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ABSTRACT

 

Cadherins are cell-adhesion molecules that play important roles in animal 

development, maintenance and/or regeneration of adult animal tissues. In order 

to understand cadherins’ functions in adult vertebrate visual structures, one must 

study their distribution in those structures. First, I examined expression of 

cadherin-6, cadherin-7, protocadherin-17 and protocadherin-19 in the visual 

structures of normal adult zebrafish using RNA in situ hybridization, followed by 

studying expression of two Krüppel-like transcription factors (klf6a and klf7), that 

are known markers for regenerating adult zebrafish retinas and optic nerves, in 

normal adult zebrafish brain, normal and regenerating adult zebrafish retinas. 

Then, I investigated expression of these cadherins in regenerating adult 

zebrafish retinas using both RNA in situ hybridization and quantitative PCR. 

Finally, as the first step in elucidating molecular mechanisms underlying 

protocadherin-17 (one of the cadherins that I studied) function in zebrafish visual 

system development, I used DNA microarray analysis to study gene expression 

of zebrafish embryos with their protocadherin-17 expression blocked by 

morpholino antisense oligonucleotides (these embryos are called protocadherin-

17 morphants).  

The major findings include: 1) cadherin-6, cadherin-7, protocadherin-17 

and protocadherin-19 were differently expressed in the retina and major visual 
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structures of normal adult zebrafish brain. 2) klf6a and klf7 showed similar 

expression patterns in most visual structures in the adult fish brain, and in 

regenerating retinas, but klf6a appeared to be a superior regeneration marker 

based on RNA in situ hybridization. 3) These four cadherin molecules showed 

distinct expression patterns in the regenerating zebrafish retinas. 4) Several 

genes involved in vision and/or visual development were significantly down-

regulated in the protocadherin-17 morphants compared to control embryos. 

My results suggest that these cadherins play differential roles in the 

maintenance and regeneration of the adult zebrafish visual system, and 

protocadherin-17 may function in the zebrafish visual system development via 

affecting expression of these genes involved in vision and/or visual development. 
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CHAPTER I 

GENERAL INTRODUCTION 

Cadherin superfamily 

The development of multicellular organisms was possible because of 

adhesion proteins binding them together (Suzuki 2000; Rokas 2008). Cadherins 

are transmembrane proteins with binding properties that are mediated by their 

extracellular domains that require Ca2+ ions (Boggon et al. 2002; Sotomayor et 

al. 2014).The cadherin superfamily consists of over 100 members that are 

present in all metazoans studied (Hulpiau and Van Roy 2009, 2011; Oda and 

Takeichi 2011). Cadherins are important players in development, and they are 

also involved in the maintenance and function in adult animals (Takeichi 1990; 

Yagi and Takeichi 2000; Halbleib and Nelson 2006; Vestweber 2015; Suzuki and 

Hirano 2016). Cadherins usually mediate homophilic cell-cell adhesion (Takeichi 

1988; Cailliez and Lavery 2005). Based mainly on the number of the extracellular 

domains and the distribution in genome, the cadherin superfamily is organized 

into six subfamilies: classical cadherins, protocadherins, desmosomal cadherins, 

Fat-cadherins, Flamingo/CELSR cadherins and cadherin-like adhesion 

molecules (Takeichi 1990; Nollet et al. 2000; Yagi and Takeichi 2000; Hulpiau 
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and Van Roy 2009, 2011; Oda and Takeichi 2011; Brasch et al. 2012; Hirano 

and Takeichi 2012; Sotomayor et al. 2014). 

A typical cadherin molecule consists of three domains (Figure 1.1): a large 

extracellular domain (EC) made of several homologous repeats, a short 

hydrophobic transmembrane domain and a cytoplasmic domain (Blaschuk et al. 

1990). A hallmark of the cadherin superfamily is the presence of minimum two 

tandem ECs, each containing conserved calcium-binding residues. As three Ca2+ 

coordinated ions bind in between consecutive ECs, the linker region stabilizes its 

shape and trypsin cannot degrade the cadherin. The exact sequences between 

EC differ, but each is about 110 amino acids in length and its translated protein 

has a domain made of seven antiparallel β-strands (Brodt 1996; Brasch et al. 

2012). Cadherins primarily interact with each other at the most distant domain 

from the plasma membrane, namely EC1. The cadherin interaction can be either 

between cadherins on the same cell (cis) or between cadherins on two opposing 

cells (trans). Cell-cell adhesion is achieved by trans interactions and cis 

interactions modulating strength of adhesion (Van Roy and Berx 2008; Brasch et 

al. 2012). Cadherin interactions are mostly homophilic (between the same type, 

e.g. cdh6 and cdh6) but heterophilic interactions (between different types, e.g. 

cdh2 and pcdh19) have also been reported (Emond et al. 2011). The 

transmembrane domain anchors the molecule to the cell membrane, while the 

cytoplasmic domain binds to other proteins including catenins that, in turn, bind 

to cytoskeletal proteins (e.g. actin, Yagi and Takeichi 2000; Vestweber 2015). In 

addition to acting as cellular “glues”, cadherins are also involved in many 
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processes that affect cell survival, differentiation, migration, tissue growth, axonal 

extension, pathfinding, synaptic formation and stabilization (Yagi and Takeichi 

2000; Wheelock and Johnson 2003; Halbleib and Nelson 2006; Clendenon et al. 

2012; Hayashi et al. 2014; Stoeckli 2014; Missaire and Hindges 2015; Vestweber 

2015). Mutations or malfunctions in cadherins result in various defects in 

developing animals (Kanzler et al. 2003; Ruan et al. 2006; Emond and Jontes 

2008; Clendenon et al. 2012; Chen et al. 2013; Izuta et al. 2014), and numerous 

diseases in humans, including hereditary deafness (Usher syndrome), 

cardiovascular diseases and neuropsychiatric diseases (Resink et al. 2009; El-

Amraoui and Petit 2010; Glover et al. 2012; Redies et al. 2012). Furthermore, 

altered expression of cadherins, especially E-cadherin (also called cadherin-1), 

has been found in all major forms of cancers (Berx and Van Roy 2009; 

Schmalhofer et al. 2009).   
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Figure 1.1. Domains of select members from classical cadherin and 
protocadherin subfamilies. Picture omits subfamilies desmosomal cadherins, Fat-
cadherins, Flamingo/CELSR cadherins, and cadherin-like adhesion molecules. 
Only first and last EC domains are numbered for clarity. Adapted and modified 
from Morishita and Yagi (2007) and Hirano and Takeichi (2012). Abbreviations: 
EC – extracellular, TM – transmembrane, IC – intracellular/cytoplasmic. 
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Classical cadherins 

 The first cadherin was discovered by Masatoshi Takeichi (1977) who 

noticed that trypsin treatment permanently disrupted cell-cell adhesion, instead of 

only transiently. His trypsin solution also contained EDTA, which traps calcium. 

This made him realize the importance of calcium in cell adhesion. Further studies 

using cell aggregation assays of Chinese hamster V79 cells let Takeichi discover 

that cell adhesion can be calcium-dependent or calcium-independent, and the 

cell adhesion mediated by cadherins is calcium-dependent (Takeichi 1977, 2018; 

Okada 1996).  

Cadherins were named after “calcium-dependent adherent protein” 

because in the presence of calcium they resist dissociation of cell aggregates by 

trypsin in vertebrate tissues (Hatta et al. 1985; Nose and Takeichi 1986). When 

calcium is absent, cell-cell connection mediated by cadherins degrades and thus 

cell complexes are more likely to dissociate. Ca2+ ions keep the EC of cadherins 

rigid and thereby protect it from proteolysis (Takeichi 1991). 

The classical cadherins (e.g. cdh1, cdh2, cdh6) contain five extracellular 

EC repeats (Hirano et al. 1992; Yagi and Takeichi 2000; Lilien and Balsamo 

2005). The intracellular portion (i.e. the cytoplasmic domain) of the cadherin 

interacts with p120-catenin that stabilizes and regulates availability of the 

cadherin. In addition, this domain also binds to beta-catenin/Armadillo, which in 

turn binds to alpha-catenin (which binds to actin cytoskeleton). The intracellular 

domains of the classical cadherins are more conserved, unlike the other regions 

of the molecule. The classical cadherins are divided into two groups based 
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mainly on presence of the conserved tryptophan (Trp) in the most distal 

extracellular domain (EC1): type-I (Trp2) and type-II (Trp2 and Trp4, Van Roy 

2012). For example, each member of the type-I cadherins has a HAV tripeptide 

located in the EC1 (near the N-terminal), whereas each member of the type-II 

cadherins has a QIA tripeptide in this region. The type-I cadherins include cdh1 

(E-cadherin), cdh2 (N-cadherin), cdh3 (P-cadherin) and cdh4 (R-cadherin), while 

the type-II include cdh6, cdh7, cdh8, cdh9 and cdh11 (Tanihara et al. 1994). 

In addition to mediating strong homophilic cellular interactions, the 

classical cadherins also affect development and physiology via Wnt signalling 

pathways (Nelson and Nusse 2004; Agathocleous and Harris 2009; Heuberger 

and Birchmeier 2010). Interactions of classical cadherins are crucial for cell 

sorting in embryogenesis and morphogenesis of the majority of organs 

(Gumbiner 2005; Halbleib and Nelson 2006).  

Type-I cadherins 

Cadherin-1 (cdh1 or E-cadherin) 

Cdh1 is the most studied and understood member of the cadherins (Hatta 

et al. 1985; Van Roy and Berx 2008). A PubMed search of “E-cadherin” returns 

over 35,000 publications and most of them are from the last 10 years. Cdh1 was 

isolated from epithelial tissues where it is strongly expressed, and thus was 

called E-cadherin (Yoshida and Takeichi 1982). Cdh1 expression in mouse 

embryos begins as early as the two-cell stage and its expression continues in the 

ectoderm of older embryos in most epithelial tissues (Larue et al. 1994). Cdh1 
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has a vital role during the early development of the mouse (Wheelock and 

Johnson 2003; Van Roy and Berx 2008; Van Roy 2012; Pieters et al. 2016). Two 

of the most important functions of cdh1 in adult animals seem to be maintenance 

of adult epithelial structures (e.g. adherens junctions) and role in cancer 

suppression (Vleminckx and Kemler 1999; Schmalhofer et al. 2009).  

Similar cdh1 expression and function are found in zebrafish. Cdh1 is 

strongly expressed in epithelial tissues in developing zebrafish (Babb and Marrs 

2004), and cdh1 mutant zebrafish embryos show severe morphological defects 

and die early (Shimizu et al. 2005).  

Cadherin-2 (cdh2 or N-cadherin) 

The second most studied classical cadherin is cdh2 or N-cadherin. It is 

strongly expressed in the nervous system (Hatta et al. 1985). A search for “N-

cadherin” in PubMed returns over 29,000 publications. Cdh2 expression starts in 

the neural precursor cells soon after gastrulation, while the entire ectoderm 

continues expressing cdh1, but on the dorsal region of the vertebrate embryo, 

neural precursor cells begin to express cdh2. These cdh2-expressing cells 

segregate from the cdh1-expressing cells, and begin their development from 

neural plate to neural tube, and the central and peripheral nervous systems 

(Takeichi 1987). At the molecular level, cdh2 stabilizes dynamics of adherens 

junctions (Bunse et al. 2013; Garg et al. 2015) and in rats cdh2 activates and 

regulates beta-catenin signaling in neuronal precursors (Zhang et al. 2010). 
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Cdh2 is expressed in developing chicken central nervous system (CNS) 

neurites (Redies et al. 1992), developing retina (Matsunaga et al. 1988), 

retinorecipient laminae (RL) in the optic tectum (Inoue and Sanes 1997), spinal 

cord (Lin et al. 2014), and neuromuscular system (Cifuentes-Diaz et al. 1994). 

Cdh2 is also broadly expressed in the developing mouse brain and olfactory 

system (Redies and Takeichi 1993; Akins et al. 2007). Furthermore, cdh2 is 

important for development of myocardium in mice embryos (Radice et al. 1997). 

Cdh2 is involved in establishing neuronal circuits (Obst-Pernberg et al. 2001). 

For example, cdh2 functions in axon guidance and target selection in Xenopus 

retinal ganglion cells (RGCs) (Riehl et al. 1996). 

Zebrafish cdh2 was first isolated by Bitzur et al. (1994) who described its 

expression in the CNS of developing zebrafish. Cdh2 is also expressed in other 

zebrafish tissues, including the inner ear (Babb-Clendenon et al. 2006), olfactory 

system (Liu et al. 2004b), lateral line system and cranial ganglia (Liu et al. 2003; 

Kerstetter et al. 2004). Cdh2 plays an important role in CNS development, retinal 

development, inner ear development and lateral line system formation 

(Matsunaga et al. 1988; Lele et al. 2002; Liu et al. 2003; Novince et al. 2003; 

Babb-Clendenon et al. 2006).  

Cadherin-4 (cdh4 or R-cadherin) 

Cdh4 is another member of the type-I cadherin subfamily and was 

characterized by Suzuki et al. (1991). Cdh4 is expressed strongly in the nervous 

system, and was isolated for the first time from the chicken retina, hence the 
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name retinal cadherin (Inuzuka et al. 1991a, 1991b). Further studies examined 

cdh4 expression in the CNS of chickens and mice (Redies et al. 1992; Redies 

and Takeichi 1993, 1996; Miskevich et al. 1998; Hertel et al. 2012; Lin et al. 

2014). 

 In developing chicken neural tube, cdh4 starts its expression after cdh2. 

Although some expression of both in the spinal cord is similar (Lin et al. 2014), 

the pattern of expression between them is different in developing CNS (brain and 

spinal cord), e.g. only cdh4 is detected in the tectoisthmic pathway (Inuzuka et al. 

1991b; Redies et al. 1992, 1993). Cdh4 in developing chick is present in the optic 

tectum, nucleus rotundus and the cerebellum (Miskevich et al. 1998; Wӧhrn et al. 

1999; Becker and Redies 2003; Redies et al. 2011). In developing and adult 

mice, cdh4 is widely and strongly expressed in the embryonic olfactory system 

(Akins et al. 2007), in the parahippocampal area (Zhou et al. 2020), forebrain, 

amygdala, hypothalamus (Obst-Pernberg et al. 2001; Hertel et al. 2012), 

neocortex and cerebellum (Hertel and Redies 2011; Redies et al. 2011) and 

somatosensory cortex of the adult mouse (Krishna-K et al. 2011).  

 Functions of cdh4 in the nervous system are associated with the adhesive 

properties of this classical cadherin. Since the expression of cdh4 is more 

restricted than cdh2 in developing vertebrate brain, cdh4 is speculated to be 

involved in formation of nuclei and mediate selective fasciculation and/or 

pathfinding (segregation) of neurons forming functional circuits (Redies et al. 

1993; Redies and Takeichi 1996; Wӧhrn et al. 1999; Obst-Pernberg et al. 2001). 

Additionally, cdh4 is likely to play a role in establishing connectivity and 
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patterning of the cerebellum due to its specific expression pattern (Arndt et al. 

1998). 

In zebrafish, cdh4 expression was first studied by Liu et al. (1999b), 

showing its expression in visual structures (e.g. retina, optic nerve, optic tectum) 

of developing embryos. Additionally, cdh4 is present in other nervous structures 

including the olfactory bulb, telencephalon, tegmentum, cerebellum, hindbrain, 

spinal cord, cranial and lateral line ganglia of developing embryos (Liu et al. 

2003, 2004b). Compared to cdh2, cdh4 expression in the developing zebrafish 

starts later (at least 15 hours) and is more restricted (Bitzur et al. 1994; Liu et al. 

1999b; Liu and Londraville 2003). Interfering with cdh4 function using morpholino 

antisense oligonucleotide (MO) technology in embryonic zebrafish resulted in 

embryos with defects in the visual structures, e.g. reduced retinal ganglion cell 

(RGC) differentiation (Babb et al. 2005) and in the cranial and lateral line system 

(Wilson 2007).  

In summary, results from studies of the classical type-I cadherins 

expression and function in several model organisms demonstrate that these 

cadherins control cell-cell adhesion, tissue morphogenesis, development of 

various tissues and organs, and are involved in maintaining adult structures. 

Type-II cadherins 

Cadherin-6 (cdh6 or K-cadherin) 

Cdh6 is a type-II classical cadherin which was first isolated from rat brain 

by Suzuki et al. (1991) and later from fetal kidney tissue (Xiang et al. 1994). 
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Cdh6 is expressed in both nervous tissues (e.g. brain and retina) and non-

nervous tissues (e.g. kidney) in developing zebrafish, Xenopus and mice (Suzuki 

et al. 1991; Cho et al. 1998; Mah et al. 2000; Liu et al. 2006, 2008a; Ruan et al. 

2006).  

In Xenopus, cdh6 is expressed in neural crest cells, cranial ganglia, lateral 

line ganglia and dorsal root ganglia (David and Wedlich 2000). In the chicken 

neural tube, cdh6 regulates generation of dorsal interneurons that express Islet-1 

(Park and Gumbiner 2015). Cdh6 is detected in the spinal cord of the developing 

chicken since early stage 2.5E in neural crest and roof plate, and continues to be 

expressed in the floor plate and the lateral medial column (LMC) neurons till E10 

(Lin et al. 2014). In the chicken neural tube, cdh6 regulates generation of dorsal 

interneurons in the spinal cord that express Islet-1 (Park and Gumbiner 2015). 

During mouse CNS development, cdh6 expression is detected in restricted areas 

of the brain including the midbrain and hindbrain boundary (Inoue et al. 1997, 

1998). Cdh6 is also expressed in cortical area of postnatal mice and therefore 

has been proposed to organize the cortical landscape by cell-sorting mechanism 

of classical cadherins (Egusa et al. 2015). Additionally, cdh6 has a defined 

expression edge in the cortical plate, between the limb field and somatosensory 

barrel in mice at postnatal day 5 (P5, Terakawa et al. 2013). 

The majority of studies on cdh6 have been concentrated on its expression 

and function in renal cells during development or cancer pathogenesis (Sancisi et 

al. 2013; Bringuier et al. 2015; Karthikeyan et al. 2016). Cdh6 also plays a role in 

the development of nephrons in Xenopus (Kubota et al. 2002), and interfering 



 

12 
 

with cdh6 expression in mouse embryos causes defects in the kidney (Mah et al. 

2000). Furthermore, cdh6 is involved in neural crest cell development by 

suppressing epithelial-to-mesenchymal transition: cdh6 expression is reduced in 

the neural crest cells before and for the period of their migration away from the 

dorsal neural tube (Clay and Halloran 2014). 

In developing zebrafish CNS, cdh6 is detected at the edge of the neural 

keel at 12 hpf, and later (at 18 hpf and 24 hpf) in dorsal telencephalon and 

regions of the diencephalon, dorsal regions of the spinal cord. Cdh6 expression 

becomes increased as development proceeds, cdh6 is found in regions of the 

dorsal thalamus, posterior hypothalamus and anterior cerebellum, and the 

midbrain and hindbrain boundary of 46-48 hpf embryos (Liu et al. 2006). 

Additionally, cdh6 is expressed in neural crest cells, lateral line ganglia, cranial 

ganglia and dorsal root ganglia. Blocking cdh6 function using morpholino 

technology resulted in the morphants (24 to 72 hpf) with smaller eyes, thoracic 

edema, smaller and misshaped cranial and lateral line ganglia (Liu et al. 2011b). 

Cadherin-7 (cdh7) 

Cdh7 is another member of the type-II classical cadherins, and was first 

isolated by Suzuki et al. (1991) from the rat brain. Cdh7 is found in developing 

ferret (Mustela putorius furo) blood vessels in the brain and in the lungs of adult 

mice (Moore et al. 2004; Krishna and Redies 2009).  

Cdh7 is known to be expressed in the nervous system of developing 

vertebrates including zebrafish, chickens, rats and humans (Liu et al. 2007a, 
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2008b; Takahashi and Osumi 2008). Developing chicken has cdh7 expressed in 

the cerebellum (Redies et al. 2011), cerebellar cortex (Arndt et al. 1998), 

hindbrain, cranial motoneurons (Barnes et al. 2010) and in the spinal cord (Lin et 

al. 2014). Cdh7 was found in the embryonic mouse brain from E12-P15 

(Faulkner-Jones et al. 1999) in the following structures: the amygdala (Hertel et 

al. 2012), hippocampus (Lefkovics et al. 2012), pontine nucleus during 

synaptogenesis (Kuwako et al. 2014) and in the primary somatosensory cortex 

(Lefkovics et al. 2012). In the adult mouse, cdh7 expression is limited to CNS 

structures including the cortex, hippocampus, amygdala and cerebellum 

(Faulkner-Jones et al. 1999; Moore et al. 2004; Hertel and Redies 2011; Krishna-

K et al. 2011; Redies et al. 2011; Hertel et al. 2012; Lefkovics et al. 2012, 2012; 

Stoya et al. 2014). Developing marmoset (Callithrix jacchus) expresses cdh7 in 

the motor cortex, temporal neocortex and the thalamus (Matsunaga et al. 2015). 

After interfering with cdh7 function in chicken hindbrains in ovo (E2), 

growth of cranial motor axons were disturbed and neurites lost polarity and 

branched more (Barnes et al. 2010). Cdh7 knockdown in developing mice 

disrupts axon connections in the pontine nucleus (Kuwako et al. 2014). In 

addition, cdh7 promotes axon growth and target finding, but suppresses axon 

branching in cultures of chick cranial motoneurons (Barnes et al. 2010).  

In developing zebrafish, cadherin-7 mRNA (cdh7) expression is found in 

both the brain and notochord (Liu et al. 2008b). Cdh7 expression in zebrafish is 

first observed at 12 hpf in the neural keel. As development progresses, cdh7 is 

found in the forebrain, midbrain and hindbrain, and its expression is reduced in 3 
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dpf embryos (Liu et al. 2007a). Interestingly, blocking cdh7 function using specific 

morpholinos in embryonic zebrafish resulted in apparent defects mainly in the 

notochord, with the morphant embryos having curved and/or twisted bodies (Liu 

et al. 2008b).  

Classical cadherins in the vertebrate visual system 

Both the classical type-I cadherins and type-II cadherins are expressed in 

eyes of model organisms, including zebrafish (Liu et al. 1999b, 2001), Xenopus 

(Ruan et al. 2006), and mice (Faulkner-Jones et al. 1999; Xu et al. 2002); see 

Table 1.1. 

 
Table 1.1. Expression of selective classical cadherins in the visual system of 
model organisms. Asterisks indicate expression in development and adult, 
otherwise the expression is solely during development. Abbreviations: (d)LGN – 
(dorsal) lateral geniculate nucleus, gcl – ganglion cell layer, inl – inner nuclear 
layer, onl – outer nuclear layer, opl – outer plexiform layer, RGC – retinal 
ganglion cell, V1 – primary visual cortex, V2 – secondary visual cortex. 

 

Cdh 

Expression in the visual 

structures 

Model organism (Reference) 

cdh1 cornea, epithelium of lens, eyelids, 

RGCs 

mouse (Xu et al. 2002; De la 

Huerta 2013) 

cdh2 

 

inl, RGCs, superior colliculus, 

retinorecipient nuclei 

 

 

mouse (Redies and Takeichi 

1993; Honjo et al. 2000a; Xu et al. 

