of both macula and crista ampullaris 

were found. These findings are in part consistent with previous studies 
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performed in mammals where the BDNF is restricted only to the hair 

cells of maculae and to the crista ampullaris (Fritzsch, et al., 2004). In the 

last decades, several animal models, including zebrafish, have been 

used in biomedicine in order to model sensorineural hearing loss and 

study the morpho-functional alteration and ototoxic lesions due to 

pharmacological treatments mainly carried out with aminoglycoside 

antibiotics in the sensory cells of the inner ear (Coffin and Ramcharitar, 

2016, Stawicki, et al., 2015). It is well known that the spontaneous 

regeneration of hair cells is not possible in mammals whereas fish 

maintain the capacity to regenerate damaged hair cells within a few 

days (Chen, et al., 2019, Thomas and Raible, 2019, Zhang, et al., 2018). 

Moreover, we demonstrated that the anatomical structures and the 

histological aspects of the inner ear neuroepithelium in fish resemble 

those observed in mammals (Thomas and Raible, 2019). In vertebrates, 

the neurotrophins play an important role during the development and 

maintenance of the auditory system in adult stage. Recent findings have 

showed that sensorineural hearing loss leads to an evident reduction of 

the cochlear hair cells with a decrease of the spiral ganglion neurons 

probably due to less availability of neurotrophic factors. However, the 

exogenous treatment with BDNF and NT-3 partially restores the loss of 

cochlear hair cells (Nicolson, 2005, Shepherd, et al., 2005) and also 

implements neurite outgrowth (Shepherd, et al., 2005). In teleosts 

fishes the auditory system is formed by the inner ear and lateral line 

system. Zebrafish is regarded an important experimental model for the 

study of the lateral line system (Abbate, et al., 2002, Germana, et al., 

2002, Germana, et al., 2004b, Levanti, et al., 2008, Montalbano, et al., 

2016). Zebrafish sensory hair cells are like to those of the lower 

vertebrates, as well as to the vestibular and auditory system of mammals 

(Olt, et al., 2014). Thus, several studies recognize the zebrafish lateral 
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line system model useful for investigating human hearing and balance 

disorders (D'Angelo, et al., 2014, Hernández, et al., 2007, Leitner, 2014, 

Nicolson, 2015, Whitfield, 2002).  The cellular organization of the 

neuromast and nerve connections are analogous to those of the sensory 

macula of the inner ear (Lush and Piotrowski, 2014, Monroe, et al., 

2015, Nicolson, 2005). Zebrafish hair cells are functionally and 

morphologically similar to mammalian inner ear hair cells. D'Angelo et 

al., (2016) recognized that the functional mutations of hair cells of the 

lateral line in fish are comparable to the causes of deafness in humans 

(D’Angelo, et al., 2016, Kniss, et al., 2016, Whitfield, 2002). 

Supporting and mantle cells of neuromasts showed ultrastructural 

characteristics indicating secretory function (Laurà, et al., 2018b) while 

basal cells were like undifferentiated cells.   A type of hair cells has 

been observed near basal membrane, similar to support cells, although 

they show a kinocilium typical of hair cells. These types of hair cells 

could be identified as a hair cell in turnover and/or regeneration 

(Germana, et al., 2004b, Laurà, et al., 2018a). Support cells may be 

multipotent cells that play a role in the neuromast’s turnover and/or 

regeneration (Harris, et al., 2003, Williams and Holder, 2000). In 

addition, it is known that zebrafish has a pool of stem cells that can 

produce new support cells and you have cells under normal conditions 

(Cruz, 2015) and after trauma (Kniss, et al., 2016, Monroe, et al., 2015). 

In this study, immunohistochemistry results showed the localization of 

BDNF and TrkB in the adult zebrafish lateral line system (Germanà, et 

al., 2010a). In addition, the localization of the S100 protein, recognized 

as a specific marker for sensory cells, was observed, as already 

demonstrated by Germanà et al, (2004,2007) and Montalbano et al., 

(2018). The findings that the BDNF/TrkB system is present in the 

sensory patches of the inner ear and the lateral line system during the 
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whole life cycle, the morpho-functional and molecular analogy, the 

similarity of the localization pathway as well as the role of the 

BNDF/TrkB system in the biology of the auditory system, both in 

zebrafish and mammals, indicates a possible important role of this 

complex in the development, maintenance and mainly in the 

regenerative process of the hair cells in zebrafish. Investigations on the 

role of BDNF/TrkB system and calcium binding proteins in 

neurodegeneration and neurogenesis of sensory epithelia need to be 

further explored, as well as the therapeutic use of exogenous BDNF and 

calcium binding proteins. Further studies are needed to deepen the use 

of calcium binding protein Calretinin as a specific marker of ciliated 

cells of olfactory epithelium and light cells of taste buds. Finally, based 

on the obtained results, we can assume that the zebrafish inner ear and 

the lateral line system represents a perfect model to study the growth 

factors in the biology of sensory cells with special attention to the 

regenerative events within the sensory patches of the inner ear. Studies 

are in progress in our laboratory targeted at creating mutant zebrafish 

for BDNF and TrkB to deeply analyze the functional activity of BDNF 

in the chemo and mechanosensory organs of zebrafish.  
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