2002; Osterhout et al. 2011) 
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ipl, opl, optic nerve fiber (RGC), 

outer limiting membrane, nucleus 

rotundus, optic tectum 

 

gcl, inl, onl 

 

retinal precursor cells, ipl, opl, optic 

nerve,  whole retina (4 day larvae) 

optic tectum 

chicken (Matsunaga et al. 1988; 

Miskevich et al. 1998; Becker and 

Redies 2003) 

 

Xenopus (Simonneau et al. 1992) 

 

zebrafish (Liu et al. 1999b, 2001; 

Liu and Londraville 2003) 

zebrafish* (Liu et al. 1999b, 2001) 

cdh4 inner inl, middle inl, RGCs, V1, V2 

 

 

amacrine and horizontal cells, 

mostly OFF-projecting RGCs, 

superior colliculus, retinorecipient 

nuclei, dLGN 

 

RGCs, superior colliculus, nucleus 

rotundus 

 

 

ferret (Etzrodt et al. 2009; 

Krishna-K et al. 2009) 

 

mouse (Honjo et al. 2000a; 

Osterhout et al. 2011; De la 

Huerta 2013) 

 

 

chicken (Inuzuka et al. 1991a; 

Miskevich et al. 1998; Becker and 

Redies 2003) 
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gcl, inl, ipl, opl, optic tectum, outer 

limiting membrane, nucleus 

rotundus 

RGCs, inner inl, optic nerve, optic 

tectum 

zebrafish (Liu et al. 1999b, 2001) 

 

 

zebrafish* (Liu et al. 1999b, 2001) 

cdh6 

 

middle temporal visual area (MT, 

V5), LGN (V1) 

 

horizontal cells, RGCs, V1 

 

 

amacrine cells, mostly ON-OFF 

direction-selective RGCs 

(dsRGCs), RGCs, superior 

colliculus, retinorecipient nuclei 

 

RGCs, amacrine cells, optic nerve, 

optic tectum, retinorecipient nuclei, 

nucleus rotundus 

 

 

retina 

 

marmoset (Matsunaga et al. 

2014) 

 

ferret (Etzrodt et al. 2009; 

Krishna-K et al. 2009) 

 

mouse (Honjo et al. 2000a; 

Osterhout et al. 2011; De la 

Huerta et al. 2012; De la Huerta 

2013) 

 

chicken (Redies and Takeichi 

1993; Wӧhrn et al. 1998, 1999; 

Honjo et al. 2000b; Becker and 

Redies 2003) 

 

Xenopus (David and Wedlich 

2000) 
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RGCs, inl, onl, optic nerve zebrafish (Liu et al. 2008a) 

cdh7 RGCs, displaced RGCs, horizontal 

cells, onl 

primary visual cortex (V1) 

 

retina, retinorecipient nuclei 

 

 

retina 

 

RGCs, inl, amacrine cells, optic 

nerve, retinorecipient nuclei, 

retinorecipient laminae, optic 

tectum, nucleus rotundus 

 

retina, optic tectum, pretectal region  

ferret (Etzrodt et al. 2009) 

 

ferret* (Krishna-K et al. 2009) 

 

mouse (Faulkner-Jones et al. 

1999; Osterhout et al. 2011) 

 

rat (Takahashi and Osumi 2008) 

 

chicken (Wӧhrn et al. 1998, 1999; 

Becker and Redies 2003; 

Yamagata et al. 2006)  

 

 

zebrafish (Liu et al. 2007a) 

 

Cadherin-2 (cdh2) in the visual system 

In developing Xenopus, cdh2 is detected in the retina in tailbud stage 

(Nieuwkoop-Faber stage 20 to 40 NF); with reduced expression in tadpole stage 

(41-50 NF). Cdh2 is expressed throughout the developing chicken retina from 

embryonic day 4.5 untill hatching, with particularly strong expression in the outer 

nuclear layer (onl), gcl and inl (Matsunaga et al. 1988; Inuzuka et al. 1991a; 
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Miskevich et al. 1998). Cdh2 is also detected in the optic nerve, optic tract, optic 

tectum and in the tectofugal pathway and its target nuclei in the optic tectum of 

the developing chicken (Inuzuka et al. 1991a; Redies et al. 1993; Uchida et al. 

1996; Inoue and Sanes 1997; Miskevich et al. 1998; Wӧhrn et al. 1998). Cdh2 is 

expressed in both the ganglion cell layer (gcl) and inner nuclear layer (inl) of 

developing mouse retina, optic tract, and regions of the rodent brain receiving 

direct retinal projections, such as the superior colliculus, pretectal nucleus, 

anterodorsal and anteromedial nuclei of thalamus (Itaya 1980; Redies and 

Takeichi 1993; Obst-Pernberg et al. 2001; Xu et al. 2002).  

Inhibiting cdh2 function by a dominant-negative cdh2 form or a cdh2 

functional blocking antibody in Xenopus retina resulted in defective RGC 

differentiation or pathfinding of retinotectal projection (Riehl et al. 1996; Stone 

and Sakaguchi 1996). 

The entire CNS of the developing zebrafish expresses cdh2 (Bitzur et al. 

1994; Liu et al. 2001). The cdh2 expression is detected early in the optic 

primordium (20-24 hpf) and later all retinal precursor cells express cdh2 (Liu et 

al. 2001). Cdh2 expression is observed in the eye between 32-34 hpf, when 

RGCs start to differentiate (Schmitt and Dowling 1996; Hu and Easter 1999). At 

50 hpf, cdh2 is localized in both the inner and outer plexiform layers, optic nerve, 

optic chiasm and optic tract, while its expression in the cellular retinal layers is 

reduced. In 3- and 4-day old larvae, cdh2 expression continues to be detected in 

the plexiform layers, optic nerve, optic chiasm and optic tract, and its expression 

in the cellular layers continues decreasing. In adult zebrafish retina, apparent 
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cdh2 expression is observed only in the outer plexiform layer and peripheral 

marginal zone (germinal zone, Liu et al. 2001). Zebrafish cdh2 mutants have 

defective retinal lamination, reduced numbers of RGCs, amacrine cells and 

photoreceptors, with optic nerve pathfinding defects to the optic tectum (Masai et 

al. 2003). 

In the optic tectum, strong cdh2 expression is present at as early as 24 hpf 

(Liu et al. 2004a). Cdh2 expression in the optic tectum is reduced somewhat in 

34-80 hpf embryos, during which time RGC axons first arrive to the anterior part 

of the tectum at around 45 hpf and finish innervating the entire optic tectum by 72 

hpf (Stuermer 1988; Burrill and Easter 1994). In 3- and 4-day old larvae, cdh2 

expression becomes increased again in the optic tectum, but only in the 

superficial layer (including retinorecipient layer), and not in the cellular layer (Liu 

et al. 2001). 

Cadherin-4 (cdh4) in the visual system 

In the visual system, cdh4 was first characterized in the chicken retina by 

Inuzuka et al. (1991b). Interestingly, cdh4 was never found in RGCs or the optic 

nerve of the chicken (Redies et al. 1993; Miskevich et al. 1998; Wӧhrn et al. 

1998, 1999). However, cdh4 is expressed by the developing chicken’s optic 

tectum, tectoisthmic and retinofugal pathways (Redies et al. 1993; Wӧhrn et al. 

1998). Cdh4 expression is detected in the gcl and inl of developing mouse 

embryos (P7, P14). Out of many RGC subtypes, cdh4 is found in five of them 

(De la Huerta 2013). Mouse brain visual structures that are cdh4-positive include 
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the lateral geniculate nucleus (LGN), the superior colliculus and the dorsal 

colliculus, a retinorecipient area (Redies and Takeichi 1993; Arndt et al. 1998; 

Vanhalst et al. 2005; De la Huerta 2013).  

In zebrafish visual structures, cdh4 is first detected in an anteroventral 

region of the retina around 32 hpf (Liu et al. 1999b). As development proceeds, 

cdh4 is expressed by the RGC axons (36 hpf), gcl, inner half of the inl, optic 

nerve, optic tract and optic tectum (50 hpf). Similar cdh4 expression is also found 

in 3-4-day old larvae (Liu et al. 2001). Cdh4 expression is also found in the 

pretectum (a visual structure) of developing zebrafish (36 hpf to 4-day old). 

Blocking cdh4 function using morpholino technology resulted in the morphants 

with reduced eye size, reduced differentiation of retinal neurons (e.g. RGCs, 

amacrine cells, and photoreceptors), and abnormal development of the optic 

tectum (e.g. poorly developed, Babb et al. 2005). 

Cadherin-6 (cdh6) in the visual system 

Cdh6 is expressed in developing Xenopus in the gcl and onl of the retina, 

at stages examined (26, 32, 40, David and Wedlich 2000). Interfering with cdh6 

function in Xenopus resulted in defective retinal development, including small eye 

size, likely caused by reduced proliferation of retinal cells, and misfolded 

neuroepithelium that caused retinal lamination defects (Ruan et al. 2006). 

The chicken cdh6 was previously known as cdh6b (Arndt et al. 1998; 

Wӧhrn et al. 1998, 1999; Honjo et al. 2000b; Becker and Redies 2003). A 

detailed study of cdh6 expression in developing chicken visual system by Wӧhrn 



 

21 
 

et al. (1998) showed that cdh6 is expressed as early as E5 in a subset of RGCs 

and its expression is stronger in the central gcl until at least E14, when the 

displaced RGCs are found in the inl. Besides, cdh6 is present in a subset of 

amacrine cells in the inl and displaced amacrine cells in the gcl (starting at E9) 

and in the ipl (E11), until E18. In addition, cdh6 is also expressed in a subset of 

bipolar cells in opl (E11-E14) and in the outer portion of inl (E14) where most 

horizontal cells are located (Wӧhrn et al. 1998). In the chicken optic pathway 

(optic nerve, optic chiasm and optic tract), cdh6 is first detected in the optic fibers 

at E5. Its expression is increased at E8-E18. Most retinal fibers projecting to 

mesencephalic nuclei and diencephalic nuclei express cdh6. At E11, other 

vision-related brain regions expressing cdh6 include nucleus lateralis anterior, 

ventral geniculate nucleus, external pretectal nucleus, nucleus of the basal optic 

root, area pretectalis, nucleus lateralis anterior of the thalamus, ventral lateral 

geniculate nucleus, and external pretectal nucleus (Wӧhrn et al. 1998). 

In the developing mouse retina, cdh6 expression is present in the gcl and 

inl (P7 mice, De la Huerta 2013). At P14, cdh6 continues to be expressed in the 

gcl, but only in a subset of RGCs. In the developing mouse brain, cdh6 

expression is detected in the subsets of cells in the superficial layer of the 

superior colliculus (P14) and the middle-temporal visual area (both targets of 

non-primary visual pathway). Both the superior colliculus and the middle-

temporal visual area are regions processing the motion perception (Osterhout et 

al. 2011; De la Huerta 2013). 
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Developing ferret retina expresses cdh6 in the neuroblast layer (nbl) since 

E23, and the signal becomes restricted to its inner portion, that becomes gcl at 

E38 (Etzrodt et al. 2009). Once all three layers form at P13, cdh6-expressing 

cells continue to be detectable in small cells in the gcl and in the inner potion of 

inl, and this pattern continues until adulthood (P60). After birth (P2), cdh6 is also 

observed in sparsely separated large RGCs located in gcl and in the displaced 

RGCs in the inner part of inl. Etzrodt et al. (2009) speculated that those large 

cells are not displaced RGCs, but another population of amacrine cells. For more 

expression of cdh6 in the visual system of model organisms, refer to Table 1.1. 

Cdh6 is expressed in embryonic zebrafish retina during critical stages of its 

development (Liu et al. 2006). The earliest cdh6 expression becomes detectable 

in a small anteroventral retina (where differentiating RGCs are located) of 34 hpf 

zebrafish embryos. Later in development (46-48 hpf), cdh6 expression is found in 

the gcl and inner portion of inl where presumptive amacrine cells are located. 

Similar to cdh6 in the developing mouse retina, cdh6 expression is detected in 

only a subset of RGCs. Blocking cdh6 function in developing zebrafish with 

morpholino technology resulted in reduced eye size, likely caused by reduced 

cell proliferation rates in the retina. Furthermore, differentiation of RGCs, 

amacrine cells and photoreceptors is also adversely affected (e.g. reduced 

number of these cells, decreased dendrites and/or axons, Liu et al. 2008a). 

These results are similar to those from the Xenopus study (see above). 
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Cadherin-7 (cdh7) in the visual system 

In the developing chicken retina, cdh7 is first expressed at E2 (stage 18) 

when RGCs differentiate (Prada et al. 1991). Cdh7 is expressed in distinct 

populations of retinal cells, such as in bipolar cells and amacrine cells (Wӧhrn et 

al. 1998). Cdh7 is expressed in inl (amacrine cells and some bipolar cells), ipl, 

certain RGCs, displaced RGC (characterized by large nuclei) and in the Müller 

glia (Wӧhrn et al. 1998, 1998, 1998; Yamagata et al. 2006). Furthermore, ventral 

retina has higher density of cdh7-expressing cells than the dorsal retina 

(Yamagata et al. 2006). In the optic pathway of developing chicken, cdh7 is 

expressed in only few fibers and in retinorecipient laminae (SGFS-c) of the optic 

tectum (Wӧhrn et al. 1998, 1999; Yamagata et al. 2006). In addition, cdh7 is 

found in the nucleus rotundus (in dorsal thalamus), a structure receiving visual 

cues from the optic tectum (Becker and Redies 2003). Moreover, the following 

retinorecipient structures in the developing chicken brain express cdh7: the 

anterior dorsolateral complex of the thalamus, external pretectal nucleus, 

griseum tectale, nucleus lateralis anterior, nucleus of the basal optic root, 

perirotundic area, superficial synencephalic nucleus of Rendahl, ventral 

geniculate nucleus and ventrolateral nucleus (Wӧhrn et al. 1998). 

Young mice express cdh7 in the eye (E17-P13, Faulkner-Jones et al. 

1999) with strong cdh7 expression in gcl and inl (amacrine and horizontal cells) 

between P7 and P14 (De la Huerta 2013). The adult mouse eye has much higher 

cdh7 expression than that in the brain; cdh7 is found in subpopulations of cells in 
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gcl (displaced amacrine cells, confirmed by immunocytochemistry marker HPC-

1) and in inner part of inl (in amacrine cells, Faulkner-Jones et al. 1999).  

In the visual system of developing ferret retina, cdh7 is found in the inner 

layer of the optic cup, called the neuroblast layer (E23-P2), and further in all 

retinal layers: in gcl (E38-P60), all areas of inl (P13-P60) and briefly at P13 in onl 

(Etzrodt et al. 2009). For more expression of cdh7 in the visual system of model 

organisms, refer to Table 1.1. 

In the developing visual system of zebrafish, cdh7 is expressed first at 52 

hpf in gcl and the inner portion of the inl (where amacrine cells reside) and 

becomes slightly reduced at 70 hpf (Liu et al. 2007a). Cdh7 morphants exhibit a 

reduction of differentiating RGCs (Liu et al. 2008b). 

Classical cadherins functions in human diseases 

In humans, mutations in cadherins cause various diseases, including 

psychiatric and neural disorders (El-Amraoui and Petit 2010; Brayshaw and Price 

2016). Several members of the classical cadherin family have been implicated in 

various diseases including obsessive-compulsive disorder (OCD, CDH2), 

macular pigmentary abnormalities (CDH3), autism spectrum disorder (CDH9, 

CDH10, CDH13), bipolar disorder (CDH7), CHARGE syndrome (CDH7), major 

depressive disorder, attention-deficit/hyperactivity disorder (ADHD, CDH13), 

schizophrenia (CDH13), addiction disorders (CDH13), severe intellectual 

disability (CDH15, M-cadherin), sensorineural deafness (CDH23) and Usher 

syndrome (CDH23) (Bhalla et al. 2008; Lasky-Su et al. 2008; Lesch et al. 2008; 
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Wang et al. 2009; Soronen et al. 2010; El-Amraoui and Petit 2010; Chapman et 

al. 2011; Børglum et al. 2014; Li et al. 2014; Salatino-Oliveira et al. 2015; 

McGregor et al. 2016; Galvez-Ruiz et al. 2020). 

Protocadherins 

 The largest subfamily and the most recently discovered cadherins are the 

protocadherins (pcdhs), which have more than 80 members in mammals (Nollet 

et al. 2000). Using PCR with degenerate primers for EC of the classical 

cadherins, Suzuki and colleagues isolated two transcripts with similar classical 

cadherin EC domains but with differing intracellular domains (Sano et al. 1993). 

These two new cadherins were named pcdh42 and pcdh43 (Sano et al. 1993). 

Unlike the classical cadherins, the pcdhs have larger EC domains (e.g. δ-pcdhs 

have 6 or 7 ECs), and their cytoplasmic domains are less conserved, binding 

with proteins such as TAF1/Set and protein phosphatase 1 alpha (Yoshida et al. 

1999; PP1α, Redies 2000; Redies et al. 2005; Hirano and Takeichi 2012). This is 

different from the classical cadherins with their cytoplasmic domain interacting 

with catenins (see above). Furthermore, genomic analysis reveals that each EC 

domain of the classical cadherins is encoded by multiple exons, while each EC 

domain of pcdhs is encoded by one large exon (about 2000 nucleotides long, Wu 

and Maniatis 1999; Frank and Kemler 2002). Since the pcdh EC sequences are 

found in multiple species of invertebrates and vertebrates, the term 

“protocadherins” was used, reasoning that they were the precursors to cadherins; 

proto in Greek means “first” (Sano et al. 1993). That idea assumes that pcdhs 
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underwent processes of duplication and diversification over the course of 

evolution, resulting in the formation of the new subfamily: the cadherins (Suzuki 

1996). This hypothesis has been proven wrong by a recent phylogenetic analysis 

showing that pcdhs are conserved among the vertebrate species because 

protocadherin promoter motif sequence of the constant region is homologous 

between human and zebrafish (Wu and Maniatis 1999; Noonan et al. 2004). Due 

to possibly simpler nervous systems, invertebrate organisms Drosophila 

melanogaster, Caenorhabditis elegans and Ciona savignyi lack pcdh clusters in 

their genomes but several classical cadherins are present in those invertebrates, 

and are also conserved with the cadherins found in vertebrates, e.g. human, 

mouse, rat, zebrafish (Hill et al. 2001). Noonan et al. (2004) postulated that 

evolution of a more complex CNS in vertebrates was possibly supported by an 

emergence of clustered pcdhs.  

 Based on their genomic organization, pcdhs are divided into clustered and 

non-clustered pcdhs (Redies et al. 2005; Hulpiau and Van Roy 2009, 2011; Chen 

and Maniatis 2013). Figure 1.2 illustrates the classification of pcdhs. The 

clustered pcdhs (α-, β- and γ-pcdhs) are found concentrated in three genomic 

regions, while the non-clustered pcdhs (δ-pcdhs and unclassified pcdhs) are 

disseminated throughout various genomic locations (Wu and Maniatis 1999; 

Nollet et al. 2000). 
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Figure 1.2. Classification of protocadherin family members. Adapted from 
Hayashi and Takeichi (2015). Zebrafish lacks β-pcdh cluster, and has additional 
set of α and γ cluster (Noonan et al. 2004). 

 

Generally speaking, most classical cadherins are expressed in multiple 

tissues while pcdhs are mainly restricted to the CNS (Suzuki 2000; Wolverton 

and Lalande 2001; Wheelock and Johnson 2003; Chen and Maniatis 2013). The 

pcdhs have unique spatial and temporal distribution patterns during brain 

morphogenesis, and they participate in the formation of proper neuronal 

structures through neuronal migration and synapse formation (Frank and Kemler 

2002; Nakao et al. 2008; Garrett and Weiner 2009; Hirayama and Yagi 2013; 

Coughlin and Kurrasch 2015). Moreover, classical cadherins mediate stronger 

cell-cell adhesion mainly through homophilic interactions, while pcdhs mediate 

weaker cell-cell adhesion through either homophilic or heterophilic interactions, 

likely affecting animal development mainly through regulating cell signaling 

(Obata et al. 1995; Frank et al. 2005; Reiss et al. 2006; Morishita and Yagi 2007; 

Hirano and Takeichi 2012; Peek et al. 2017).  
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Clustered pcdhs (α, β and γ-pcdhs)  

The clustered pcdhs have similar genomic organization in humans and 

mice, while zebrafish lacks the β-pcdh cluster, but has an extra set of α-pcdh and 

γ-pcdh. In the genome, variable regions of exons (coding for EC, TM and part of 

CP domains) of α-pcdh and γ-pcdh genes are clustered together and are located 

next to constant exons (coding for the majority of CP domain). Transcripts of 

these clustered pcdhs are generated by alternative splicing of their 5’ variable 

exons, combining with the 3’ constant exons, resulting in many different isoforms, 

each made of a different variable region and the same constant region (Wu and 

Maniatis 1999; Blevins et al. 2011; Chen and Maniatis 2013; Hirayama and Yagi 

2013). α-pcdhs show heterophilic binding via motifs Cys-X5-Cys or RGD that are 

recognized and bound by β1-integrin (Mutoh et al. 2004; Morishita et al. 2006). 

However, homophilic trans interaction has also been documented in crystal 

structures of α-pcdh and β-pcdh (Goodman et al. 2016). 

The clustered pcdhs were first described in humans by Wu and Maniatis 

(1999). They described them as cadherin-related neuronal receptors (CNRs), 

which corresponds to α-pcdh cluster. In the mammal CNS, clustered pcdhs are 

expressed mainly in numerous brain regions, including the cerebellum, 

hippocampus, neocortex and optic lobe (Hirano et al. 1999; Vanhalst et al. 2005; 

Cronin and Capehart 2007; Kim et al. 2007; Uemura et al. 2007; Wu and Jia 

2020).  

α-pcdhs are localized at synapses (young and adult neocortex), in the 

hippocampus, cerebellum and mitral cells of the olfactory bulb in adult mice 
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(Kohmura et al. 1998; Blank et al. 2004). Intracellularly, α-pcdhs interact with the 

tyrosine kinase Fyn, and are involved in long-term potentiation (LTP) and 

regulation of synaptic plasticity (Kohmura et al. 1998). Other binding partners in 

cytoplasm are neurofilament M, fascin, FAK, PYK2 and WRC (Chen et al. 2009; 

Kim et al. 2011; Sotomayor et al. 2014). Conserved cytoplasmic binding domain 

CM4 interacts with the cytoskeleton (Chen et al. 2014). Peptide CM4 is also 

called WIRS (WAVE-interacting receptor sequence) because it binds with the 

Wiskott-Aldrich syndrome family verprolin homologous protein (WAVE) from the 

WAVE regulatory complex (WRC). WRC complex controls dynamics of the actin 

cytoskeleton and comprises of actin regulator Nck-associated protein (Nap1), 

Wiskott-Aldrich syndrome protein family verprolin-homologous protein 1 

(WAVE1), Abelson-interacting protein 2 (Abi2), hematopoietic stem/cell 

progenitor protein 300 (HSPC300), and cytoplasmic FMR1-interacting protein 1 

(CYFIP1, Chen et al. 2014; Hayashi et al. 2014). In mice, reduced dendritic 

spines and simplified dendrites occur in α-pcdh knockout (Suo et al. 2012). 

Down-regulation of α-pcdh cluster adversely affects working memory in fear-

conditioned learning in mice (Fukuda et al. 2008). 

β-pcdhs are expressed at postsynaptic membranes in the mammal CNS 

(Junghans et al. 2008). Variable exons code for the whole protein and no 

cytoplasmic binding partners have been identified to date. Analysis of mouse 

mutants lacking the whole β-pcdh cluster provided us with important insights of 

their function in neuronal survival in the brainstem and the spinal cord 

interneurons (Hasegawa et al. 2016). 
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γ-pcdhs are expressed in dendrites, axons (Garrett and Weiner 2009) and 

subsets of excitatory synapses in embryonic rat hippocampal cell cultures 

(Banker and Goslin 1998; Tanaka et al. 2000; Phillips et al. 2003; Frank et al. 

2005). Developing mice (E16 through P0) express γ-pcdhs in the brain, spinal 

cord and dorsal root ganglia, while in adult mice γ-pcdhs have high expression in 

the cortex, hippocampus and cerebellum (Wang et al. 2002). In developing avian 

brains, γ-pcdhs are found in areas in the fore-, mid- and hindbrain and in the 

spinal cord (Cronin and Capehart 2007). γ-pcdhs mediate homophilic interactions 

but the strength of their adhesion is not as strong as that of the classical 

cadherins (Fernández-Monreal et al. 2009). Cytoplasmic binding partners include 

kinases FAK, FYN, PKC (Chen et al. 2009; WAVE pathway, Keeler et al. 2015), 

microtubule-destabilizing protein SCG10 (Gayet et al. 2004; Sotomayor et al. 

2014; Keeler et al. 2015, 2015), γ2-GABAA receptor (GABA signaling, Li et al. 

2012b), Axin1 (Wnt pathway, Mah and Weiner 2016), programmed cell death 10 

(PDCD10, apoptosis, Lin et al. 2010) and calmodulin-dependent protein kinase 

phosphatase (CaMKP, calcium signaling, Onouchi et al. 2015). γ-pcdhs are 

directly implicated in synaptic development of the spinal cord in mice (Weiner et 

al. 2005), although they are not required to initiate synaptogenesis (Phillips et al. 

2003). Mice lacking the entire γ-pcdh cluster have abnormal axonal projections or 

smaller spinal cord due to extensive apoptosis of spinal interneurons (Wang et al. 

2002; Hasegawa et al. 2016).  

α-pcdh and γ-pcdh expression partially overlap in cultured hippocampus 

neurons. Heterotypical binding between α-pcdh and γ-pcdh forms a functional 
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protein complex that augments expression of α-pcdh proteins (Murata et al. 

2004). Simultaneous knockdown of α-pcdh and γ-pcdh clusters in developing 

chickens increases apoptosis in the spinal cord (Han et al. 2010). Paired α-pcdh 

knockout with γ-pcdh RNAi knockdown causes reduction and simplification of 

dendrites in mice (Suo et al. 2012).  

Clustered pcdhs in the vertebrate visual system 

α-pcdhs 

In young mice (P10-P14), α-pcdh is expressed in the lateral geniculate 

nucleus (LGN), the main target of RGC exons, and in the primary visual cortex 

(V1, Morishita et al. 2004). Deletion in the α-pcdh constant region in mice causes 

defects in the primary somatosensory cortical pathways, which is similar to 

posterior parietal cortex (PPC) lesions in mice (Yamashita et al. 2012). This 

result suggests that α-pcdhs are required for normal functioning of PPC where 

special recognition for somatosensory and visual information is integrated 

(Yoshitake et al. 2013).  

β-pcdhs 

In the developing mouse retina, β-pcdh is expressed in the post-synaptic 

membrane in the inner plexiform and outer plexiform layers, and in the outer 

segment of photoreceptors (Junghans et al. 2008). There are no published 

studies about β-pcdh gene cluster function in the visual system. 
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γ-pcdhs 

In the developing chicken, γ-pcdhs are present in the optic tectum, 

suggesting its function in the formation of the visual circuitry (Cronin and 

Capehart 2007). There is no published information about γ-pcdhs expression in 

the chicken retina, nor in developing mouse retinas. In the adult mouse eye, γ-

pcdhs are expressed at high levels (Frank et al. 2005). Specifically, γ-pcdhs are 

highly expressed in the inner plexiform layer and the outer plexiform layer (both 

comprised of synapses). Weaker expression is found in the outer segment of the 

photoreceptor layer, while the rest of the retinal layers have scattered expression 

of γ-pcdhs (Wang et al. 2002). Blocking all 22 γ-pcdhs in mice retina resulted in 

increased apoptosis in interneurons and RGCs (Lefebvre et al. 2008). However, 

neuronal signaling, synaptic formation, and layer-specific dendritic arborization 

appeared to be normal in mice without the γ-pcdh cluster. These results suggest 

that the γ-pcdhs are not essential for proper vision, but are important in 

regulation of neuronal populations during the early stages of retinal development 

(Lefebvre et al. 2008).  

Additionally, deletion of either two (β-pcdh and γ-pcdh) or three (α-pcdh, 

β-pcdh and γ-pcdh) clusters increases neuronal death in the mouse retina 

(E18.5), and especially affects RGCs, amacrine cells and bipolar cells 

(Hasegawa et al. 2016). 

Teleosts (including zebrafish) underwent a whole-genome duplication 

event in the ray-finned fish lineage (Amores et al. 1998). Unlike terrestrial 

vertebrates, teleosts have two α-pcdh and two γ-pcdh gene clusters, but lack 
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evolutionarily newer β-pcdh gene cluster (Noonan et al. 2004; Wu 2005). α-pcdh 

and γ-pcdh are highly expressed in the developing zebrafish retina and in the 

synaptic neuropil of the optic tectum (Biswas et al. 2012). Knockdown of α-pcdhs 

causes neuronal apoptosis (Emond and Jontes 2008), which is similar to mice 

(see above). 

Non-clustered pcdhs (δ-pcdhs and unclassified pcdhs) 

The non-clustered pcdhs are comprised of three subgroups: δ1-pcdhs 

(pcdh1, pcdh7, pcdh9 and pcdh11), δ2-pcdhs (pcdh8, pcdh10, pcdh17, pcdh18 

and pcdh19) and unclassified or non-categorized pcdhs (e.g. pcdh12, pcdh15, 

pcdh20, pcdh21, Redies et al. 2005; Vanhalst et al. 2005; Morrow et al. 2008). 

These subgroups differ mainly in the number of the EC homologous repeats, with 

the δ1-pcdhs having seven EC repeats, while the δ2-pcdhs having six EC 

repeats (Suzuki 2000). Additionally, different conserved motifs in the cytoplasmic 

domains distinguish these subgroups: δ1-pcdhs have CM1, CM2 and CM3, while 

δ2-pcdhs have CM1, CM2 and CM4/WIRS (Vanhalst et al. 2005). pcdh20 has 

similarities with extracellular domains of δ-pcdhs, but it has truncated cytoplasmic 

domain and lacks any of above CM motifs, therefore it is non-categorized 

(Hulpiau and Van Roy 2009; Hayashi and Takeichi 2015). The conserved CM3 

motif (RRVTF) in the δ1-pcdhs is important for binding with cytosolic 

phosphatase PP1α, and functions possibly in synaptic plasticity (Yoshida et al. 

1999; Munton et al. 2004; Redies et al. 2005; Kim et al. 2011). Another 

conserved motif, CM4 or WIRS (present in pcdh9 and all δ2-pcdhs) recruits the 
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WAVE complex and regulates actin cytoskeleton polymerization (Chen et al. 

2014; Hayashi et al. 2014). Protocadherins interact with many other intracellular 

binding partners that function as signal transducers in various mechanisms, and 

new molecules that interact with pcdhs have continuously been identified. In the 

δ1-pcdh subgroup, pcdh1 interacts with SMAD, pcdh7c interacts with protein 

phosphatase-1α (PP1α), and pcdh11Yc interacts with β-catenin (Yoshida et al. 

1999; Chen et al. 2002; Hertel et al. 2008; Kim et al. 2011; Sotomayor et al. 

2014; Faura Tellez et al. 2015). Studies on the δ2-pcdh subgroup revealed that 

pcdh8 binds with serine-threonine kinase (TAO2β), pcdh10 binds with the actin 

regulatory complex (Nap1/WAVE1), pcdh17 interacts with Nap1, WAVE1 and 

Abi1 (from WRC complex), pcdh19 interacts with Cyfip2, and pcdh18 binds to 

mouse disabled-1 (Homayouni et al. 2001; Yasuda et al. 2007; Nakao et al. 

2008; Tai et al. 2010; Kim et al. 2011; Biswas et al. 2014; mDab1, Sotomayor et 

al. 2014). Additionally, molecular binding partners include C2kβ and Nlk1 (Wnt 

pathway, Kietzmann et al. 2012; Kumar et al. 2017), α1-GABAAR (GABA, 

Bassani et al. 2018) and non-POU-domain-containing octamer binding protein 

(NONO), a co-regulator of steroid hormone nuclear receptors (Pham et al. 2017). 

Lastly, molecular binding partners of unclassified cadherin-like molecules include 

Sans, Harmonin a (pcdh15) and Sans, Harmonin b, Myosin VIIa (Hirano and 

Takeichi 2012; cdh23, Sotomayor et al. 2014; Suzuki and Hirano 2016). 

Most δ-pcdhs are present in all CNS subdivisions, from the forebrain to 

the spinal cord. In the brain, δ-pcdhs are expressed in the thalamus, sub-lamina 

regions of the cortex, cerebellum, hippocampus and basal ganglia (Hirano et al. 
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1999; Vanhalst et al. 2005; Kim et al. 2007, 2010; Uemura et al. 2007; Krishna-K 

et al. 2011; Redies et al. 2011; Lin et al. 2012, 2013). 

δ1-pcdhs 

Pcdh1 expression is not detected in embryonic rat brains but is highly 

expressed in the postnatal (P3) and adult rat brains (Sano et al. 1993; Kim et al. 

2007). In zebrafish and Xenopus, pcdh1 ortholog is axial protocadherin (AXPC), 

which is found in the brain at the tailbud stage of Xenopus (Kim et al. 1998; 

Kuroda et al. 2002). 

In developing Xenopus, expression of pcdh7 (NF-protocadherin) is found 

in the neural folds and neural tube. Pcdh7 used to be called BH-protocadherin 

due to its prominent expression in the brain (cerebral cortex) and heart of adult 

mice (Yoshida et al. 1998, 1999). In the developing mice (P1), pcdh7 is 

expressed in numerous brain regions including the insular cortex, 

temporoparietal cortex, perirhinal cortex, caudate-putamen, dorsal thalamus, 

hypothalamus, pretectal area, and amygdaloid complex (Vanhalst et al. 2005). 

Functional study of pcdh7 in developing Xenopus reveals that this protocadherin 

directs neurulation (helps to fold the neural tube) by interacting with TAF1 

(Bradley et al. 1998; Heggem and Bradley 2003; Rashid et al. 2006).  

Both pcdh9 and pcdh11 have similar wide expression in the developing 

mouse brain (Redies et al. 2005). In humans, PCDH9 is expressed in the same 

fetal and adult brain areas, including cerebral cortex (e.g. frontal and temporal 
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lobes), striatum, amygdala, hippocampus, thalamus, cerebellum, medulla and 

spinal cord (Strehl et al. 1998).  

Humans have two copies of PCDH11, called PCDHX and PCDHY, and 

both are widely expressed in the fetal brain (Yoshida and Sugano 1999; Blanco 

et al. 2000), and in various brain regions in the adults (Blanco et al. 2000; 

Blanco-Arias et al. 2004).  

In the developing zebrafish CNS, δ1-pcdhs (e.g. pcdh1a, pcdh1b, pcdh7a, 

pcdh7b and pcdh9) have similar expression patterns and are mainly found in a 

segmental fashion in the telencephalon and hindbrain (Blevins et al. 2011). 

δ2-pcdhs 

In mice, pcdh8 expression is detected in the brain of both embryos and 

adults (Makarenkova et al. 2005; Hertel et al. 2012; Stoya et al. 2014). The brain 

regions that express pcdh8 include the olfactory bulb, cerebral cortex, amygdala, 

hippocampus, parahippocampal region, inferior colliculus, hindbrain and spinal 

cord (Makarenkova et al. 2005). In embryonic rats (P3), expression of pcdh8 in 

brain comprises of regions such as the cerebral cortex, olfactory bulb, 

amygdaloid complex and hippocampal formation (Kim et al. 2007). Similar 

PCDH8 expression is found in human fetal and adult brains e.g. cerebral cortex, 

striatum, and hippocampus (Strehl et al. 1998). 

Expression of both pcdh10, pcdh18 and pcdh19 was first described in rat 

brains by Wolverton and Lalande (2001). Pcdh10 (also called OL-protocadherin) 

expression is found in the olfactory system, limbic structures and cerebellum 
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(Hirano et al. 1999; Redies 2000; Luckner 2001; Kim et al. 2007). Pcdh10 is 

implicated to play roles in brain compartmentalization, axonal growth and target 

selection (Hirano et al. 1999; Lee et al. 2003; Uemura et al. 2007). Actin binding 

protein Nap-1 interacts with pcdh10 or pcdh18b to regulate axon motility (Nakao 

et al. 2008; Biswas et al. 2014). 

Protocadherin-17 (pcdh17)  

Protocadherin-17 (pcdh17) is a member of the non-clustered δ2-pcdh and 

was previously called PCDH68 (Nollet et al. 2000; Frank and Kemler 2002). 

Structures that express pcdh17 mRNA (pcdh17) in the developing rat (P3) brain 

include the olfactory bulb, cerebral cortex (e.g. frontal cortex, parietal cortex, 

motor and auditory cortices), amygdaloid complex, hippocampus, epithalamus, 

thalamus, hypothalamus and brain stem (Kim et al. 2007; Coughlin and Kurrasch 

2015). Pcdh17 expression in the developing mouse brain was similar to that of 

rats (Abrahams et al. 2007). Pcdh17 expression is also detected in adult mouse 

brains. Pcdh17-positive adult structures include neocortex (e.g. primary 

somatosensory cortex), basal ganglia, hypothalamus, amygdala, hippocampal 

formation, ventral tegmental area and substantia nigra (Hertel and Redies 2011; 

Krishna-K et al. 2011; Hertel et al. 2012; Stoya et al. 2014; Yan et al. 2014; 

Coughlin and Kurrasch 2015). Additionally, immunostaining by Hertel et al. 

(2008) revealed scattered expression of pcdh17 in the ventral tegmental area 

(VTA), and in substantia nigra (Yan et al. 2014). In pcdh17 mutant mice, defects 

in axonal extension and synaptogenesis are observed (Hoshina et al. 2013; 

Hayashi et al. 2014; Stoeckli 2014). 
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In a study using human midgestation cerebral tissue, Abrahams and 

coauthors found that PCDH17 mRNA was present in the prefrontal cortex, 

anterior cingulate, thalamus, and ventromedial striatal neuroepithelium, which is 

somewhat similar to pcdh17 expression in the developing mouse and rat brains 

(Abrahams et al. 2007). PCDH17 dysfunction has been linked to cognitive delay 

in humans (Redies et al. 2012). In individuals with schizophrenia, PCDH17 

expression was increased in Brodmann’s area 46 (Dean et al. 2007). PCDH17 

misexpression accompanies the major mood disorders, such as bipolar disorder 

and major depressive disorder, while the overexpression in human cortical 

neurons in vitro decreases their spine density (Chang et al. 2018). Furthermore, 

results from several recent studies suggest that PCDH17 acts as a tumor 

suppressor (Haruki et al. 2010; Giefing et al. 2011; Hu et al. 2013).  

Zebrafish and human pcdh17/PCDH17 proteins are 73.5% identical 

(Biswas and Jontes 2009; Liu et al. 2009). Pcdh17 in zebrafish has 4 exons, with 

the entire gene stretching 150 kb (kilobases) on chromosome 11 (Biswas and 

Jontes 2009). Paired CpG islands organized in a specific pattern upstream of the 

pcdh17 gene are likely the cis-regulatory elements involved in controlling its 

expression, and this CpG island organization is highly conserved in zebrafish and 

other teleosts (Haruki et al. 2010). 

Pcdh17 is expressed in developing and adult zebrafish brains, including 

the visual system (Biswas and Jontes 2009; Liu et al. 2009). Pcdh17 is first 

detected using RT-PCR at 6 hpf and its expression is maintained throughout 

development, at least untill 5 days post fertilization (dpf). In developing zebrafish 
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CNS, pcdh17 is expressed in the anterior neural tube (14 hpf) and in the ventral 

portion of the spinal cord (18 hpf, Biswas and Jontes 2009). As development 

proceeds, pcdh17 expression increases and at 24 hpf, it is expressed throughout 

the brain and spinal cord (Biswas and Jontes 2009; Liu et al. 2009). In the 

forebrain, pcdh17 is strongly expressed in the ventral telencephalon and in 

ventrolateral diencephalon (Biswas and Jontes 2009; Liu et al. 2009). In the 

midbrain, pcdh17 is found in a small cluster of cells in the tegmentum (Biswas 

and Jontes 2009). In the hindbrain, pcdh17 is expressed in a rhombomeric 

pattern in the lateroventral hindbrain. In the spinal cord, pcdh17 is found in 

ventral regions, especially in the anterior part of the spinal cord. In 34 hpf 

embryos, pcdh17 expression is greatly increased in the CNS, including the 

lateroventral telencephalon, lateral regions of the dorsal and ventral thalamus, 

anterior hypothalamus, tegmentum, lateral to the midline regions of the hindbrain 

and in the spinal cord (Liu et al. 2009). A similar pcdh17 expression is detected in 

the fore- and midbrain of 48 hpf embryos. In the hindbrain, pcdh17 is present in 

two symmetric columns of cells located along the lateral margin of this region 

(Biswas, 2009). In 3-5 days old larvae, pcdh17 expression is further increased in 

the dorsal and ventral thalamus, anterior hypothalamus, tegmentum and medulla 

oblongata (Biswas and Jontes 2009; Liu et al. 2009). 

Protocadherin-19 (pcdh19) 

Protocadherin-19 (pcdh19) is another member of the non-clustered δ2-

pcdh family and was first characterized in the rat brain by Wolverton and Lalande 

(2001). Pcdh19 is expressed mainly in the brain and visual system of developing 
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zebrafish, chickens, mice and rats (Vanhalst et al. 2005; Gaitan and Bouchard 

2006; Emond et al. 2009; Liu et al. 2010; Tai et al. 2010). In Xenopus, pcdh19 is 

involved specifically in the morphogenesis of neural ectoderm (Heggem and 

Bradley 2003; Rashid et al. 2006). During chicken development, pcdh19 is 

present in forebrain, midbrain and hindbrain, and spinal cord (Tai et al. 2010; Lin 

et al. 2012). Expression of pcdh19 was also studied in young rats and found to 

be present at P3 in the structures such as cerebral cortex, thalamus, 

hypothalamus, midbrain (E9.5), hindbrain (E9.5) and in the spinal cord (E12.5, 

Kim et al. 2007; Coughlin and Kurrasch 2015). In developing mice, pcdh19 

expression is detected in neocortex (P5), amygdala (P5), entire striatum (P5), 

caudoputamen (P5), globus pallidus (P5), midbrain (E9.5) and spinal cord (E15.5 

and E18.8, Gaitan and Bouchard 2006; Hertel and Redies 2011; Hertel et al. 

2012; Lin et al. 2013). Interestingly, pcdh19 expression gradient is the opposite 

of pcdh17, with stronger expression in the anterior brain, and progressively 

weaker expression in the posterior brain regions (Lin et al. 2013). Like pcdh17, 

pcdh19 expression is maintained in the adult mouse brain. Pcdh19-expressing 

regions include neocortex (e.g. primary somatosensory cortex, piriform cortex), 

amygdala, hippocampal and parahippocampal formation, entire striatum and 

substantia nigra (Hertel and Redies 2011; Krishna-K et al. 2011; Hertel et al. 

2012; Lin et al. 2013; Stoya et al. 2014).  

Zebrafish pcdh19 is 70% identical to human PCDH19. The zebrafish 

pcdh19 gene is approximately 85 kb in size, contains 5 exons and is located on 

chromosome 14 (Emond et al. 2009). In developing zebrafish, pcdh19 is 
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detected first at 8 hpf in the whole embryo (Emond et al. 2009). At 10-13 hpf, it is 

found in the neural keel. Its expression in the brain of 12-13 hpf embryos appears 

to be segmental, with stronger expression in the forebrain, and two segments in 

the hindbrain, one located anterior to the rhombomere 3, and the other between 

rhombomere 3 and rhombomere 5 (Liu et al. 2010). At 18 hpf, pcdh19 expression 

is present throughout the CNS, with stronger expression in the ventral 

telencephalon and ventral diencephalon, and the tegmentum. Its expression in 

the spinal cord is weak, and pcdh19 expression becomes stronger in both the 

brain and spinal cord of 24 hpf embryos (Emond et al. 2009; Liu et al. 2010). By 

36 hpf, pcdh19 expression becomes restricted, with strong expression confined 

to lateral telencephalon, dorsal diencephalon, dorsal tegmentum, dorsolateral 

hindbrain, and dorsal spinal cord (Liu et al. 2010). Pcd19 expression in 50 hpf 

and 72 hpf embryos is similar to that at 36 hpf, except its expression domains 

become more restricted in the brain, and is not detected in the spinal cord at 72 

hpf (Liu et al. 2010).  

Functional studies showed that pcdh19 is involved in zebrafish early brain 

morphogenesis during neurulation (Emond et al. 2009). The general defects of 

pcdh19 morphants are similar to cdh2 morphants, in regards to the neural plate 

(anterior region in pcdh19 morphants or posterior region of the neural plate 

defects in cdh2 morphants, Biswas 2012). Although pcdh19 does not form strong 

adhesive interactions, the cis complex formed with cdh2 is able to mediate 

adhesion and these two cadherins work together to affect the brain development 

(Emond et al. 2011). Specifically, pcdh19 binds to Nap1 in its cytoplasmic 
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domain and interacts with cdh2 at the extracellular domain (Tai et al. 2010). The 

downstream signaling of pcdh19 include proteins regulating Rho family GTPases 

and microtubule cytoskeleton (Emond et al. 2021). 

Unclassified pcdhs 

Expression of unclassified pcdhs (e.g. pcdh15) was also examined in the 

developing zebrafish CNS (Seiler et al. 2005). Two orthologs (pcdh15a and 

pcdh15b) of the duplicated gene pcdh15 have distinct expression and functions 

in zebrafish in hearing (i.e. pcdh15a mutant zebrafish show hearing defects). 

Non-clustered pcdhs in the vertebrate visual system 

In Xenopus, pcdh7 is expressed in RGCs, their axons, and in the optic 

tectum (2 days and 18 hpf; at the time RGC axons enter the tectum). It 

modulates RGC dendrite elongation, as well as RGC axonogenesis, when 

growth cones of RGC axons reach their destination areas in the Xenopus brain 

(Piper et al. 2008; Leung et al. 2013, 2015). Pcdh7c mediates initiation and 

elongation of RGC axon by interacting with TATA-binding protein-associated 

factor-1 (TAF1, Piper et al. 2008). 

In the developing chicken visual system, pcdh10 is expressed in the entire 

retina, visual nuclei along the retinotectal pathway, and in the optic tectum 

(Müller et al. 2004).  

In P3 rat brains, pcdh7, pcdh8, pcdh11 and pcdh15 are expressed in the 

superior colliculus; pcdh7 and pcdh20 are detected in the occipital cortex (i.e. the 



 

43 
 

primary visual cortex), while pcdh9 expression is detected in the occipital cortex 

and the accessory optic tract (Kim et al. 2007). 

In E15 mouse retinas, pcdh9 is faintly expressed by RGCs, while pcdh11 

is strongly expressed in all retinal layers (Vanhalst et al. 2005). In P1 mouse 

brains, similar expression (in terms of labeling intensities) of pcdh9 and pcdh11 is 

observed in the superior colliculus. In the occipital cortex, both pcdh7 and pcdh9 

are expressed, but each showing a distinct expression pattern (Vanhalst et al. 

2005). In the adult mouse, pcdh10 expression is observed in the gcl and inl of the 

retina (Hirano et al. 1999), while pcdh10 is present (P7) in the ipl and optic nerve 

fiber layer (Aoki et al. 2003). RGC target areas of the mouse brain also express 

pcdh10. These areas include the suprachiasmic nucleus (SCN), dorsal lateral 

and ventrolateral geniculate nuclei, anterior pretectal and olivary pretectal nuclei 

(Aoki et al. 2003). 

In human adults, PCDH8 and PCDH9 are found in the occipital lobe 

(Strehl et al. 1998). PCDH15 is expressed in the inner and the outer synaptic 

layers of the retina in both fetal and adult humans (Alagramam et al. 2001), and 

zebrafish pcdh15b morphants have defective photoreceptors (Seiler et al. 2005). 

Developing zebrafish retina and optic tectum express several non-

clustered pcdhs (e.g. pcdh9, pcdh18, pcdh17 and pcdh19, Kubota et al. 2008; 

Emond et al. 2009; Liu et al. 2009; Biswas et al. 2012; Chen et al. 2013), see 

below for more detailed information on expression of pcdh17 and pcdh19. 
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Protocadherin-17 (pcdh17) in the visual system 

In the visual system of zebrafish, pcdh17 is first detected at 18 hpf in the 

anterior portion of the eye (Biswas and Jontes 2009), in a small anteroventral 

retina of young embryos (26 hpf). This is where the first group of retinal neurons 

(precursors of RGCs) begin to differentiate (Hu and Easter 1999; Liu et al. 2009; 

Chen et al. 2013). From 34 hpf to 50 hpf, pcdh17-expressing domain in the retina 

increases to almost the entire retina, except in the photoreceptor layer (Liu et al. 

2009). In older embryos (72 hpf), pcdh17 expression in the retina is reduced, 

except in the outer portion of the inl (where horizontal cells reside). These results 

suggest that pcdh17 may play differential roles in the development of diverse 

retinal cell types (Biswas and Jontes 2009; Chen et al. 2013). In the brain of 

embryonic zebrafish, pcdh17 is detected in the pretectum and optic tectum, and 

both are targets of RGC axons. Expression of pcdh17 in the pretectum is 

observed in both younger (34 hpf) and older embryos (50 hpf and 72 hpf). In the 

optic tectum, apparent pcdh17 expression is seen in 50 hpf embryos, and it 

continues to be expressed in the optic tectum of 72 hpf embryos (Liu et al. 2009). 

Pcdh17 expression in the optic tectum becomes undetectable in 5 dpf larvae 

(Biswas and Jontes 2009). The stages of pcdh17 expression in the optic tectum 

(i.e. 50-72 hpf) coincide with the arrival of RGC axonal terminals and initial 

synaptic formation between the RGC terminals and neurons in the optic tectum 

(Vanegas 1983; Stuermer et al. 1990; Burrill and Easter 1994; Kita et al. 2015). 

The pcdh17 expression in the developing zebrafish is similar to that of 

developing rats in that pcdh17 is also detected in the pretectum and the superior 
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colliculus, the homologous structure of nonmammalian optic tectum (Kim et al. 

2007). 

Blocking pcdh17 function using morpholino technology in developing 

zebrafish results in embryos (pcdh17 morphants) that are almost 

indistinguishable from normal embryos in gross morphology and size, except that 

the pcdh17 morphants have smaller eye size (Chen et al. 2013). Additional 

testing showed that the reduction of the eye size in the morphants results from 

decreased cell proliferation. Expression of regulatory molecules (e.g. crx, 

neuroD, otx5) in the morphants’ retinas is greatly reduced compared to that in 

normal embryos, and differentiation of RGCs, amacrine cells and photoreceptors 

is disrupted (Chen et al. 2013). 

Protocadherin-19 (pcdh19) in the visual system 

 In the visual system, pcdh19 is expressed in young mice at E12.5 and 

E15.5 in the retina (Gaitan and Bouchard 2006). P3 rat has high pcdh19 

expression in brain regions that receive direct retinal inputs, including the 

superior colliculus, ventrolateral geniculate nucleus, anterior pretectal nucleus, 

anterodorsal and anteromedial thalamic nuclei (Kim et al. 2007).  

In the visual system of the developing zebrafish, pcdh19 expression is 

detected in the eye primordium at 12 hpf (Emond et al. 2009; Liu et al. 2010). It 

continues to be expressed in the entire eye in 18-24 hpf embryos, with more 

expression in the lens and marginal regions than in the central retina. Pcdh19 

expression in the eye is reduced more at 36 hpf, confined mainly to the lens and 
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retinal marginal zones. At 48 hpf, pcdh19 signal is detected in the inner retina. 

Pcdh19 expression is restricted to the gcl of older (50-72 hpf) embryos (Emond 

et al. 2009; Liu et al. 2010). In the brain, pcdh19-expressing cells are detected in 

the presumptive optic tectum region at 18 hpf, and the expression is higher in 

older embryos (24-72 hpf), with the strongest expression levels (judging by 

staining intensity) observed in the pretectum at 36 hpf (Liu et al. 2010).  

Optic primordia (future eyes) of the zebrafish pcdh19 morphants exhibit 

shape malformation as early as 12 hpf (Emond et al. 2009) and the visual 

circuitry is defective in pcdh19 knockouts (Cooper et al. 2015).  

Protocadherins functions in human diseases 

Mutations of PCDHs cause several neurological and/or psychiatric 

disorders, such as late-onset Alzheimer’s disease (PCDH11), Usher syndrome 

(PCDH15), bipolar disorder (PCDH17), schizophrenia (PCDH8, PCDH17), 

autism (PCDH9, PCDH10, PCDH19), Dravet syndrome (PCDH19), obsessive-

compulsive disorder (PCDH19), X-linked epilepsy and mental retardation limited 

to females (EFMR; PCDH19), Huntington disease (PCDH20) and retinal 

dystrophy (PCDH21) (Dibbens et al. 2008; Morrow et al. 2008; Carrasquillo et al. 

2009; Becanovic et al. 2010; Beecham et al. 2010; Henderson et al. 2010; 

Depienne et al. 2011, 2012; Redies et al. 2012). 

Additionally, several non-neural diseases are connected to PCDHs, such 

as asthma (PCDH1), lung cancer (PCDH7), prostate cancer (PCDH11) (Rattner 

et al. 2001, 2004; Koppelman et al. 2009; Hu et al. 2012). Furthermore, PCDHs 
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act as tumor suppressors in humans, including PCDH8 and PCDH17 in breast 

tissue (Yu et al. 2008; El-Benhawy et al. 2021), and PCDH LKC in liver, kidney 

and colon tissues (Okazaki et al. 2002). 

Regeneration of the vertebrate nervous system 

Early attempts in understanding the vertebrate nervous system 

regeneration were made by Langley (1895) in the autonomic nervous system of 

cats, and by Sperry (1944) in the visual system in amphibians. In both studies, 

the researchers observed reconnections of severed nerves with their respective 

targets and restoration of their respective functions after experimental lesions of 

the nerves. 

The adult mammalian CNS has very limited regenerative capacity due to 

the presence of specific growth inhibitory environment that impedes successful 

CNS axonal outgrowth, and reduced intrinsic ability of the CNS neurons to 

regenerate after injuries (Schwab and Thoenen 1985; Aguayo et al. 1991; 

Goldberg et al. 2002). The inhibitory environment includes Nogo expressed by 

oligodendrocytes, glial scars and chondroitin sulfate proteoglycans (Harel and 

Strittmatter, 2006; Young, 2014). The intrinsic capability to regenerate depends 

mainly on increased expression of molecules important for neuron survival and 

axon outgrowth (Skene 1989). Mammalian CNS regeneration is still poor even 

after blockage of the inhibitory factors, suggesting the importance of the intrinsic 

factors in promoting successful regeneration in the CNS (So and Yip 1998; 

Ferguson and Son 2011; Vajn et al. 2013). 
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In contrast to the CNS in mammals, the CNS in adult amphibians and 

teleost fish (e.g. zebrafish) is able to regenerate following injuries (Sperry 1948; 

Becker and Becker 2007; Brockerhoff and Fadool 2011; Fleisch et al. 2011). 

Again, both environmental and intrinsic factors are involved: the oligodendrocytes 

in these species are less inhibitive, little or no glial scars are present, and there is 

an up-regulation of molecules crucial for the neuron survival and axon outgrowth 

(Raymond and Hitchcock 2000). Nevertheless, not every developmental 

molecule is implicated in the regeneration mechanism because certain signaling 

mechanisms are different between those two processes (Benowitz et al. 2017, 

2017). 

The zebrafish has an extraordinary regenerative ability following injuries 

and therefore is a good model for the vertebrate regeneration studies (Liu and 

Londraville 2003; Becker and Becker 2007). The retina has been one of the 

favorite organs for studying CNS development, function, physiology and 

regeneration because it is peripherally localized (easily accessible), has a well-

laminated structure with specific cell types localized mostly in a particular retinal 

layer (easy identification and isolation of cell types). Additionally, the retina and 

optic nerve are considered part of the CNS because they originate from the 

diencephalon during the embryonic development (Purves et al. 2001; Russek-

Blum et al. 2009). 

Following optic nerve lesions (e.g. crush or sever) in adult zebrafish, there 

is little cell death in RGCs as over 90% of these cells survive (Zou et al. 2013; 

Bollaerts et al. 2017). Regenerating retinal axons arrive at the anterior region of 
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the optic tectum (the major brain target of the retinal axons) by one week and 

innervate the entire tectal lobe by three weeks (Becker and Becker 2007; Zou et 

al. 2013). Molecular mechanisms underlying the successful retinal regeneration 

are still being investigated. Several molecules show marked increase following 

the optic nerve lesion. These molecules include: klf6a, klf7 (Veldman et al. 2007), 

GAP-43 (Benowitz et al. 2017, 2017), alpha-tubulin (Skene 1989; Bormann et al. 

1998; Becker and Becker 2007), reggie (flotillin) (Stuermer 2010) and cadherins 

(e.g. cdh2 and cdh4, Liu et al. 2002). Functional studies show that klf6a/klf7, 

alpha-tubulin and reggie promote retinal axon outgrowth (Veldman et al. 2007, 

2010; Munderloh et al. 2009). A recent study from our laboratory (unpublished) 

showed that blocking cdh2 function greatly reduced retinal axon regeneration in 

adult zebrafish, suggesting that this cadherin plays an essential role in successful 

retinal axon regeneration. The mammalian peripheral nervous system (PNS) 

regenerates significantly better than the CNS and one of the factors that may be 

responsible for that is an increased cdh2 expression (Squitti et al. 1999). 

Elevated cdh2 and cdh4 expression is also observed in regenerating cerebellum 

in adult zebrafish, and expression levels of these cdhs reduce to their pre-injury 

levels once the cerebellum is regenerated (Liu et al. 2004a). 

Cadherins in regeneration 

The expression patterns of cadherins is spatially and temporally controlled 

in nervous tissues of young, adult and regenerating vertebrates (Redies et al. 

2011), including chickens (Shibuya et al. 1995), mice (Redies and Takeichi 
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1993), rats (Thornton et al. 2005) and zebrafish (Liu et al. 1999a, 1999b, 2002). 

Expression of cadherins is elevated following injuries in fish, birds and mammals 

(Squitti et al. 1999; Liu and Londraville 2003; Thornton et al. 2005). Increased 

cadherin expression in mammals is only observed in the PNS, where there is a 

successful nerve regeneration (Thornton et al. 2005), but not in the CNS (e.g. 

optic nerve, Bates et al. 1999). Examples of cdh2 expression occurring in the 

PNS injury are sciatic nerves of adult rats (Thornton et al. 2005) and young 

chickens (Cifuentes-Diaz et al. 1994), and the ciliary ganglion of quail (Squitti et 

al. 1999). A failure of nerve survival and subsequent regeneration is 

accompanied with non-detectable expression change of few cell adhesion genes 

(including cdh2) in the mouse optic nerve (Bates et al. 1999; Sharma et al. 2014; 

Ribeiro et al. 2020). This is in contrast to the successful regeneration in adult 

zebrafish CNS structures including the retina, optic nerve and cerebellum, which 

coincides with increased cdh2 and cdh4 expression after lesions (Liu et al. 2002, 

2004a). 

Liu et al. (2002) studied expression of cdh2 and cdh4 in regenerating 

retina, optic nerve and optic tectum of adult zebrafish. Injuries were either eye 

stabbing or optic nerve crush. The authors showed that increased cdh2 

expression (measured by immunohistochemistry and immunoblotting) was 

observed as early as the second day after the injury, and cdh2 expression levels 

continued to increase in the regenerating visual structures 3-days to 1-week 

post-lesion. Increased cdh2 expression remained for 2 weeks following the 

injuries, but returned to pre-lesion (normal/control) level 3 weeks after the lesion. 
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A similar expression profile was observed for cdh4 in the regenerating visual 

structures, except that the onset of its up-regulation was delayed 1-2 days 

compared to that of cdh2 up-regulation. The increased cdh2 expression in the 

regenerating adult zebrafish retina was confirmed using DNA microarray 

(Cameron et al. 2005).  

Krüppel-like factors (Klfs) in regeneration 

The family of Klfs belongs to a large group of proteins with characteristic 

DNA-binding zinc finger motif containing Cys2-His2 surrounding a zinc ion 

(Kaczynski et al. 2003; Lomberk and Urrutia 2005; McConnell and Yang 2010). A 

distinguishing feature of the Klf family is a set of highly conserved three zinc 

fingers in the C-terminus (McConnell and Yang 2010). The N-terminal of Klfs 

members contains domains interacting with co-activators and/or co-repressors 

(Kaczynski et al. 2003; Lomberk and Urrutia 2005; McConnell and Yang 2010). 

Classification of Klfs is mainly based on their variable N-terminal domains 

(Lomberk and Urrutia 2005; Presnell et al. 2015). Group 1 members (Klfs 3, 8, 

and 12) have PVALS/T N-terminal and are transcriptional repressors. Group 2 

members (Klfs 1, 2, 4, 5, 6, and 7) are transcriptional activators, and all have the 

acidic activation domain and either inhibitory or S-rich domains. Group 3 

members (Klfs 9, 10, 11, 13, 14, and 16) have a Sin3a-binding domain and are 

repressors. There are also some members that remain non-classified because 

they lack any of the above mentioned motifs (or domains) in their N-termini, 
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except containing the three zinc fingers in their C-termini (Klfs 15 and 17, Moore 

et al. 2009, 2011; McConnell and Yang 2010; Presnell et al. 2015). 

The first Klf gene (Klf1) was discovered by Miller and Bieker (1993) in a 

murine red blood cell line. Each of the 16 Klfs discovered subsequently was 

named with increasing numbers (Kaczynski et al. 2003; e.g. Klf2, Klf3, etc. 

Lomberk and Urrutia 2005; McConnell and Yang 2010). Function of Klfs in axon 

intrinsic growth (Moore et al. 2009; Blackmore et al. 2012) and optic nerve 

regeneration were studied previously (Fleisch et al. 2011; Moore et al. 2011; 

Benowitz et al. 2017). In mice, all Klf members (except Klf1 and Klf17), are 

expressed in developing RGCs. Some members (e.g. Klf4 and Klf9) inhibit RGC 

axon regeneration, while others (Klf6 and Klf7, see more below) promote RGC 

axon regeneration (Moore et al. 2009, 2011). 

Functions of Klfs in vertebrates are broad, impacting cell growth, 

differentiation, proliferation, migration, apoptosis, inflammation and regeneration 

(Bieker 2001; Kaczynski et al. 2003; Laub et al. 2005; McConnell and Yang 

2010). The involvement of Klfs in cancer has been studied extensively (Bureau et 

al. 2009; Tetreault et al. 2013). Klfs are also involved in pathogenesis of 

neurological disorders, such as ischemic stroke (Yin et al. 2015). 

Klf6  

KLF6 was first identified from prostate cancer patients as a tumor 

suppressor in prostate cancer (Narla et al. 2001). KLF6 was further implicated in 
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several other cancers, such as gastric cancer, colorectal cancer and 

hepatocellular carcinoma (Reeves et al. 2004; Cho et al. 2005; Narla et al. 2007).  

Klf6 expression in mouse embryos is first detected at E11.5 in 

mesenchyme, and later (E12.5) it is found in the nervous system, such as caudal 

hindbrain, dorsal root ganglia, and ventral horns of the spinal cord (Laub et al. 

2001b). In addition to the above structures, Klf6 expression is also seen in the 

forebrain and midbrain at E16.5 (Laub et al. 2001a). In the mouse eye, Klf6 is 

first found in the lens pit at E10.5 and in the corneal epithelium at E15.5 

(Nakamura et al. 2004). In RGCs, Klf6 is first detected at E19 and its expression 

decreases steadily as mice develop, until P21 when there is over 8-fold decrease 

in its expression (Moore et al. 2009). In general, Klf6 expression in the 

developing mouse nervous tissues is more restricted than Klf7 (see below), but 

Klf6 is also found in non-neural tissues such as the developing heart, lung, 

kidney, autopod and hindgut (Laub et al. 2001b; Chu and Sadler 2009). Jeong et 

al. (2009) described wide Klf6 expression in the forebrain of the adult mouse. 

Klf6 is involved in differentiation and cell cycle exit (Laub et al. 2001b, 

2005). Klf6 functions as an activator of CPBP protein in mice and humans 

(Kaczynski et al. 2003). In addition, Klf6/KLF6 is a growth-enhancing molecule 

for neural axons (Moore et al. 2009). 

The zebrafish klf6a gene located on chromosome 24 is orthologous to the 

mammalian Klf6/KLF6 (mouse/human). Klf6a is found in developing zebrafish as 

early as 10.33 hpf (1 somite) in ventral mesoderm (Thisse et al. 2001). As the 

embryo develops, klf6a is found in the neural tube (16-18 hpf), telencephalon 
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(30-42 hpf), tectum and hindbrain nuclei (43-60 hpf), cranial ganglia (16-18 hpf), 

posterior lateral line ganglia (19-42 hpf), dorsal neurons (19-42 hpf, Thisse et al. 

2001). Klf6a is not expressed in either developing or adult RGCs, but is 

expressed when their axons are crushed in adult fish (Veldman et al. 2010). 

Klf6a expression increases as soon as a couple of hours post-injury, and its 

expression intensifies further at 2-3 days (Veldman et al. 2007). Klf6a expression 

levels then decline until day 12-24 post lesion. There is no functional study of 

klf6a in zebrafish nervous system development. Klf6a, together with klf7 (see 

below), is implicated in promoting retinal axon regeneration in adult zebrafish 

(Veldman et al. 2007). In addition, klf6a is important in hematopoietic and 

vascular development (Xue et al. 2015). 

Klf7  

KLF7 in humans was first isolated from vascular endothelial cells using the 

degenerate primers PCR amplification, and was later found in many human 

tissues, but mainly in brain and spinal cord (Matsumoto et al. 1998). KLF7 has 

been implicated in the pathogenesis of type 2 diabetes (Kanazawa et al. 2005). 

Individuals with de novo KLF7 variants have neuromuscular and psychiatric 

complications related to autism and intellectual disability (Powis et al. 2018). 

 In developing mice, Klf7 expression is restricted to the nervous system 

(both CNS and PNS) and is found in neurons (e.g. dopaminergic) and 

neuroectodermal cells (Laub et al. 2001a, 2006; Caiazzo et al. 2010, 2011; Yin et 

al. 2015). Embryonic tissues expressing Klf7 include the olfactory bulb, dorsal 
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root ganglia, sympathetic ganglia and spinal cord. In postnatal mice, Klf7 is 

expressed in the olfactory system, cerebral cortex, hippocampus and 

mesencephalon (Laub et al. 2006; Caiazzo et al. 2011). In the adult mouse, Klf7 

is found in the cerebellum and dorsal root ganglia, and weakly expressed in 

some other tissues (Laub et al. 2001a). In embryonic mice (E12-E19), Klf7 is 

expressed in RGCs. After birth (P1), Klf7 expression in the RGCs is slightly 

higher than at E19, but its expression levels decrease over 2-fold untill at least 

P21 (Laub et al. 2001a, 2005; Moore et al. 2009). 

In Klf7 null mutant mice, selective sensory neurons (e.g. olfactory 

neurons) are depleted (Lei et al. 2005; Laub et al. 2006; Caiazzo et al. 2011). 

Additionally, Klf7 functions in neurogenesis in cerebral cortex and hippocampus, 

likely through affecting genes important in neuronal differentiation (Laub et al. 

2005; Caiazzo et al. 2010). Furthermore, Klf7 mutants exhibit defects in retinal 

axons growth and pathfinding (Laub et al. 2005; Blackmore et al. 2012). The 

overexpression of Klf7 promotes sciatic nerve (PNS) repair in 8-week-old mice 

and therefore this gene is involved in nerve regeneration (Wang et al. 2017). Klf7 

expression in the adult mouse corticospinal tract (CST) is greatly decreased 

(Blackmore et al. 2012), leading the authors to propose that this down-regulation 

is one of the reasons injured CNS axons fail to regenerate. Overexpression of 

transactivation domain VP16 of Klf7 (VP16-klf7) helped to promote limited 

regeneration of injured axons (Blackmore et al. 2012).  

The zebrafish klf7 (klf7b) gene is located on chromosome 9 and is 

orthologous to the mammalian Klf7/KLF7 (mouse/human). In zebrafish, klf7 is 
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present in the olfactory bulb, diencephalon and cranial ganglia (Thisse and 

Thisse 2004; Li et al. 2010a; Xue et al. 2015). In the visual system of developing 

zebrafish (24-72 hpf), klf7 is expressed in the gcl (Thisse and Thisse 2004; Laub 

et al. 2006; Veldman et al. 2007). Its expression in the gcl becomes almost 

undetectable in adult zebrafish, but it becomes greatly increased in RGC axons 

within hours post optic nerve crush, and its expression continues to increase and 

peaks at 6 days post-injury (Veldman et al. 2007). Klf7 expression levels then 

decline and become almost the same as pre-injury at 24 days post lesion. In 

retinal explants, the axonal growth in vitro is affected in double knockdown of 

klf6a and klf7, but not in the individual knockdown of either protein, suggesting 

that they have redundant roles in promoting retinal axon regeneration and can 

compensate for each other in the process (Veldman et al. 2007). 

Zebrafish as a model organism and its visual system 

 Zebrafish (Danio rerio, formely designated Brachydanio rerio) have been 

used as a model organism from the time when George Steisinger and his 

colleagues at The University of Oregon linked a mutation of slc24a gene in 

golden mutant (lighter skin pigmentation) between zebrafish and human 

(Streisinger et al. 1981). The choice of the zebrafish as a model organism is 

driven by several experimental advantages (Grunwald and Eisen 2002). Their 

development is fast and external. For example, most major organs are present 

by 24 hpf, and zebrafish can reach sexual maturity in 3-4 months. Additionally, 

embryos are transparent, allowing observation of internal structures in intact 
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embryos, thus the zebrafish is commonly used in developmental studies (Eisen 

1996; Anderson and Ingham 2003; Schmidt et al. 2013). The low cost, high 

number of progeny (routinely >50 fertilized eggs per female each breeding), and 

easy maintenance of this model organism contribute to its popularity. 

Furthermore, the zebrafish genome is fully sequenced and easily accessible 

online (http://ncbi.nlm.nih.gov/genbank), and gene manipulation such as 

knockdown or knockout is relatively simple (Chen et al. 2013; Varshney et al. 

2013). Over 70% protein-coding genes in human share the corresponding 

functional orthologs with zebrafish (Langheinrich 2003; Howe et al. 2013). 

Importantly, the molecular, cellular and physiological processes are similar 

between zebrafish and humans (Langheinrich 2003). 

 In addition, like other teleost fish and amphibians, zebrafish have the 

ability to regenerate damaged nervous tissues, including the retina and optic 

nerve. Moreover, the regenerating processes are faster (e.g. one week for the 

regenerating retinal axons to reach the optic tectum in adult zebrafish, but more 

than one month in goldfish) due to its smaller size and living in fresh water with 

higher temperatures (Hitchcock and Raymond 2004). The regeneration 

responses (such as axon outgrowth, tectal innervation and functional recovery) 

are delayed in aging zebrafish (5 months vs. 3 years), but are similarly 

successful (Bollaerts et al. 2017). 

Given the above advantages of zebrafish, this model organism has been 

used to study development and regeneration, serving as an invaluable tool to 

model human diseases (Lieschke and Currie 2007; Santoriello and Zon 2012). 

http://ncbi.nlm.nih.gov/genbank
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Zebrafish have been used to study the molecular and cellular mechanisms of 

wide spectrum of human diseases (developmental, skeletal, cardiovascular, 

hematopoietic, kidney diseases), in addition to human disorders (behavioral, 

neurological, psychiatric disorders; e.g. addiction), cancer and many others 

(Dooley and Zon 2000; Penberthy et al. 2002; Shin and Fishman 2002; Guo 

2004; Lieschke and Currie 2007; Panula et al. 2010; Bakkers 2011; Chhetri et al. 

2014). Importantly, zebrafish have been a model organism for the pathogenesis 

of human vision-related disorders/diseases including glaucoma, cataracts, 

ciliopathies, age-related macular degeneration (AMD), human congenital 

nystagmus (HCN) / infantile nystagmus syndrome (INS), human choroideremia 

(CHM) and Hermansky–Pudlak syndrome (Bibliowicz et al. 2011; Chhetri et al. 

2014). In zebrafish, numerous behavioral tests for visual responses and its 

sensitivity may provide useful information for the research in human vision (Guo 

2004). The similarities between eye anatomy of zebrafish and humans (shown in 

Figure 1.3) further justify the use of zebrafish as a model organism to study 

human vision-related disorders/diseases. Both are diurnal species and their 

vision is primarily mediated by cone photoreceptors in the retina during the day 

(Hughes et al. 1998; Bilotta and Saszik 2001). Although mice and rats are the 

two main mammal model organisms, both are nocturnal with their retinas 

containing much fewer cones (Carter-Dawson and Lavail 1979). 

 It should be pointed out that despite the advantages of zebrafish, there 

are apparent differences between the fish and humans. For example, some of 

their functional organs are different (e.g. lungs) and zebrafish lack a laminar 
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cerebral cortex. Furthermore, homologous genes may have partially redundant 

functions because of evolutionary whole-genome duplication in zebrafish 

(Rastogi and Liberles 2005; Kleinjan et al. 2008). Therefore, restraint and 

carefulness are needed when extrapolating results from zebrafish to human 

development and/or diseases (Maximino et al. 2015). 

 

 
Figure 1.3. Comparison of the anatomy of zebrafish eye and human eye. The 
overall organizations of the two eyes are almost identical. The zebrafish eye has 
a slightly less round shape, smaller distance between the lens and cornea and 
lacks macula, compared to the human eye. Adapted and modified from Chhetri et 
al. (2014).  

 

The advantages of using zebrafish as a model organism to study cellular 

and molecular mechanisms involved in the retinal development, regeneration, 

vision and visual disorders/diseases include similarity of the visual system 

anatomy and physiology between zebrafish and humans, easy access and ease 

of experimental manipulations, and robust and quick regeneration. The retina of 

the zebrafish has the same major major cell types (one glial cell type and six 

types of neurons with many subtypes, Figure 1.4) and laminar organization (three 
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cellular layers and two synaptic layers) as other vertebrates (Fadool and Dowling 

2008). The three cellular layers contain the nuclei/cell body of various retinal 

neurons and are the following: the outer nuclear layer (onl), the inner nuclear 

layer (inl), and the ganglion cell layer (gcl). The outer nuclear layer hosts rod and 

cone receptor cell bodies, the inner nuclear layer hosts nuclei of amacrine cells, 

bipolar cells, horizontal cells and Müller glia, while the ganglion cell layer is a 

location for cell bodies of retinal ganglion cells (RGCs) (Darby et al. 1990; 

Bormann et al. 1998; Stenkamp 2007; Agathocleous and Harris 2009; Garrett 

and Burgess 2011). The two plexiform layers are where cells from inl and onl 

synapse with their respective nuclear layers: the outer plexiform layer is where 

photoreceptors synapse with bipolar cells and horizontal cells, while the inner 

plexiform layer is where bipolar cells and amacrine cells contact RGCs (Fadool 

and Dowling 2008; Robles 2017). The inner plexiform layer can be further divided 

to ON and OFF layers, based on where the ON and OFF bipolar cells terminate 

(Robles 2017). A majority of somata residing in the gcl are RGCs, also called the 

orthotopic ganglion cells. Certain populations of retinal neuron bodies are present 

ectopically in the neighboring layers, and those include the displaced amacrine 

cells (without axons) in the outer portion of gcl and the displaced ganglion cells 

(Dogiel cells; with axons) in the inner portion of the inl or ipl (Rodieck 1979; Perry 

1981; Frank and Hollyfield 1987a, 1987b). Both types of the displaced cells tend 

to have a larger size, irregular distribution and they account for no more than few 

percent of their respective populations in zebrafish (Hitchcock and Easter 1986; 

Dunlop et al. 1992; Marc and Cameron 2002). Distribution of both types of 
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ectopic cell populations in zebrafish and goldfish is similar to some other 

vertebrates. Frogs (Hyla moorei and Xenopus laevis) have only 0.6-1% of RGCs 

displaced in the inl and 0.09% in the ipl (Hitchcock and Easter 1986; Toth and 

Straznicky 1989; Darby et al. 1990; Dunlop et al. 1992), while rats and hamsters 

have about 1% RGCs displaced in the inl (Perry 1981; Linden and Esberard 

1987). The much bigger difference between zebrafish and mammals is observed 

for the ectopic amacrine cells that account for around 50% of total cells in the gcl 

in rats, over 40% in hamsters and similarly high percentages in wallabies (Perry 

1981; Linden and Esberard 1987; Harman and Beazley 1989; Gao et al. 1997; 

Takeda et al. 2000; Kielczewski et al. 2005; Nadal-Nicolas et al. 2015). 
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Figure 1.4. Major layers and neuron types in adult zebrafish retina. This is a high-
magnified view of a zebrafish retina from a cross section with ganglion cell layer 
up. Major retinal neuron types are illustrated by pseudo-colored cell drawings 
with retinal ganglion cell in blue, amacrine cell in yellow, Müller cell in pink, 
bipolar cell in green, horizontal cell in orange, rod photoreceptor in purple, and 
cone photoreceptor in red. The terms in upper case letters depict layers 
containing primarily the cell bodies of the retinal neurons, while lower case letters 
depict layers containing primarily the axons and synapses of the retinal neurons. 
Adapted and modified from Goldsmith and Harris (2003). 

 

The cell types residing in the vertebrate retina are generated from retinal 

progenitor cells (RPCs) in succession by specific timing of their final mitotic 

divisions (Stenkamp 2007; Centanin and Wittbrodt 2014). In zebrafish, this 

process happens from the outside of apical surface of the retina, to the inside 

(Hu and Easter 1999). The neurogenesis process produces each retinal layer in 

the precise 12-hour intervals. A simplified version of the development of the 

retinal cells in zebrafish is illustrated in Figure 1.5. The first generated layer is the 
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gcl, where the retinal ganglion cells differentiate from 28 to 36 hpf. Next, the inner 

nuclear layer differentiates between 36 and 48 hpf. Lastly, the photoreceptor 

layer generates two types of cells residing within: cones (from 48 to 60 hpf) and 

rods (latter coming from a different neural lineage, Raymond 1985). By the end of 

day 3, the zebrafish has generated and organized all types of the retinal cells in 

layers and the RGC axons have reached and arborized their target areas of the 

brain (see below, Sharma 1975; Burrill and Easter 1994; Arenzana et al. 2006). 

This is when the visual system becomes functional and the embryo hatches 

(Easter Jr and Nicola 1996).  

 

 
Figure 1.5. Timeline of neurogensis of retinal cell types and development of the 
visual pathway in zebrafish. Pink oval – origin of neural retina, red oval – cells in 
the gcl, orange ovals – cells in the inl, blue ovals – cells in the opl, green ovals – 
retinal ganglion cell developmental events outside of the eye. Abbreviations: hpf, 
hours post fertilization; RGC, retinal ganglion cell. 
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In vertabrates, RGC axons form the nerve fiber layer, join at the optic disk 

and exit the eye at the optic nerve head and project to their target visual fields in 

brain, forming terminal arbors. Teleost fish have nearly an equivalent number of 

retinorecipient areas in larvae (the arborization fields, AF) and in adults (the 

retinorecipient nuclei, Fraley and Sharma 1984; Meek 1990). In adult zebrafish, 

the visual fields are located in the midbrain (TeO), preoptic region (SCN, PPp), 

thalamus (VL, I, A, DP), pretectum (VAO, PSp, APN, CPN), the accessory optic 

system (periventricular group, PPd and the PPv, Burrill and Easter 1994); refer to 

list of Abbreviations at the end of Dissertation. In embryonic and larval zebrafish 

there are ten AFs (AF1-AF10) and each is numbered by its distance from the 

eye. AF10 is the first to be generated in development (48 hpf) and is targeted by 

97% of RGC axons. The remaining axons target the AF9, which is generated 

next (52-54 hpf, Burrill and Easter 1994; Mueller 2012; Robles et al. 2014). 

Shortly after, bifurcated axon collaterals from RGC axons (that initially terminate 

in AF9 or AF10) make up the remaining AF1-8. By 72 hpf, all ten AFs are visible 

in the brain. Burrill and Easter (1994) identified visual larval structures with adult 

attributes and suggested the optic tectum (TeO) originates from AF10, the 

pretectal periventricular nuclei (PPd) develop from AF9. Additionally, the authors 

(Burrill and Easter 1994) paired all AFs with their possible adult counterparts, 

which were updated three decades later (Baier and Wullimann 2021), e.g. AF1 

develops into the SCN and AF4 arborizes in the I.  

In mammals, 90% of retinal projections in brain input the dorsal lateral 

geniculate nucleus (dLGN) of the thalamus, which in turn relays the information 
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to the primary visual cortex (V1). This pathway is called the geniculate pathway. 

The rest of the RGCs (extrageniculate pathway) target the superior colliculus 

(SC) and further signal to the caudal thalamic nuclei (e.g. pulvinar or 

lateroposterior complex) and then to the visual cortices (V2-V4) and the lateral 

amygdala (Doron and Ledoux 1999). The fish and amphibians lack geniculate 

and extrageniculate pathways, 97% of RGCs target the contralateral optic tectum 

(TeO, Northcutt 1983; Northcutt and Wullimann 1988; Mueller 2012). In humans, 

the retinal axons project to both sides, with the axons from the RGCs located in 

the temporal half of the retina projecting to the ipsilateral lateral geniculate 

nucleus, while those in the nasal side project to the contralateral lateral 

geniculate nucleus (Wurtz and Kandel 2006). The optic tectum of zebrafish (no 

LGN) is a homologous structure to the superior colliculus of mammals, as both 

structures are part of the mesencephalon/midbrain (Mueller 2012). In zebrafish, 

the retinal axons project mainly to the contralateral side of TeO in an inverted 

pattern: from dorsal-temporal of the retina to ventral-anterior of the optic tectum, 

and ventral-nasal of the retina to dorsal-posterior of the optic tectum (Stuermer 

1988). Zebrafish and human RGC axons are myelinated, but the retinal part of 

the human axons is unmyelinated (Dezawa and Adachi-Usami 2000; Schweitzer 

et al. 2007; Münzel et al. 2014). Despite the differences in the visual system 

between zebrafish and humans, the comparable anatomy and physiology makes 

this fish an excellent model to study development and molecular aspects of 

neural circuits and regeneration (see below).  
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As discussed previously, there is a difference in the CNS regeneration 

ability between mammals and fish (Aguayo 1985; Sun and He 2010). A restricted 

ability of adult mammals to regenerate the injured CNS (caused by various 

extrinsic and intrinsic factors) contrasts the rapid regrowth of the injured axons 

and subsequent recuperation of neuronal functions in the teleost fish (Murray 

1982; Skene 1989; y Cajal et al. 1991; Tsonis 2000; Poss et al. 2003; Sun and 

He 2010; Liu et al. 2011a; Lee-Liu et al. 2013; Alunni and Bally-Cuif 2016). The 

extrinsic factors (environmental) in mammals inhibiting axonal regeneration 

include the shortage of molecules that promote growth, coupled with the excess 

of molecules inhibiting growth (see above). The growth inhibitors comprise of 

those associated with glia (produced by oligodendrocytes) and chondroitin 6-

sulfate proteoglycans (produced by astrocytes, Schwab and Thoenen 1985; 

Ferguson and Son 2011). The fish has a more robust CNS regeneration, partially 

due to absence or only very small amounts of inhibitory molecules produced by 

oligodendrocytes and astrocytes (Caroni et al. 1988). Studies showed that 

blocking inhibitory environmental factors had some effect on axonal regeneration 

in mammalian CNS (Fischer et al. 2004). More successful regeneration in 

mammalian RGC axons was observed when a peripheral nerve graft was 

attached to the injured RGC axons (Aguayo 1985; Vidal-Sanz et al. 1987; 

Robinson and Madison 2004). These findings suggest that the intrinsic factors 

(e.g. growth and/or survival factors produced by the regenerating neuron) of 

mammalian CNS may play more important role in the CNS ability to regrow its 

axons post-injury (Aguayo 1985; Vidal-Sanz et al. 1987; y Cajal et al. 1991; Yin 
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et al. 2003; Fischer et al. 2004). Mammals lose nearly all RGCs due to their 

atrophy and/or apoptosis that follow an optic nerve lesion (ONL), e.g. a rat loses 

70-80% of axotomized RGCs in the first 7-9 days (and even more over the 

course of the next 15 months), a mouse loses 70% of injured RGCs axons in the 

first 7 days (85% at two weeks, and the rest over the next 3 months) (Allcutt et al. 

1984; Levkovitch-Verbin et al. 2000; Takeda et al. 2000; Fischer and Leibinger 

2012; Liu et al. 2014; Sharma et al. 2014; Nadal-Nicolas et al. 2015; Daniel et al. 

2018; Sanchez-Migallon et al. 2018). Besides, neuronal death in the visual cortex 

(the contralateral superior colliculus) of mice is in the range of 28.9% ± 8.8% (4 

weeks after optic nerve crush), while the normal (unoperated) eye loses 

approximately 20% of cells in the gcl (Liu et al. 2014). The frog, Litoria (Hyla) 

moorei is able to regenerate the optic nerve, despite the relatively high cell loss, 

accounting for 35-70% of RGC in the gcl and 36% of the displaced RGCs (Darby 

et al. 1990; Dunlop et al. 1992). In fish under similar circumstances, the cell 

survival rate is much higher; 80-90% RGCs survive in goldfish, while in zebrafish 

this number is 90% in the first two weeks (Murray 1982; Berry et al. 1988; 

Quigley et al. 1995; Zou et al. 2013). The rapid regeneration process in zebrafish 

allows half of RGCs arrive at the optic tectum by one week after axonal injury, 

the entire tectal lobe is innervated by three weeks, and a functional recovery is 

achieved by 2-4 weeks after the optic nerve lesion (Bernhardt 1999; McDowell et 

al. 2004; Becker and Becker 2007; Zou et al. 2013). 

There is plethora of research on regeneration and gene expression 

patterns in vertebrates, including zebrafish (Liu and Londraville 2003; Hitchcock 
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and Raymond 2004; Saul 2008; Schuck et al. 2008; Moore et al. 2009; 

Gemberling et al. 2013; Benowitz et al. 2017). The regeneration of CNS in fish 

and PNS in mammals is successful, mainly because of molecules promoting cell 

survival of injured neurons, and stimulating axons to re-grow are produced soon 

after injuries. These intrinsic factors include cadherins (e.g. cdh2) and Klfs (e.g. 

klf6 and klf7; see above). There is a good correlation between cdh2 up-regulation 

following lesion and successful regeneration in fish CNS, chicken and quail PNS 

(see above). There is no detectable cdh2 up-regulation following optic nerve 

damage in mice, and virtually no regeneration in the optic nerve (Shibuya et al. 

1995; Squitti et al. 1999; Liu et al. 2002; Ribeiro et al. 2020). Similarly, klf6 and 

klf7 are intrinsic factors promoting the axonal growth post-injury (Moore et al. 

2011; Goldberg et al. 2013). Growth-promoting effects of klf6 and klf7 on 

damaged neural axons were demonstrated in both zebrafish (in vitro, Veldman et 

al. 2007) and mice (Moore et al. 2009; Goldberg et al. 2013). 

There are no published results, to the best of my knowledge, on 

expression of cdh6, cdh7, pcdh17 and pcdh19 in the retina and brain visual 

structures of normal adult zebrafish. Nor there is any information available on the 

expression of these cadherins in the regenerating adult zebrafish retina. 

Similarly, information on klf6a and klf7 expression in the brain visual structures of 

an adult zebrafish is lacking. Although a functional study on pcdh17 role in 

zebrafish retinal development was performed (see above), there is no information 

on molecular mechanisms involved in pcdh17-mediated retinal development. 
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Hypotheses 

Based on expression and functional studies of selected cadherins in the 

visual system of embryonic and adult vertebrates, I hypothesized that cdh6, 

pcdh17 and pcdh19 would be expressed in the visual structures of adult 

zebrafish, and their expression would be up-regulated in the gcl following an 

optic nerve crush. RNA In situ hybridization and/or quantitative PCR were used 

to test these hypotheses. Information on expression of these cadherins in normal 

and regenerating adult zebrafish visual structures could provide foundation for 

the future functional studies of their roles in adult CNS maintenance and 

regeneration.  

I hypothesized that both klf6a and klf7 would be expressed in the visual 

structures of the adult zebrafish brain. In situ hybridization method was used to 

test this hypothesis. Information obtained from this study could help future 

studies investigating in vivo functional roles of these two Klfs in adult zebrafish 

vision. 

I hypothesized that gene expression profiles, especially visual-related 

genes, of pcdh17 morphants zebrafish embryos would be significantly different 

from those of normal zebrafish embryos. Morpholino antisense oligonucleotide 

technology and oligonucleotide microarray were used to test this hypothesis. 

Results from this study may help us in identifying molecular players involved in 

pcdh17-mediated regulation of zebrafish retinal development. 
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Information gathered in these studies could also provide insights into 

cdhs/pcdhs and Klfs functions in development and maintenance of visual system 

in other vertebrates, including humans. 
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CHAPTER II 

CADHERIN-6, CADHERIN-7, PROTOCADHERIN-17 AND PROTOCADHERIN-

19 EXPRESSION IN NORMAL VISUAL SYSTEM OF ADULT ZEBRAFISH

 

Introduction 

Cadherin superfamily members are widely expressed in the developing 

vertebrates. The adhesive properties and/or activation of intracellular pathways 

upon binding of cadherin family members are the reason they are significant in 

the formation and further functioning of multicellular organisms (Nollet et al. 

2000; Halbleib and Nelson 2006; Takeichi 2007; Van Roy 2012; Jontes 2016; 

Suzuki and Hirano 2016). The expression of several cdh and pcdh members is 

notable in the nervous system, especially during important stages of its 

development and during the formation of the neural circuits (Redies 1995, 2000; 

Redies and Takeichi 1996; Babb et al. 2001; Tai et al. 2010; Redies et al. 2011; 

Lefkovics et al. 2012; Pancho et al. 2020). The visual structures of developing 

model organisms, i.e. the developing mouse, chicken, Xenopus and zebrafish 

express numerous cdhs and pcdhs, and their expression patterns suggest that 

they are involved in the formation of the visual system (Liu et al. 2001, 2008a; 

Babb et al. 2005; Chen et al. 2013; De la Huerta 2013; Missaire and Hindges 

2015). Moreover, misregulation of cdhs and pcdhs in the developing model 



 

72 
 

organisms causes defects in the visual system (Babb et al. 2005; Seiler et al. 

2005; Ruan et al. 2006; Liu et al. 2008a; Chen et al. 2013). However, there are 

no published studies, to the best of my knowledge, on the expression and 

functions of cadherins in the visual system of the adult organisms. I am 

interested in examining expression of two type-II classical cadherins (cdh6 and 

cdh7) and two non-clustered δ2-protocadherins (pcdh17 and pcdh19) in the 

visual system of wildtype adult zebrafish, which can provide background 

knowledge on future studies that examine cdhs functions in adult and/or 

regenerating visual structures. 

The visual system in zebrafish consists of dozen of types of neurons that 

reside in the retina and retinal targets in the brain, including the optic tectum 

(TeO, Wulliman et al. 2012; Baier and Wullimann 2021). In the zebrafish eye, the 

neuron cell bodies in the retina are located in three cellular layers, separated by 

two synaptic layers (Fadool and Dowling 2008). The most superficially situated 

are the cell bodies of the rod and cone photoreceptors in the outer nuclear layer 

(onl), synapsing in the outer plexiform layer (opl) with the horizontal and bipolar 

cells, whose bodies are located in the inner nuclear layer (inl). This layer also 

houses the amacrine cells, located in the inner portion of the inl. The bipolar cells 

are located in the middle portion of the inl, while the horizontal cells are located in 

the outer portion of the inl. The amacrine cells and bipolar cells synapse with 

dendrites of the retinal ganglion cells (RGCs) in the inner plexiform layer (ipl). 

Most of the RGCs are found in the retinal ganglion cell layer (gcl) and are 

situated in the innermost portion of the neural retina (Hitchcock and Raymond 
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2004; Stenkamp 2007; Fadool and Dowling 2008; Huberman et al. 2010). The 

RGC axons merge at the optic nerve head region (i.e., blind spot) to become the 

optic nerve (ON, nervus opticus II). The ONs from both eyes meet at the base of 

the hypothalamus, a region called the optic chiasm (CO). The collection of retinal 

axons becomes the optic tract (OT) after the optic chiasm. One part of the tract 

that projects dorsomedially is called the dorsomedial optic tract (DOT), while 

another part that projects ventrolaterally is called the ventrolateral optic tract 

(VOT). They reach the optic tectum in respective tectal regions and expand to 

cover the entire optic tectum (Wulliman et al. 2012; Baier and Wullimann 2021). 

Like other teleost fish, the optic tectum is divided into six layers, starting 

from the most superficial layer: the stratum marginale (SM), stratum opticum 

(SO), stratum fibrosum et griseum superficiale (SFGS), stratum griseum centrale 

(SGC), stratum album centrale (SAC) and stratum periventriculare (SPV) 

(Vanegas 1983; Northmore 2011; Kolsch et al. 2021). The majority of retinal 

axons terminate in the superficial layers of the contralateral optic tectum, mainly 

arborize in the SFGS and in the outer portion of SO. The vast majority of cells in 

the optic tectum are located in the SPV, the deepest layer of the optic tectum 

(Stuermer 1988; Easter Jr and Nicola 1996; Kita 2015). 

In addition to the optic tectum, retinal axons also project to other brain 

regions, most of which are located in the diencephalon (Baier and Wullimann 

2021). They include those in the preoptic area (suprachiasmatic nucleus (SCN) 

and parvocellular preoptic nucleus, posterior part (PPp), those in the anterior 

thalamus (anterior thalamic nucleus (A), accessory pretectal nucleus (APN), 
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central pretectal nucleus (CPN), intermediate thalamic nucleus (I), parvocellular 

superficial pretectal nucleus (PSp), ventral accessory optic nucleus (VAO), and 

ventralateral thalamic nucleus (VL)), and those in the posterodorsal thalamus 

(periventricular pretectal nucleus, dorsal part (PPd) and periventricular pretectal 

nucleus, ventral part (PPv, Northcutt and Wullimann 1988; Northmore 2011; 

Baier and Wullimann 2021)). 

There are also visual areas that do not receive retinal inputs directly, but 

are involved in the visual information processing via connections to other visual 

brain structures. These regions include the lateral zone of dorsal telencephalic 

area (Dl) that receives signals from the anterior thalamic nucleus (A), the dorsal 

posterior thalamic nucleus (DP) that receives visual information from the optic 

tectum and projects to the telencephalon, and the nucleus isthmi (NI) in the mid- 

and hindbrain boundary that are reciprocally connected to the optic tectum 

(Northcutt and Wullimann 1988; Northmore 1991, 2017; Hitchcock and Raymond 

2004; Bakken and Stevens 2012; Wullimann 2020). 

Little is known about cdhs and pcdhs expression and function in the visual 

system of adult vertebrates. As a first step in understanding their functions in the 

maintenance and physiology of visual structures of adult zebrafish, I investigated 

expression of cdh6, cdh7, pcdh17 and pcdh19 using RNA in situ hybridization 

method. 
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Materials and methods 

Animals 

Wild-type adult zebrafish (Danio rerio) used in this study were 12-18 

months old and similar in length. Five animals of both sexes were used. Animals 

were housed in The University of Akron Research Viviarium (UARV). The fish 

were from our in-house colonies and maintained at 28°C in 14-hour light and 10-

hour dark cycle in 10-gallon tanks, according to the Zebrafish Book (Westerfield 

2007). After anesthetization in 0.03% (tricaine) ethyl 3-aminobenzoate 

methanesulfonate (MS-222, Sigma, St. Louis, MO), the fish were placed on ice in 

a 60 mm plastic petri dish and sacrificed by cervical transaction. The brains and 

retinas were quickly removed and placed immediately in 4% paraformaldehyde 

(PFA, by Fisher Scientifics, Waltham, MA) in 0.1M phosphate buffered saline 

(PBS, pH=7.4). Institutional Animal Care and Use Committee (IACUC) at The 

University of Akron approved all animal-related procedures (approval reference 

#15-07-08-LFD; copy in Appendix A). 

Probe synthesis for RNA in situ hybridization (ISH) 

 The in vitro digoxigenin (DIG) RNA synthesis protocol (manufactuerer’s 

manual, Roche, Indianapolis, IN) was used to generate antisense probes of each 

gene of interest for the detection of each cdh or pcdh mRNA in the tissues. 

Cloning of the cdh and pcdh genes was described in detail previously (Liu et al. 

2006, 2007a, 2009, 2010). The zebrafish embryos (30-50 hpf) were used to 

obtain total RNA using TRIzol reagent (Life Technologies, Carlsbad, CA). cDNA 
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fragments were generated by using gene-specific primers in RT-PCR reactions 

(Table 2.1), cloning into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA), and 

used as templates for generating antisense cRNA probes (Liu et al. 1999b). 

 
Table 2.1. Zebrafish cdh genes and PCR primers used for generating cRNA 
probes. Vectors for molecular cloning were the following: pCRII-TOPO for cdh6 
(Liu et al. 2006), pCRII-TOPO for cdh7 (Liu et al. 2007a), pCRII-TOPO for 
pcdh17 (Liu et al. 2009) and pCRII-TOPO for pcdh19 (Liu et al. 2010). 

Gene name  

GenBank 

accession 

Forward primer  

Reverse primer 

Probe size 

cdh6  

AB 193290 1 

5’-GCGGAAAAGATGAGGACTTG-3’ 

5’-CATCCACATCCTCGACACTG-3’ 

1131 nt 

cdh7 

XM 691001 

5’-TGTTGGCAAGCTTCATTCTG-3’ 

5’-ACCGTGGGTCTATGTTCCTG-3’ 

1888 nt 

pcdh17 

XM 684743 

5’-CTGTGTTTGAACAGCCCTCA-3’ 

5’-TTGCACCATCAGTGGGTTTA-3’ 

847 nt 

pcdh19 

BC 129243 

5’-CAATGGCGAGGTGGTCTACT-3’ 

5’-CAACTCCAGCGTTTTTAGGG-3’ 

942 nt 

 

Tissue processing for RNA in situ hybridization 

After overnight fixation in 4% PFA at 4ºC, the eyes and brains were 

washed three times for 10 minute each in 1xPBS with a constant slow agitation 

(on a platform rocker) at room temperature (Barthel and Raymond 1990). The 

washed tissues were subsequently placed in 20% sucrose (dissolved in PBS) 
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overnight at 4ºC (for cryoprotection). The next day (15-24 hours later), the eyes 

and brains were placed in a mixture (1:1 v/v) of 20% sucrose and optimum 

cutting temperature compound (Tissue-Tek® O.C.T. Compound, Sakura, 

Netherlands) for 1 hour at room temperature on the platform rocker. Next, the 

tissues were placed in the same solution in cylinder-shaped aluminum molds (15 

mm in diameter, 25 mm in height, 2 or 3 eyes or brains in each mold), and 

partially submerged into a mixture of crushed dry ice and 95% ethanol, until 

frozen. The frozen tissue blocks were placed in labeled tissue sample bags and 

stored at -80ºC until used for cryosectioning. The frozen tissues were cut using a 

cryostat set to thickness of 14 µm for retinas and 16 µm for brains. The tissue 

sections were collected on Fisher superfrost pre-treated glass slides (Fisher 

Scientific, Waltham, MA). After drying at room temperature for about 1 hour, the 

tissue slides were stored at -20ºC until processed for RNA in situ hybridization 

(see below). Four sets of alternate-cross sections from each eye or brain were 

collected and each set was usd for staining one cdh or pcdh probe (see below). 

RNA in situ hybridization on tissue sections 

Procedures for in situ hybridization on retinal tissue sections were 

described previously in Barthel and Raymond (1993). Briefly, sectioned tissues 

on slides were removed from the freezer and air-dried at room temperature. They 

were treated with decreasing concentrations of ethanol. Then, the tissues were 

briefly digested for 3 minutes with proteinase K (0.01 mg/ml, Roche) at 37ºC. 

Next, the sections were incubated in 0.1 M triethanolamine (pH 8.0, Sigma, St. 
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Louis, MO), followed by washing in 0.1 M triethanolamine with 0.25% acetic 

anhydride (Fisher). Then, the sections were treated with increasing 

concentrations of ethanol, followed by air-drying at room temperature for about 

one hour. The sections were covered with 70 µl hybridization solution containing 

2 µg/ml antisense cdh or pcdh cRNA probe, and placed in a hybridization oven 

(59ºC) overnight. Next day, the sections were washed in 2X SSC, followed by 

50% formamide in 2X SSC (at the hybridization temperature). The tissue 

sections were treated with RNase A (Roche), washed in RNase buffer before 

incubation in a blocking solution (5% normal goat serum, 2 mg/ml BSA, 1% 

DMSO in PBS with Tween-20, PBST) for two hours at room temperature with 

constant agitation on the platform shaker. The sections were then treated with an 

anti-DIG antibody (conjugated to alkaline phosphatase, AB_514497, Roche) 

solution (diluted 1:5,000 in the blocking solution) overnight at 4ºC. Visualization 

of the signal was achieved by incubating the sections overnight in the dark at 

room temperature in a solution made from dissolving one tablet of 4-nitroblue 

tetrazolium chloride (NBT)/5-bromo-4-chloro-3- indolyl phosphate (BCIP, called 

NTB/BCIP tablet, Roche) in 10 ml of distilled water. Tissues were processed 

together and all paramaters were the same, except different cRNA probes were 

used. 

Data analysis 

Stained sections were observed under an Olympus BX51 compound 

microscope equipped with Normarski optics and connected to a SPOT digital 
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camera (SPOT Imaging Solutions, Sterling Heights, MI). Results were recorded 

as digital images and further processed using Photoshop 6.0 software (San Jose, 

CA). 

Results 

In the visual system of adult zebrafish, mRNAs for all four cadherins were 

detected but their expression patterns were unique. This section describes the 

spatial distribution of these mRNAs in the retina and in the visual structures 

located in the brain of intact adult zebrafish. 

Cdh6, cdh7, pcdh17 and pcdh19 expression in the retina of normal adult 
zebrafish 

Cdh6 expression was mainly detected in the inner nuclear layer (inl, 

Figure 2.1A). There was no obvious regional difference in cdh6 expression within 

this layer, but some cells were more strongly labeled than others. Only a few 

faintly labeled cells were found in the retinal ganglion cell layer (gcl). Similar to 

cdh6 expression in the retina, cdh7 expression was mainly found in the inl 

(Figure 2.1B). Unlike cdh6 expression in this layer, there appeared to be a 

regional difference in cdh7 expression, with more strongly labeled cells in the 

inner portion of the inl. This region is primarily populated with amacrine cells in all 

vertebrate retinas examined (Hoon et al. 2014). Pcdh17 expression in the gcl 

was more prominent (Figure 2.1C), compared to cdh6 (Figure 2.1A) and cdh7 

(Figure 2.1B). In the inl, pcdh17 was expressed uniformly with some cells labeled 

more strongly (Figure 2.1C). Pcdh19 expression pattern in the retina looked 
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similar to pcdh17, except there seemed to be more pcdh19-positive cells in the 

gcl (Figure 2.1D). 

 

 
Figure 2.1. Expression of cdh6, cdh7, pcdh17 and pcdh19 in adult zebrafish 
retina. Images are cross-sections of the retina labeled with probes for cdh6 (A), 
cdh7 (B), pcdh17 (C) and pcdh19 (D). Scale bar = 50 µm. Abbreviations: gcl – 
ganglion cell layer, ipl – inner plexiform layer, inl – inner nuclear layer, onl – outer 
nuclear layer, rpe – retinal pigment epithelium. 

 

Cdh6, pcdh17 and pcdh19 expression in the brain of normal adult zebrafish 

The expression of cadherins in the visual structures of the adult zebrafish 

brain was studied and cdh7 was not detected. The expression of pcdh19 was the 

most prominent; therefore, it is described fist, followed by pcdh17 and cdh6 (that 

showed the lowest expression). Their respective expression patterns are 

described from anterior to posterior brain regions, and the section levels for 
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respective figures are shown in the schematic drawing of a lateral view of adult 

zebrafish brain (Figure 2.2). 

 

 
Figure 2.2. Schematic drawing of an adult zebrafish brain showing levels of 
cross-sections for examining cdhs and pcdhs expression. Lateral view, anterior 
to the left, dorsal to the top. Numbers represent respective figure numbers in this 
chapter. See Abbreviations for list of full terms. 

 

Telencephalon  

In the telencephalon, the visual structure that contained pcdh19-

expressing cells is the lateral zone of dorsal telencephalic area (Dl) (Figure 2.3 

and Figure 2.4). In the precommissural telencephalon (Figure 2.3A, left panel, 

Figure 2.3B and E), pcdh19-expressing cells appeared to be evenly distributed in 

Dl, which was unlike pcdh19 expression in the adjacent Dc (central zone of 

dorsal telencephalic area) and Dm (medial zone of dorsal telencephalic area), 

where only a few scattered pcdh19-expressing cells were found in Dc (Figure 

2.3B and E), while most pcdh19 expression was confined to the superficial layer 
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in Dm (Figure 2.3B). In the postcommissural telencephalon (Figure 2.4A, left 

panel and Figure 2.4B), pcdh19 expression was more prominent in the superficial 

region of Dl, including the border region between Dl and Dc (Figure 2.4A, left 

panel). 

In the precommisural telencephalon, pcdh17 expression was mainly 

detected in the dorsomedial region of Dl, adjacent to Dm (Figure 2.3A, middle 

panel and Figure 2.3C). In the postcomissural telencephalon, expression levels 

of pcdh17 were low in Dl (Figure 2.4A, middle panel and Figure 2.4C). 

Cdh6 expression in the visual structures of the telencephalon was more 

limited than the pcdhs. In the precommisural telencephalon, weak cdh6 

expression was detected mainly in the superficial region of Dl (Figure 2.3A, right 

panel and Figure 2.3D and G). In the postcommisural telencephalon, no obvious 

cdh6 was detected in Dl (Figure 2.4A, right panel and Figure 2.4D). 
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Figure 2.3. Expression pcdh19, pcdh17 and cdh6 in the precomissural 
telencephalon. Images in the top panels show lower magnification of adjacent 
brain regions from brain section shown in Figure 2.2. Images in the lower panels: 
B-D show higher magnifications of the dorsomedial regions of the dorsal 
telencephalon, while E-G show higher magnified views of the dorsolateral 
regions of the dorsal telencephalon shown in the top respective panels. Scale bar 
= 200 µm for panel A, 50 µm for panels B-G. See Abbreviations for list of full 
terms. 
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Figure 2.4. Expression of pcdh19, pcdh17 and cdh6 in the postcommissural 
telencephalon. Images in the top panels are low magnified views of adjacent 
brain at a level shown in Figure 2.2. Images in the lower panels show higher 
magnifications of the dorsal telencephalon region adjacent to the sulcus 
ypsiloniformis (SY) shown in their respective top panels. Scale bar = 200 µm for 
panel A, 50 µm for panels B-D. See Abbreviations for list of full terms. 

 

The preoptic area 

The posterior part of the parvocellular preoptic nucleus (PPp) and 

suprachiasmatic nucleus (SCN) are two of the nuclei in the preoptic area of 

vertebrates that receive direct inputs from retinal axons. All three cadherin family 

members were expressed in these two nuclei. Pcdh19 was strongly expressed in 

both PPp and SCN (Figure 2.5A, left panel and Figure 2.5B). Most cells in PPp 

appeared to contain pcdh19 mRNA, but those in the ventral half of PPp were 

more strongly labeled than those in the dorsal half of PPp. Compared to PPp, 
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there were fewer pcdh19-expressing cells in the SCN, with these cells displaying 

patchy distribution. 

Pcdh17 exhibited almost the exact same pattern of expression in the PPp 

and SCN of the preoptic area (Figure 2.5A, middle panel and Figure 2.5C) as 

pcdh19, while cdh6 expression in these two nuclei was much weaker compared 

to that of the two pcdhs (Figure 2.5A, right panel and Figure 2.5D). 

 
Figure 2.5. Expression of pcdh19, pcdh17 and cdh6 in the posterior preoptic 
area, ventral thalamus and pretectum. Top panel images show low 
magnifications of the brain from adjacent sections at a level indicated in Figure 
2.2. Images B-D represent higher magnifications of the posterior preoptic areas 
and the suprachiasmatic nucleus (SCN) shown in the top panels. E-G are 
sections 100-150 µm located posterior to those shown in B-D, showing 
epithalamus and ventral thalamus. Scale bar = 200 µm for the panel A, 50 µm for 
panels B-G. See Abbreviations for list of full terms.  
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Diencephalon 

In the diencephalon, where many visual structures are located, the three 

cadherin mRNAs were differentially expressed (Figure 2.5, Figure 2.6 and Figure 

2.7). Adjacent to the midline in the anterior thalamus, pcdh19-expressing cells 

were detected in the intermediate thalamic nucleus (I, Figure 2.5E), anterior 

thalamic nucleus (A) and ventrolateral thalamic nucleus (VL, Figure 2.6A and D). 

The ventral accessory optic nucleus (VAO, Figure 2.6A), central pretectal 

nucleus (CPN) and accessory pretectal nucleus (APN) in the more lateral regions 

of the anterior thalamus also contained a few pcdh19-expressing cells (Figure 

2.6D). Pcdh17 was also expressed in these nuclei in the anterior thalamus 

(Figure 2.5F, Figure 2.6B and E), but its expression in the A, VL, CPN and APN 

appeared to be less than pcdh19, and its expression was not detected in the 

VAO. 

The parvocellular superficial pretectal nucleus (PSp), a visual structure 

located in the anterolateral thalamus, also contained pcdh19 and pcdh17 (Figure 

2.5B and C). Moreover, both pcdh19- and pcdh17-expressing cells were found 

mainly in the superficial regions of this nucleus. In the posterior thalamus, 

pcdh19 expression was detected in dorsomedially located nuclei that receive 

retinal inputs: the periventricular pretectal nucleus, dorsal part (PPd) and ventral 

parts (PPv, Figure 2.7B). Pcdh19 was also detected in the posterior thalamic 

nucleus (DP) that receives visual inputs from the optic tectum. As in the anterior 

thalamus, pcdh17 expression pattern was similar to that of pcdh19 in the 

posterior thalamus, except that expression level of pcdh17 was somewhat lower, 
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based on the staining intensity, than pcdh19 in the three dorsomedially located 

nuclei (Figure 2.7C). 

Cdh6 expression in the diencephalon was considerably limited and it was 

only faintly expressed in the A in the anterior thalamus, and the DP of the dorsal 

posterior thalamus (Figure 2.6C and Figure 2.7D). 

 

 
Figure 2.6. Expression of pcdh19, pcdh17 and cdh6 in the thalamic and pretectal 
regions. Images in top panel show low magnifications of adjacent brain sections 
from a level shown in Figure 2.2. Images D and E represent higher 
magnifications of the habenular, ventral thalamic and pretectal regions of their 
respective images in the top panels. Scale bar = 200 µm for the top panels, 50 
µm for the lower panels. See Abbreviations for list of full terms. 
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Figure 2.7. Expression of pcdh19, pcdh17 and cdh6 in the dorsal thalamus, 
pretectum and optic tectum. Images in the top panels show low magnifications of 
adjacent sections from a level shown in Figure 2.2. B-D: Magnified views of the 
dorsal thalamus and periventricular pretectum from their respective images in the 
top panels. Asterisks point to groups of cells in the diencephalic ventricle. Scale 
bar = 200 µm for the top panels, 50 µm for the lower panels. See list for 
abbreviations. 

 

Mesencephalon and isthmus 

The mesencephalon includes the optic tectum (TeO), which is the main 

target of RGCs. As mentioned in the introduction, the TeO is organized into six 

layers, with the stratum fibrosum et grieseum superficiale (SFGS) and stratum 

opticum (SO) as the main retinal-recipient layers, and stratum periventriculare 

(SPV) containing the vast majority of the tectal cells. It appeared that almost all 

cells in the SPV were pcdh19-expressing, and some cells (more in the dorsal 

region of the SPV) were more strongly labeled than others (Figure 2.7A left 
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panel, Figure 2.8A). The SFGS, the major retinal-recipient region in the optic 

tectum also contained many pcdh19-expressing cells (Figure 2.8A). Only a few 

scattered pcdh19-expressing cells were detected in the remaining optic tectum 

(Figure 2.8A). 

The SPV also contained pcdh17-expressing cells (Figure 2.8B). Its 

expression in the SPV was similar to that of pcdh19, but less strongly labeled. 

There was no obvious pcdh17 expression in any of the tectal layers above the 

SPV. Cdh6 expression in the optic tectum (Figure 2.8C) was somewhat similar to 

that of pcdh17, except the labeling was weaker than pcdh17. 

 

 
Figure 2.8. Expression of pcdh19, pcdh17 and cdh6 in the optic tectum. Higher 
magnifications of adjacent sections of the medial optic tectum are from images 
shown in the top panels in Figure 2.2. Scale bar = 50 µm. See Abbreviations for 
list of full terms. 

 

Pcdh19-expressing cells were also detected in the nucleus isthmi (NI), a 

visual structure in the boundary of the mid-hindbrain, and reciprocally connected 

with the optic tectum (Figure 2.9A). It appeared that cortex cells in the dorsal and 

lateral regions were more intensely labeled than other pcdh19-expressing cells in 

the structure. The NI also contained pcdh17-expressing (Figure 2.9B) and cdh6-

expressing cells (Figure 2.9C), but due to their weak labeling, it was difficult to 

describe their staining characteristics. 
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Figure 2.9. Expression of pcdh19, pcdh17 and cdh6 in the isthmus. Higher 
magnifications of adjacent sections of the medial optic tectum from images 
shown in the top panels in Figure 2.2. Scale bar = 50 µm. See Abbreviations for 
list of full terms. 
 
 
 Expression of pcdh19, pcdh17 and cdh6 in the visual structures of the 

adult zebrafish brain is summarized in Table 2.2. 

 

Table 2.2. Summary of pcdh19, pcdh17 and cdh6 expression in normal adult 
zebrafish brain visual structures. The number of plus signs indicates staining 
intensities: +++, strong; ++, moderate; +, weak; +/-, barely detectable; -, no 
labeling detected. Asterisks indicate that the staining is limited to superficial 
regions. See Abbreviations for list of full terms. 

 pcdh19  pcdh17 cdh6 

A + + +/- 

APN + + - 

CPN + + - 

Dl ++ + +* 

DP +++ ++ - 

I ++ ++ +/- 

NI + + +/- 

PPd/PPv ++ + - 

PPp ++ ++ +/- 
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PSp + + - 

SCN ++ ++ - 

TeO +++ ++ + 

VAO + - - 

VL + + - 

 

Discussion 

Cadherin expression has been studied primarily in developing model 

organisms, and information on cadherin expression in adult organisms is scarce. 

This study characterized unique spatial expression of two type-II classical cdhs 

and two non-clustered δ2-pcdhs in the adult zebrafish’s visual system. Pcdh19 

was the the most prominently and widely expressed, while pcdh17 expression 

patterns were similar but had less staining intensity, and/or with fewer stained 

cells. Cdh6 expression was much more restricted in the the visual structures of 

the brain, and the positive cells were much less stained. Cdh7 was expressed in 

the retina, but was not detected in the brain. 

Continued expression of those cadherins in adult zebrafish visual 

structures suggests that not only do cadherins play roles in the development of 

the visual system, but also that they may be involved in the maintenance and/or 

normal function of the visual structures in adult vertebrates. 
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Expression of cdh6, cdh7, pcdh17 and pcdh19 in the retina of adult zebrafish and 
comparison with developing zebrafish  

In embryonic zebrafish, cdh6 is mainly expressed in the gcl and inl (Liu et 

al. 2006), which is comparable to its expression in the adult zebrafish retina. 

However, a more detailed comparison of their expression patterns reveals some 

obvious differences between the developing and adult zebrafish (Liu et al. 2006). 

There appeared to be more cdh6-expressing cells that are more intensly labeled 

in the developing retina, than in the adult retina. Moreover, in the inl (at 46-48 

hpf, when inl develops), cdh6-expressing cells are mainly found in the inner 

portion of this layer (Liu et al. 2006), while in the adult retina, the entire inl 

contained many cdh6-expressing cells. These differences in their expression 

patterns, if confirmed by immunocytochemical studies, suggest that cdh6 plays 

similar (in a subset of RGCs and amacrine cells) and different functions (in other 

cells types such as bipolar cells and horizontal cells) during embryonic 

development and adult stage.  

Expression of cdh7 in the adult zebrafish retina was analogous to its 

expression in the developing zebrafish retina (Liu et al. 2007a), except that its 

expression in the gcl was much reduced in the gcl of adult retina. If similar cdh7 

protein expression pattern is observed in the developing and adult zebrafish 

retina, my results sugget that cdh7 plays a more important role during gcl 

development than its function in gcl maintenance and/or physiology, while it is 

implicated in both the development and maintenance of the amacrine cells. 

In the adult retina, pcdh17 is expressed by cells in both the gcl and inl, so 

this expression pattern is similar to developing zebrafish retinas at 34-50 hpf, 
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when pcdh17-expressing cells are uniformly located in all retinal layers (Liu et al. 

2009). In addition, the adult retina is comparable to 72 hpf embryonic zebrafish 

retina, as pcdh17 is present in an area of inl where horizontal cells are localized, 

and also no pcdh17 is found where the photoreceptor cells reside (in the onl). 

Nonetheless, pcdh17 expression in the 72 hpf retina is apparently different from 

that of both the early retina and adult retina, with its expression solely confined to 

the outer portion of the inl (Biswas and Jontes 2009; Liu et al. 2009). This 

dynamic change of pcdh17 expression in the developing retina and adult retinas 

suggest that this non-clustered pcdh plays differential roles in the development of 

the retina and subsequent maintenance and/or physiological function of the 

retinal cells. 

Expression of pcdh19 in adult zebrafish is detected in the gcl and inl, 

which is somewhat similar to its expression in the eye primordia at 12 hpf and the 

entire retina of 18 and 24 hpf embryos (Liu et al. 2010). Pcdh19 expression in 

embryos becomes almost undetectable in the retina of 36 hpf embryos, but 

reappears in the gcl of 50 hpf and 72 hpf embryos (Emond et al. 2009; Liu et al. 

2010). These expression patterns suggest that pcdh19 is involved in the early 

eye and retinal development (12-24 hpf), later in the gcl formation (50-72 hpf), 

and in the maintenance and/or physiological function of the adult zebrafish retina. 

Overall, it was surprising to observe a wide and strong expression of these 

cdhs and pcdhs in the adult zebrafish retina, because expression of classical 

cadherins (cdh2 and cdh4; mRNA and protein) is greatly reduced in the adult 

zebrafish retina (Liu et al. 1999b, 2001). On the other hand, it is noteworthy to 
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report that expression of each of the four cdhs/pcdhs in the adult retina was 

unique, which is similar to that of most cdhs in developing organisms. Analysis of 

the single-cell transcriptome of RGCs from both embryonic and adult zebrafish 

confirmed expression of cdh6, pcdh17 and pcdh19 mRNAs (Kolsch et al. 2021). 

These results suggest that these cdhs and pcdhs play diverse roles and are 

significant in the maintenance and/or physiology of the adult retina. 

Expression of cdh6, cdh7, pcdh17 and pcdh19 in the brain visual structures of 
adult zebrafish and comparison with developing zebrafish  

In the embryonic zebrafish of 34-48 hpf, almost all retinal axons project to 

the optic tectum (arborization field 10, AF10, Burrill and Easter 1994). By 72 hpf, 

the retinal axons have been detected in most of the brain visual structures in the 

preoptic area, diencephalon and midbrain (e.g. suprachiasmatic nucleus, 

pretectal nuclei and optic tectum, Burrill and Easter 1994; Baier and Wullimann 

2021). The expression of cdh6 in the visual structures of an embryonic (24-48 

hpf) brain is limited and weak, confined mainly to the pretectum and 

anteroventral optic tectum (Liu et al. 2006). This is somewhat similar to cdh6 

expression in an adult’s brain visual structures: it is faintly expressed in the main 

cellular layer (SPV, stratum periventriculare) of the optic tectum. The apparent 

difference in cdh6 expression between embryonic and adult brain visual 

structures is the higher level of expression (based on staining intensity) in the 

pretectum of 48 hpf embryos than in an adult fish. The locally restricted and weak 

expression of cdh6 in both the embryonic and adult brain visual structures 

suggests that this cadherin plays a limited role in the development of this system. 
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In embryonic zebrafish, cdh7 is expressed along the optic pathway: the 

anterior hypothalamus (where future preoptic and suprachiasmatic nuclei will 

form), in the pretectum and in the optic tectum (Liu et al. 2007a). Unlike the other 

cadherins studied here, cdh7 was not detected at all in the adult zebrafish brain. 

It is possible that cdh7 proteins are only involved in development of the brain 

visual structures, and are not required for the structure and/function of the adult 

brain. 

Developing zebrafish brains have strong and wide pcdh17 expression (Liu 

et al. 2009). The visual regions in the anterior hypothalamus, pretectum and the 

major retinal target (i.e. optic tectum) express pcdh17 from 24 hpf to 72 hpf. This 

expression pattern is similar to that in the adult zebrafish brain, suggesting that 

this pcdh plays a role in both the development and maintenance of brain visual 

structures. 

Compared to pcdh17, expression of pcdh19 in the developing zebrafish 

brain appears to be wider in younger embryos (18-24 hpf), but slightly more 

restricted in older embryos (50-72 hpf, Liu et al. 2010). Pcdh19 is strongly 

expressed in the entire optic tectum at 18 hpf. In contrast, apparent pcdh17 

expression in the optic tectum is observed in much older embryos (50-72 hpf). 

Pcdh19 expression in the pretectum and optic tectum is strong throughout the 

developmental stages examined (18-72 hpf). This pattern of expression is similar 

to its expression in the adult visual structures, suggesting that this pcdh functions 

both early, before the arrival of retial axons, and later during the innervation and 

arborization of the brain structures, and it is also involved in the maintenance of 
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the visual structures. It is interesting to note that pcdh19 expression in the young 

zebrafish is somewhat similar to that of cdh2 (i.e. N-cadherin), and it is 

demonstrated that these two cadherins work together to promote the formation of 

the zebrafish central nervous system, including the visual structures (Biswas et 

al. 2010; Emond et al. 2011). 

Comparing cdh6, cdh7, pcdh17 and pcdh19 expression in the retina of adult 
zebrafish and other model organisms 

The majority of studies examining the expression of cadherins and 

protocadherins focus on the developing vertebrates, only few studies used the 

adult animals. This section compares retinal expression of cdh6, cdh7, pcdh17 

and pcdh19 in the adult zebrafish to other adult model organisms. In cases 

where the adult expression is not available (e.g. chicken, mouse), the information 

on developing retinas is used. 

In adult ferrets (Mustela putorius furo), cdh6 is detected in the gcl and inl 

(Etzrodt et al. 2009), which is similar to cdh6 expression in the adult zebrafish 

retina. Unlike the zebrafish retina, where most cells in the inl are cdh6- 

expressing and there is only a few faintly labeled cells in the gcl, there are more 

cells expressing cdh6 in the gcl than in the inl of the ferret retina. Moreover, the 

cdh6-expressing cells in both ferret gcl and inl are similarly stained. Furthermore, 

cdh6 expression in the ferret inl is confined to the innermost region where 

amacrine cells reside. There is no published data on cdh6 expression in adult 

mouse retina. cdh6 mRNA (using RNA in situ hybridization method) and cdh6 

protein (using immunohistochemistry method) are found in a subset of amacrine 
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cells of P0-42 mouse retina (Honjo et al. 2000a; Kay et al. 2011). Additionally, a 

subset of retinal ganglion cells, the ON-OFF direction-selective RGCs in 

developing mouse retina, is shown to contain cdh6/cdh6 (Kay et al. 2011; 

Osterhout et al. 2011; De la Huerta 2013). These results are similar to cdh6 

expression in adult zebrafish in that it is expressed in only a few cells in the gcl, 

and in the inner portion of the inl where the amacrine cells reside. Unlike the 

mouse retina, cdh6 is expressed in the entire inl of adult zebrafish retina. 

Cdh7 is expressed in both the gcl and inl in adult zebrafish, which is 

similar to cdh7 expression in the gcl of both adult ferrets (based on their 

morphology, Etzrodt et al. 2009) and mice (Faulkner-Jones et al. 1999). Also 

similarly to adult zebrafish and ferrets, cdh7 expression is stronger in the inner 

portion of the inl. Unlike cdh7 expression in adult zebrafish, where only a few 

weakly labeled cells are cdh7-expressing in the gcl, cdh7 is strongly expressed in 

many cells in the gcl of adult ferrets. Some cdh7-positive cells in the inner portion 

of the inl of the adult ferret retina are likely displaced RGCs. Since displaced 

RGCs in zebrafish are very rare (~1%), it is more likely that most cdh7-

expressing cells in the inner portion of the inl were the amacrine cells in 

zebrafish. There is no published information on cdh7 expression in adult chicken 

retinas, but developing chicken retinas expressed cdh7 in several retinal layers 

including the ipl, inl and opl (Wӧhrn et al. 1998). Specifically, similar to the adult 

zebrafish, cdh7 is expressed by the amacrine cells of developing chicken retinas 

(Wӧhrn et al. 1998). 
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The only available report on pcdh17 expression in adult vertebrate eyes is 

for the ferret (Etzrodt et al. 2009). As in the adult zebrafish, pcdh17-expressing 

cells are detected in both the gcl and inl. But unlike pcdh17 expression in the 

adult zebrafish retina where no pcdh17 expression is detected in the onl, all cells 

in the onl of the ferret retina appear to be pcdh17-expressing. 

Pcdh19/pcdh19 expression data in the retina of the adult model organisms 

is absent in literature. Developing retinas in mice (Gaitan and Bouchard 2006) 

express pcdh19 in the same layers (gcl and inl) as in the adult zebrafish. In 

developing chick retinas, pcdh19 is expressed by cells in the gcl and in the optic 

nerve (Tai et al. 2010). 

Comparing cdh6, cdh7, pcdh17 and pcdh19 expression in the brain visual 
structures of adult zebrafish and other model organisms 

As in the previous section, the expression of cdh6, cdh7, pcdh17 and 

pcdh19 in the adult zebrafish is compared with other adult model organisms in 

the visual structures of the brain. Similarly, if there is no available data for 

cdh/pcdh in the brain of adult organisms, its expression in developing brains is 

briefly compared to that in the adult zebrafish brain. 

In adult mammals (mouse and marmoset), cdh6 is detected in the primary 

visual cortex (V1), the main mammalian structure processing visual information, 

that receives its visual inputs primarily from the dorsal lateral geniculate nucleus 

(dLGN, an important retinal-recipient target area in the thalamus). Although the 

nonmammals lack a structure homologous to V1, the optic tectum of 

nonmammals serves similar functions in processing the visual information. In 
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both mammal species, cdh6 is expressed in cells in the deepest layer (VI) of the 

visual cortex (Krishna-K et al. 2009; Matsunaga et al. 2014). Cells in this layer 

receive inputs from other cortical layers, and process complex visual information. 

In most nonmammals there is only one major cellular layer in the optic tectum, so 

it is difficult to compare functional similarities of the six (cellular)-layered 

mammalian visual cortex with the optic tectum of the nonmammals. Therefore, I 

can only state that cdh6 is expressed by subset of cells in the major brain visual 

structure of adult zebrafish, mice and marmoset. There are no published data on 

cdh6 expression in adult chicken brains. In developing chickens, cdh6 is detected 

in the optic tectum (Wӧhrn et al. 1999) and in several retinorecipient areas of the 

brain, including the anterior thalamic nucleus (A, Wӧhrn et al. 1998). 

The adult zebrafish visual areas (and brain in general) had no detectable 

cdh7 expression and that finding is consistent with information available from 

adult mice (Faulkner-Jones et al. 1999) and rats (Takahashi and Osumi 2008). A 

recent study by Kolsch et al. (2021) further confirms this result by showing the 

adult zebrafish optic tectum lacks cdh7 input from RGCs. 

Adult ferrets (Krishna-K et al. 2009) and mice (Yan et al. 2014) have 

pcdh17 expression in the visual (occipital) cortices, and this is similar to the adult 

zebrafish (see above). Pcdh17 expression data in the other brain visual 

structures, e.g. the superior colliculus (SC) is available only for the developing 

mouse (Visel et al. 2004; Hoshina et al. 2013) and rat (Kim et al. 2007). The SC 

in mammals receives direct retinofugal projections and is a homologous structure 

(based on the majority of direct retinal inputs it receives and the location in the 
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midbrain) to the optic tectum (TeO) in fish and birds (Vanhalst et al. 2005; Kim et 

al. 2007; Coughlin and Kurrasch 2015, 2015; Ito and Feldheim 2018). The SC 

relays visual information (along with dLGN, see above) to other brain regions, 

e.g. the primary visual cortex (V1). Similarly to adult zebrafish, developing rats 

(Kim et al. 2007) strongly express pcdh17 in the deep cellular layers of the SC, 

while expression in that area is reduced in developing mice (Visel et al. 2004). 

Pcdh19-expressing cells are also found in the visual cortex of adult ferrets 

(Krishna-K et al. 2009) and this expression is limited to only a few cells in deep 

layers of the V1. This is different from pcdh19 expression in the adult zebrafish, 

where the vast majority of cells in the optic tectum are pcdh19-expressing. In 

adult mice, pcdh19 is detected in the superficial and in the deep layers of the 

secondary visual cortex (V2, Yan et al. 2014), a structure receiving signals from 

V1, which does not have a homologous structure in fish. There are no published 

studies on pcdh19 expression for adult rats. Strong pcdh19 expression is 

detected in various brain visual structures in developing rats (Kim et al. 2007). 

These structures include the superior colliculus, occipital cortex, dLGN, APN and 

SCN. This wide pcdh19 expression in the brain visual structures of developing 

rats is similar to its expression in the visual centers in adult zebrafish. Finally, 

pcdh19 expression is observed in the optic tectum of embryonic chicks (Tai et al. 

2010). Similar to adult zebrafish, pcdh19 is expressed in the retinal-recipient 

layers (including the SFGS) of the developing chick, but unlike the zebrafish, 

there are only few scattered cells in the SPV in the chick optic tectum that are 

pcdh19-positive.
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CHAPTER III 

KLF6A AND KLF7 EXPRESSION IN NORMAL VISUAL SYSTEM AND IN 

REGENERATING OPTIC NERVE OF ADULT ZEBRAFISH

 

Introduction 

Klf genes are homologous to the Drosophila Krüppel gene, which 

regulates the fly’s embryonic patterning (Rosenberg et al. 1986; Kaczynski et al. 

2003; Pearson et al. 2008). Klfs belong to a family of transcription factors with 

conserved three C2H2-type DNA-binding domains near carboxyl terminal and 

include three tandem zinc fingers (Cys2/His2) with conserved linker 

(TGEKP(Y/F)X) regions (Dang et al. 2000; Bieker 2001; Iuchi 2001; McConnell 

and Yang 2010). Klfs bind in GC- and CACCC- regions in the promoter regions 

of their target genes (Miller and Bieker 1993; Conkright et al. 1999) and activate 

or repress gene transcription (Pearson et al. 2008; Moore et al. 2011). 

In vertebrates, Klfs are widely expressed in most of the tissues and 

organs, including CNS and PNS (Laub et al. 2001a, 2001b, 2006; Oates et al. 

2001; Pearson et al. 2008; Moore et al. 2009, 2011). In the visual system of 

zebrafish, klf7 is expressed only in the developing RGCs (Veldman et al. 2007). 

The zebrafish homolog of mammal Klf6 is klf6a (Xue et al. 2015). It is absent in 

developing and adult zebrafish RGCs but is present in the TeO at 42-48 hpf 
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(Thisse et al. 2001; Veldman et al. 2007). However, following the optic nerve 

injury and through the regeneration period, Veldman et al. (2007) observed 

robust up-regulation of klf6a and klf7 in RGCs of the zebrafish. The levels of both 

klfs are elevated at day 1 after injury, peak at 2-6 days, continue to increase at 

12 days and return to a baseline by 24 days after the injury. Klf6 function is 

hypothesized to be limited to the retinal axon regeneration, while klf7 modulates 

both the regeneration and development of RGCs (Veldman et al. 2007). Veldman 

et al. (2007) used the term klf7a, although the primers for cRNA clones match 

gene named krüppel-like factor 7 (ubiquitous), like (klf7l). This gene was re-

named klf7b in 2011 by Zebrafish Nomenclature Committe in ZFIN.org database 

(http://zfin.org/action/nomenclature/history/ZDB-GENE-041014-171). I will use 

the term klf7 in this dissertation. 

 Klfs studies are mainly focused on their expression in the non-nervous 

tissues in mammals with few reports describing non-mammalian CNS (Veldman 

et al. 2007; Bureau et al. 2009; Antin et al. 2010; Moore et al. 2011). Zebrafish is 

a widely used model organism to investigate development and regeneration 

processes. There are no published studies on Klf6/klf6a and Klf7/klf7 describing 

their expression in the visual structures in the adult vertebrate brain. I measured 

klf6a/klf7 expression in regenerating adult zebrafish retinas using qPCR and 

RNA in situ hybridization. 

 I hypothesized that klf6a and klf7 are differentially expressed in the visual 

centers of the adult zebrafish brain, because only klf7 is expressed in the 

embryonic retina (Veldman et al. 2007). I tested this hypothesis by using RNA in 

http://zfin.org/action/nomenclature/history/ZDB-GENE-041014-171
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situ hybridization method. Since klf6a and klf7 appear to be sensitive and reliable 

markers for regenerating nervous tissues, I wanted to confirm the qPCR data 

from the optic nerve regeneration study conducted by Veldman et al. (2007), 

using mainly in situ hybridization. If confirmed, I could use klf6a and/or klf7 as 

regeneration markers in my study of cdhs and pcdhs expression in regenerating 

adult zebrafish retinas (Chapter IV).  

Materials and methods 

Animals 

Adult wild-type zebrafish (Danio rerio) used for the gene expression and 

the optic nerve lesion study were 12-18 months old and similar in length, and fish 

from both sexes were used. Animals were housed in The University of Akron 

Research Viviarium (UARV). The fish were bred in-house for several generations 

and maintained according to the Zebrafish Book (Westerfield 2007) in constant 

conditions at 28°C in 14-hour light and 10-hour dark cycle in 10-gallon tanks, 20-

30 fish per tank. Six animals were used for studying klf6a and klf7 expression in 

the normal adult zebrafish visual brain structures, and 35 animals were used for 

examining klf6a and klf7 expression in the regenerating retinas. Institutional 

Animal Care and Use Committee (IACUC) at The University of Akron approved 

all animal-related procedures (approval reference #15-07-08-LFD; copy in 

Appendix A). 
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Optic nerve lesion surgery 

The procedures were carried out according to the protocol for optic nerve 

lesion (ONL) described in detail previously (Liu and Londraville 2003). Briefly, 

adult zebrafish were anesthetized using tricaine methanesulfonate (MS-222, 

0.03%, Sigma, St. Louis, MO) at room temperature. Each fish was placed in a 60 

mm plastic petri dish, with its body wrapped in wet paper towel and left side 

upwards, under a dissecting microscope. In order to rotate the eye and expose 

the optic nerve to be crushed, the superficial membrane (also called outer 

cornea) covering the left eye was removed. Next, the posterior half of the eye 

was pulled partially out of the eye socket using a fine-tipped tweezers to expose 

the left optic nerve. The visible optic nerve was crushed using another pair of 

fine-tipped forceps. The fish was quickly returned to the recovery container. The 

nerve injury procedure lasted approximately 2 minutes, and most fish recovered 

within 2 minutes after being returned to tank and began to swim. The fish was 

allowed to survive for various days and was harvested at the following time 

points: 1-day, 2-day, 3-day, 1-week (also for qPCR), 2-weeks and 3-weeks. A 

total of 35 fish were used, 5 fish for each time period, except for the 1-week time 

point where 10 animals were used (5 for in situ hybridization and 5 for qPCR). 

These time points were selected because they are the crucial phases of the optic 

nerve regeneration in zebrafish (McCurley and Callard 2010). At each sampling 

interval, the fish were anesthetized at room temperature using 0.05% MS-222. 

For in situ hybridization, fish were placed on ice (in a 60 mm plastic petri dish) 

and both eyes and brains were quickly removed and placed in 4% 
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paraformaldehyde (PFA, 1X RNAse-free phosphate buffered saline, PBS, 

pH=7.4) on ice. To harvest tissues for qPCR, retinas were quickly removed, 

placed in a sterile and RNase-free 2 ml centrifuge tube, and quickly frozen on dry 

ice. Some fish were excluded from the study due to a possible damage of the 

ophthalmic blood vessels running along the optic nerve (Alvarez et al. 2007), 

causing the eye degeneration or fish death. After exclusion of fish from the 

operated group, 3 or 4 fish were used to study each regeneration interval. For 

each fish, the left retina was the experimental tissue, and the right retina was the 

control. 

Probe synthesis for RNA in situ hybridization (ISH) 

 Full length klf7 cDNAs (GenBank Accession BC124329) and klf6a 

(GenBank Accession NM_201461) from zebrafish were generously provided by 

Dr. Daniel Goldman from The University of Michigan. A detailed procedure for 

the molecular cloning of the zebrafish klf6a and klf7 is described in Veldman et 

al. (2010). Those cDNAs were used as templates to generate antisense cRNA 

probes using gene-specific primers (Table 3.1). Endonucleases (BamHI) 

linearized DNAs that were further purified using electrophoresis (MinElute Gel 

Extraction Kit, Qiagen, Valencia, CA). Finally, those linearized cDNAs served as 

templates to synthesize digoxigenin (DIG)-labeled antisense cRNA probes using 

either T7 or Sp6 RNA polymerase (Roche, Indianapolis, IN). 
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Table 3.1. Zebrafish klf genes and PCR primers used for generating cRNA 
probes. pCS2+vector was used in molecular cloning (Veldman et al. 2010). 

Gene name  

GenBank 

accession 

Forward primer  

Reverse primer 

Amplicon size 

klf6a 

NM_201461 

5′-GAGAGACAATTGATGGATGTTCTACCAATGTGC-3′ 

5′- GAGAGACTCGAGTCAGAGGTGCCTCTTCATGTG-3′ 

834 bp 

klf7 

BC124329 

5′-GAGAGAGAATTCATGGACGTGTTGGCGAATTAC-3′ 

5′- GAGAGACTCGAGTTAGATATGTCGCTTCATGTG-3′ 

888 bp 

 

Tissue processing for RNA in situ hybridization 

After overnight fixation in 4% PFA at 4ºC, the eyes and brains were 

washed three times for 10 minute each in 1xPBS with a constant slow agitation 

(on a platform rocker) at room temperature (Barthel and Raymond 1990). The 

washed tissues were subsequently placed in 20% sucrose (dissolved in PBS) 

overnight at 4ºC (for cryoprotection). The next day (15-24 hours later), the eyes 

and brains were placed in a mixture (1:1 v/v) of 20% sucrose and optimum 

cutting temperature compound (Tissue-Tek® O.C.T. Compound, Sakura, 

Netherlands) for 1 hour at room temperature on the platform rocker. Next, the 

tissues were placed in the same solution in cylinder-shaped aluminum molds (15 

mm in diameter, 25 mm in height, 2-3 eyes or brains in each mold), and partially 
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submerged into a mixture of crushed dry ice and 95% ethanol, until frozen. The 

frozen tissue blocks were placed in labeled tissue sample bags and stored at -

80ºC until used for cryosectioning. The frozen tissues were cut using a cryostat 

set to thickness of 14 µm for retinas and 16 µm for brains. The tissue sections 

were collected on Fisher superfrost pre-treated glass slides (Fisher scientific, 

Waltham, MA). After drying at room temperature for about 1 hour, the tissue 

slides were stored at -20ºC until processed for RNA in situ hybridization (see 

below). Two sets of alternate-cross sections from each eye or brain were 

collected for each set staining one Klf probe (see below). 

RNA in situ hybridization on tissue sections 

Procedures for in situ hybridization on retinal tissue sections were 

described previously in Barthel and Raymond (1993). Briefly, sectioned tissues 

on slides were removed from the freezer and air-dried at room temperature. They 

were treated with decreasing concentrations of ethanol. Then, the tissues were 

briefly digested for 3 minutes with proteinase K (0.01 mg/ml, Roche) at 37ºC. 

Next, the sections were incubated in 0.1 M triethanolamine (pH 8.0, Sigma, St. 

Louis, MO), followed by washing in 0.1 M triethanolamine with 0.25% acetic 

anhydride (Fisher). Then, the sections were treated with increasing 

concentrations of ethanol. Next, they were air-dried at room temperature for 

about one hour. The sections were covered with 75 µl hybridization solution 

containing 2 µg/ml antisense klf6 or klf7 cRNA probe, and placed in a 

hybridization oven (59ºC) overnight. Next day, the sections were washed in 2X 
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SSC, followed by 50% formamide in 2X SSC (at the hybridization temperature). 

The tissue sections were treated with RNase A (Roche), washed in RNase buffer 

before incubation in a blocking solution (5% normal goat serum, 2 mg/ml BSA, 

1% DMSO in PBS with Tween-20, PBST) for two hours at room temperature, 

with constant agitation on the platform shaker. The sections were then treated 

with an anti-DIG antibody (conjugated to alkaline phosphatase, AB_514497, 

Roche) solution (diluted 1:5,000 in the blocking solution) overnight at 4ºC. 

Visualization of the signal was achieved by incubating the sections overnight in 

dark at room temperature, in a solution made from dissolving one tablet of 4-

nitroblue tetrazolium chloride (NBT)/5-bromo-4-chloro-3- indolyl phosphate 

(BCIP, called NTB/BCIP tablet, Roche) in 10 ml of distilled water. Tissues were 

processed together and all paramaters were the same, except different cRNA 

probes were used. 

Data analysis 

Stained sections were observed under an Olympus BX51 compound 

microscope equipped with Normarski optics and connected to a SPOT digital 

camera (SPOT Imaging Solutions, Sterling Heights, MI). Results were recorded 

as digital images and further processed using Photoshop 6.0 software (San Jose, 

CA). 
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Absolute quantitative real-time PCR (qPCR) 

In order to quantify the amount of klf7 mRNA copies in tissues, the purified 

klf7 cDNA in vector was used to generate a reference called the standard curve. 

First, the mass of single plasmid (vector with klf7 gene insert) was calculated by 

multiplying its length in bp (base pairs) by 1.096 x 10-21 g/bp. This formula was 

derived from the estimation that 1 bp of dsDNA (double-stranded DNA) molecule 

has the average molecular weight of 660 g/mole and the Avogadro’s number of 

6.022 x 1023 molecules (bp) per 1 mole (Applied Biosystems). Next, the mass of 

a single plasmid was multiplied by the klf7 gene copy number (107-102) needed 

in each reaction. Once a known amount of linearized plasmid was serially diluted, 

it was run on the same 96-well plate as the samples during qPCR reaction (see 

below) and used next to generate the standard curve. Efficiency of assays was 

calculated using the formula: efficiency = (10-1/slope-1) (Yuan et al. 2007). 

Retinas were harvested as described above and homogenized using the 

BeadBug microtube homogenizer (MIDSCI, Valley Park, MO). TRIzol reagent 

(Life Technologies, Carlsbad, CA) was used to isolate total RNA according to the 

manufacturer’s protocol. Traces of genomic DNA were removed using Turbo 

DNA-free kit (Ambion, Austin, TX). RNA concentration was measured with Qubit 

2.0 fluorometer (Life Technologies). Equal amounts (500 ng) of total RNA from 

each sample was reverse-transcribed to cDNA using Quanta Biosciences qScript 

cDNA SuperMix containing blend of oligo (dT) and random primers (Quanta 

Biosciences, Gaithersburg, MD). cDNA synthesis was also performed with 

negative control of no reverse transcriptase. The cDNA was further purified and 
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concentrated using precipitation in 0.1 volume of sodium acetate, pH 5.2 (final 

concentration of 0.3 M) and two volumes of 100% ethanol. 

Klf7 gene-specific primers and hydrolysis probe (Integrated DNA 

Technologies) were designed to span the exon-exon boundary using NCBI 

Primer-BLAST tool and were further checked against the whole Danio rerio 

database for specificity (Table 3.2). Samples were loaded on 96-well plate on ice, 

under the sterile hood and sealed with adhesive tape and subsequently 

centrifuged for 5 minutes at 300 g in 4ºC. qPCR was performed in an Applied 

Biosystems AB 7300 cycler (Applied Biosystems, Waltham, MA) under the 

following conditions: one cycle of UDG enzyme activation at 50ºC for 2 minutes, 

one cycle of AmpliTaq Gold UP enzyme activation at 95ºC for 10 minutes, 40 

cycles of denaturation at 95ºC for 15 seconds and annealing at 60ºC for 1 

minute. The amplification was carried out in triplicate in a volume of 20 µl 

containing TaqMan Gene Expression Master Mix with ROX (Life Technologies), 

gene-specific primers (forward and reverse, 500 nM working concentration) and 

hydrolysis probe (250 nM working concentration, PrimeTime Primer Probe Mix, 

Integrated DNA Technologies; Table 3.2), 3 µl cDNA template (25 ng/µl) or 5µl 

standard (six serial dilutions of plasmid). No template and no reverse 

transcriptase controls were run in duplicate along with the samples. Sequence 

Detection System (SDS) software from Applied Biosystems was used to analyze 

amplicons and calculate mRNA copies in each sample. The PCR product 

specificity was confirmed by staining with ethidium bromide solution (EtBr) on the 
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gel electrophoresis and visualized band product of correct size (131 nucleotides). 

Klf7 mRNA copy number/total RNA was calculated using the standard curves. 

 
 
Table 3.2. Primer and probe sequences of klf7 gene for absolute qPCR probes. 

Gene name  klf7 Amplicon size 

Forward primer 5’-CACATCAGAGGACACATACAGG-3’ 

131 nt Reverse primer 5’-GCACTTAAAAGGCTTGGCG-3’ 

Probe 5’-ACGAGGCACTACCGCAAACACA-3’ 

 

Results  

The staining patterns and intensity of klf6a and klf7 cRNA probes were 

comparable between all the retinas and brains examined. This section describes 

the spatial distribution of mRNA from both Klfs in the intact and injured retina, 

and in the intact visual structures located in the brain of an adult zebrafish. Klf7-

expressing cells were more prevalent in the brain, and therefore are described 

first. 

Klf7 and klf6a expression in the retina of normal adult zebrafish 

 Expression of either klf7 or klf6a in normal (wild-type/uninjured) retinas 

was not detectable (Figure 3.1). This result is consistent with what was presented 

by Veldman et al. (2007). 
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Figure 3.1. Expression of klf7 and klf6a in adult zebrafish retina. Scale bar = 50 
µm. See Abbreviations for list of full terms. 

 

Klf7 and klf6a expression in the brain visual structures of normal adult zebrafish 

Klfs expression patterns in the visual areas of the adult zebrafish brain are 

described from anterior to posterior brain regions, and the section levels for 

respective figures are shown in the schematic drawing of a lateral view of adult 

zebrafish brain (Figure 3.2). 

 
Figure 3.2. Schematic drawing of an adult zebrafish brain showing levels of 
cross-sections for examining Klfs expression. Lateral view, anterior to the left, 
dorsal to the top. Numbers represent respective figure numbers in this chapter. 
See Abbreviations for list of full terms.  
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Telencephalon  

 In the dorsolateral zone (Dl) of the telencephalon, expression of both  

Klf genes was comparable in the intensity and spatial distribution (Figure 3.3). In 

Dl of the precomissural part of the telencephalon, expression of both klf7 and 

klf6a was confined mainly to the most exterior (superficial) region, and scarcely 

found in the remaining portion of Dl (Figure 3.3A, middle and right panels). 

Expression of these two Klfs in the telencephalon slightly posterior to the above 

level was also similar, although there were more positive cells in the superficial 

region, the dorsal region bordering the medial zone of the dorsal telencephalic 

area (Dm), next to the sulcus ypsiloniformis (SY), and the border region between 

Dl and posterior zone of the dorsal telencephalic area (Dp) contained strongly 

labeled cells (Figure 3.3B, D and E). In more caudal section of the telencephalon, 

posterior to the anterior commissure (Figure 3.3C), expression of both klf7 

(Figure 3.3F) and klf6a (Figure 3.3G) was similar in Dl in general, with more 

staining in the superficial regions. However, there appeared to be slightly more 

klf7 labeling in the dorsal half of the Dl than its ventral half (Figure 3.3F), while no 

such difference was observed for klf6a staining (Figure 3.3G). 
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Figure 3.3. Expression of klf7 and klf6a in anterior and post anterior-commisure 
telencephalon of adult zebrafish. Panels A and B depict anterior telencephalon 
and panel C shows post anterior-commisure telencephalon. The images shown 
in the top panels correspond to brain regions at a level shown in Figure 3.2. 
Pictures D and E show higher magnification of B, and pictures F and G show 
higher magnifications of dorsal telencephalon in panel C. Scale bar = 200 µm for 
A-C, 50 µm for D-G. See Abbreviations for list of full terms.  
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The preoptic region and diencephalon 

 In the preoptic area, both Klfs were expressed in two important visual 

structures of that region: PPp and SCN (Figure 3.4A). In PPp, Klf-positive cells 

were found adjacent to diencephalic ventricle (DiV), and klf7- and klf6a-

expressing patterns in PPp looked similar (Figure 3.4C and D). Their expression 

in SCN appeared similar for these two Klfs in that stronger labeled cells were 

mainly detected in the midline. A difference in their expression was that klf7-

expression was also obvious in lateral regions of this nucleus, while klf6a 

expression was more concentrated along the midline. Moreover, klf6a-expressing 

cells were more strongly labeled that those of klf7-expressing cells. 

 In the diencephalon, both Klfs were present in several visual nuclei (Figure 

3.4). In the anterior thalamic nucleus (A), klf7 expression was apparently higher 

(Figure 3.4C and E) than klf6a expression (Figure 3.4D and F). Both PSm and 

PSp contain faintly labeled klf7- (Figure 3.4C) and klf6a-expressing cells (Figure 

3.4D). Similar faint labeling was also seen in both APN and CPN for both Klfs 

(Figure 3.4E and F). In the posteriodorsal thalamus, both klf7 and klf6a 

expression was observed in PPv and DP (Figure 3.5B and C). Although their 

expression in PPv appeared to be similar, klf6a expression in DP was stronger 

than klf7 expression, based on the staining intensities. 
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Figure 3.4. Expression of klf7 and klf6a in preoptic area, habenular, pretectal 
regions and diencephalon of adult zebrafish. The images shown in the top panels 
correspond to brain regions at a level shown in Figure 3.2. Pictures C and D 
show higher magnification of panel A, and pictures E and F show a higher 
magnification of panel B. Scale bar = 200 µm for A-B, 50 µm for C-F. See 
Abbreviations for list of full terms.  
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Figure 3.5. Expression of klf7 and klf6a in posterior diencephalon of adult 
zebrafish. The image shown in the panel A corresponds to brain regions at a 
level shown in Figure 3.2. Pictures B and C show higher magnification of panel 
A. Scale bar = 200 µm for A, 50 µm for D-G. See Abbreviations for list of full 
terms. 

 

Mesencephalon and isthmus 

 In the TeO of the mesencephalon, both klf7 and klf6a were strongly and 

uniformly expressed in the SPV layer (Figure 3.5, Figure 3.6, Figure 3.7). No klf7 

or klf6a-expressing cells were detected in other layers of the TeO. Both Klfs were 

expressed in the nucleus isthmi (NI), with klf7-expressing cells located more in 

the dorsal 1/3 of the nucleus (Figure 3.7B), and klf6a-expressing cells mainly in 
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the periphery of the nucleus (Figure 3.7C). Moreover, expression of klf7 was 

slightly stronger, based on staining intensities, than klf6a expression. 

 

Figure 3.6. Expression of klf7 and klf6a in the optic tectum of adult zebrafish. The 
image shown corresponds to brain regions at a level shown in Figure 3.2. 
Pictures B and C show higher magnification of panel A. Scale bar = 100 µm. See 
Abbreviations for list of full terms. 
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Figure 3.7. Expression of klf7 and klf6a in the dorsal tegmentum, isthmus, torus 
semicircularis and anterior medulla of adult zebrafish. The image shown in panel 
A corresponds to brain regions at a level shown in Figure 3.2. Pictures B and C 
show higher magnification of panel A. Scale bar = 200 µm for A, 100 µm for B 
and C. See Abbreviations for list of full terms. 

 
 

Klf7 and klf6a expression in the visual structures of the adult zebrafish 

brain is summarized in Table 3.3. 
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Table 3.3. Summary of klf7 and klf6a expression in normal adult zebrafish brain 
visual structures. Staining intensities (labeling) are indicated by the number of 
plus signs: ++, strong; +, weak to moderate; +/-, barely detectable. See 
Abbreviations for list of full terms. 

 

 

Klf7 and klf6a expression in the retina after the optic nerve crush in adult 
zebrafish 

 Before this study, changes in the expression of Klfs in regenerating adult 

zebrafish retina were documented mainly using relative qPCR method (Veldman 

et al. 2007). This study provides information about expression patterns of klf7 

and klf6a in regenerating retinas of adult zebrafish using RNA in situ 

hybridization method, allowing direct visualization of changes in Klfs expression 

to confirm the idea that klf7 and klf6a are robust and reliable markers of the 

 klf7 klf6a 

A ++ + 

APN +/- +/- 

CPN + +/- 

Dl + + 

DP + ++ 

NI + + 

PPv ++ + 

PPp ++ + 

PSp +/- +/- 

SCN + + 

TeO ++ ++ 
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retinal axon regeneration. Three or 4 fish (6 or 8 retinas) were used to examine 

Klfs for the spatial gene expression on day one through three weeks after optic 

nerve crush. The gene expression patterns were similar within the control and 

experimental groups. 

 Klf6a mRNA of control retinas was not detectable (Figure 3.8A). One day 

after the optic nerve injury, klf6a was detected in the gcl, and slightly increased in 

the inl, seen as a few scattered klf6a-expressing cells in the innermost region of 

the inl (Figure 3.8B). The klf6a expression in the gcl appeared to be slightly 

increased in retinas of 2-3 days post lesion (Figure 3.8C and D). Again, a few 

scattered klf6a-expressing cells were found in the innermost portion of the inl. 

One week after the injury to the optic nerve, klf6a expression became apparently 

stronger (based on staining intensities) in the gcl (Figure 3.8E). At 2 weeks post 

ONL, klf6a signal in the gcl remained strong, while its expression pattern in the 

inl was similar to that in earlier periods (Figure 3.8F). By 3 weeks post-injury, the 

expression of klf6a returned to that in normal/control retinas (Figure 3.8G). 
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Figure 3.8. Expression of klf6a in control and regenerating adult zebrafish 
retinas. In control retinas (panel A), klf6a mRNA is not detectable with in situ 
hybridization. One day through two weeks after ONL (panels B-F), klf6a mRNA 
signal increases mainly in the gcl and returns to the baseline levels at 3 weeks 
(panel G). Scale bar = 50 µm. See Abbreviations for list of full terms. 

 

 Klf7 mRNA expression was absent in control retinas (Figure 3.9A). Weak 

klf7 expression was detected in the gcl 1 day post ONL (Figure 3.9B), and its 

expression was increased in retinas 2 days after the lesion (Figure 3.9C). The 

klf7 expression was even stronger in the gcl of retinas 3 days after the optic 

nerve crush (Figure 3.9D). In 1-week post-surgery retinas, klf7 expression 

appeared to be slightly less intense compared to that of 3-day tissues (Figure 

3.9E). This pattern was maintained in the retinas of 2-week post ONL (Figure 

3.9F). Expression of klf7 returned to that of normal/control retinas 3 weeks post 

optic nerve lesion (Figure 3.9G). Unlike klf6a expression in the regenerating 

retina, there was no klf7 expression detected outside the gcl. 
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Figure 3.9. Expression of klf7 in control and regenerating adult zebrafish retinas. 
In control retinas (panel A), klf7 mRNA is not detectable with in situ hybridization. 
One day through two weeks after ONL (panels B-F), klf7 mRNA signal increases 
only in the gcl and returns to the baseline levels at 3 weeks (panel G). Scale bar 
= 50 µm. See Abbreviations for list of full terms.  

 
 Expression of klf7 was also tested by qPCR and a 9.3-fold change was 

observed in whole retinas 1-week post ONL (Figure 3.10). This increase shown 

by RNA in situ hybridization and qPCR result is consistent with a previous study 

by Veldman et al. (2007), who used the laser-dissected RGCs. Per 1 ng total 

RNA, the klf7 mRNA copy number in the normal retina was 88 and one week 

post-lesion the copy number was increased to 820. The plotted standard curve in 

Figure 3.10 was used to read the exact mRNA copy number of klf7 gene in tissue 

and also to verify the efficiency and specificity of the gene target. The efficiency 

was 102.74%, the correlation efficiency was 0.979512, and therefore the 

obtained data was reliable.  

 RNA in situ hybridization is a powerful technique for the spatial detection 

of mRNA in the specific areas of the sectioned or whole-mount sample, but the 

quantification of expression is not as straightforward as in qPCR. Amplification in 

qPCR renders this method more sensitive, and technically a single copy of 
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mRNA can be detected. In situ hybridization using DIG probe visualization has 

lower limit of detection than qPCR as there is no amplification step. As 

mentioned earlier, klf7 did not appear to be detected visually in the 

normal/control adult retinas with in situ hybridization method, but based on qPCR 

method, these whole retinas had 88 copies/ng total RNA of klf7 present. This 

small discrepancy is likely due to the aforementioned higher sensitivity of the 

qPCR method over RNA in situ hybridization. 

 

 
Figure 3.10. Expression of klf7 in control and regenerating retinas at one week 
after ONL. On the left: klf7 was increased by over nine-fold in eyes with crushed 
optic nerves comparing to control, and reached over 800 mRNA copies. Five 
retinas per group were used. Error bars represent standard deviation. Copy 
numbers are per 1 ng total RNA. Two-tailed T-test=0.003003382. On the right: 
klf7 standard curve with 102.74% efficiency, calculated with formula: efficiency = 
(10-1/slope-1) (Yuan et al. 2007). 
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Discussion 

Expression of klf6a and klf7 in the retina and brain visual structures of adult 
zebrafish and comparison with developing zebrafish visual system 

 There are only a few published studies on klf6a and klf7 expression in the 

developing zebrafish, but these reports focus on non-neural tisssues (e.g. Xue et 

al. 2015) and images of their expression in the brain are not shown or are out of 

focus (e.g. Zhao et al. 2010), therefore making it difficult to assess the spatial 

distributions of these two Klfs. Thisse et al. (2001) published in situ hybridization 

images of klf6a in ZFIN. One of which is an image of 50-72 hpf embryo showing 

klf6a expression in the optic tectum. Its expression in the telencephalon and 

diencephalon is too faint and/or unfocused, therefore unclear. Klf7 expression 

along with many other genes was examined in developing zebrafish in Li et al. 

(2010b) and in Thisse and Thisse (2004), showing its expression detected in the 

telencephalon, the diencephalon (e.g. pretectum), the optic tectum and in the 

retina (42-72 hpf). Its expression is strong in 48-72 hpf embryos, but much 

reduced in 120 hpf embryos. Due to the small size of the images provided, it is 

difficult to see exact locations of brain regions that contain klf7-expressing cells in 

this study. In the retina, the region that is klf7-positive appears to be the gcl. 

Moreover, there is no detailed description of klf7 expression in the brain, except 

in stating that it is detected in the diencephalon, dorsal thalamus and hindbrain of 

developing zebrafish brain. As mentioned earlier, Veldman and colleagues found 

no klf6a expression in developing zebrafish retinas, but reported klf7 expression 

in the gcl of 48 hpf embryonic retinas (Veldman et al. 2007, 2010). Therefore, 
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klf6a expression in the retinas of both developing and adult zebrafish is similar, 

with no detectable expression using in situ hybridization method. These results 

suggest that klf6a is unlikely to be involved in either the development or 

maintenance of zebrafish retina. Its expression in the developing optic tectum 

suggests that it may participate in the formation of this structure, as well as that 

of other brain regions (e.g. hindbrain) that express this Klf. Since klf7 is 

expressed in the gcl of developing zebrafish during critical stages of retinal 

ganglion cell (RGC) differentiation, and klf7 is expressed in the pretectum and 

optic tectum of developing zebrafish when RGCs axons grow into these visual 

structures, it is reasonable to speculate that this Klf plays a role in RGC 

differentiation, pathfinding and/or synapse formation.  

 In general, expression patterns of klf6a and klf7 are similar in the visual 

structures of adult zebrafish: both are expressed by most of the visual structures 

along the optic pathway, and in structures that receive visual inputs. It is 

surprising that neither of these Klfs is detected in the control adult retina at levels 

detectable by RNA in situ hybridization, since qPCR indicated klf7 is expressed 

in the adult retina, but with the low copy number (88/ng of total RNA). It is known 

that qPCR is more sensitive, and therefore was able to detect and visualize the 

lower number of klf7 mRNA copies. It is possible that klf6a has similar low 

expression in adult zebrafish retinas, but qPCR experiments are required to 

validate that. More likely though, strong expression of these two Klfs in the visual 

brain structures is a reflection of their overlapping functions in the maintenance of 
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all brain structures that express them. As shown in Bhattarai et al. (2016), these 

two Klfs are present in many sensory and motor regions of the brain.  

Comparison of klf6a and klf7 expression in the adult visual system between 
zebrafish and mouse 

 An immunocytochemical study of klf6 expression in the adult mouse 

forebrain showed that this Klf is expressed widely in the telencephalon (cerebral 

hemispheres and olfactory bulbs) and diencephalon (Jeong et al. 2009). 

Although klf6 in adult mice is detected in numerous brain regions such as the 

cerebral cortex, amygdala, hippocampus, thalamus and hypothalamus, which 

homologous zebrafish brain regions also contain klf6a (Bhattarai et al. 2016), 

there is no description of klf6 expression in visual brain structures, except in the 

laterodorsal thalamic nucleus and the geniculate nucleus. The laterodorsal 

thalamic nucleus receives visual inputs. For the geniculate nucleus, authors in 

the paper (Jeong et al. 2009) did not specified it as either the lateral geniculate 

nucleus, which is the main relay center for retinal inputs, or medial geniculate 

nucleus, which is a major auditory brain structure. Therefore, I cannot comment 

further about its expression in the geniculate nucleus. The similarities of 

Klf6/klf6a expression in CNS of both mice and zebrafish imply that this 

transcription factor has a conserved function in adult vertebrate organism CNS 

maintenance. It is still unclear if this Klf has a similar function in the visual 

structures in brain, since the available data in mice is not detailed enough. 

 There are no available reports, to the best of my knowledge, on Klf6/Klf6 

expression in the retina of other adult organisms that were non-operated. It would 
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be interesting to see if this Klf is also not expressed, or expressed at low levels in 

these retinas. The most interesting difference between zebrafish and mouse 

retinas is a lack of klf6-expressing cells in RGCs of zebrafish embryo (Thisse et 

al. 2001) and in adult here, contrasted with the apparent klf6 expression in 

embryonic (from E19) and postnatal mouse (until P21, Moore et al. 2009). In the 

optic chiasm of embryonic mice (E16), more klf6-expressing cells are in the 

ipsilateral RGCs, than in contralateral RGCs (while all RGC in zebrafish cross at 

the optic chiasm, Wang et al. 2016). In zebrafish, klf6a is only found in the gcl in 

the glaucoma pathology model (Veth et al. 2011), and after RGC axons are 

injured, which is followed by the successful nerve regeneration (Veldman et al. 

2010) and in this study. Interestingly, mammalian retinal axons that do not 

regenerate do not seem to express klf6. 

 There is only one published report on Klf7/Klf7 expression in the adult 

mouse brain (Laub et al. 2001a). Apparent Klf7 expression is detected only in the 

cerebellum of the adult mouse brain. Based on the data from zebrafish and mice, 

Klf7/klf7 expression in the adult vertebrate brain is species-specific, therefore this 

Klf may serve different functions in the brain of different adult vertebrates. There 

is no published data available for Klf7/Klf7 expression in the retina of other adult 

vertebrates. 

Patterns of klf6a and klf7 expression in the retina after the optic nerve lesion 

 Previous reports implicated Klfs in promoting retinal axon regeneration in 

adult zebrafish (Veldman et al. 2007) and mice (Moore et al. 2009). Veldman et 
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al. (2007), using mainly qPCR method, reported the increased klf6a and klf7 

expression as early as one day after optic nerve lesion, peaking at 2-4 days and 

4-8 days post ONL (respectively), and by 3 weeks expression of both Klfs 

became similar to control retinas. My results, using mainly in situ hybridization, 

generally agree with the findings by Veldman et al. (2007). Moreover, my qPCR 

data of klf7 expression in 1-week post ONL tissue (9.3-fold increase) matches 

relatively well with their data at 6 days after ONL (12-fold increase). However, 

there is an apparent difference in the expression levels of these two Klfs at the 

time point around 2-weeks after ONL. Data from Veldman et al. (2007) shows 

that expression levels of both Klfs at 12 days after ONL are significantly declined 

from the week before (point of klf7 peak expression and the second-highest fold 

change for klf6a), and are only about 1.5-2 fold higher than the control levels. On 

the contrary, based on staining intensities, my results at 14 days after ONL show 

that klf6a maintains its peak levels and continues similar expression from the 

previous week, while klf7 is still strongly expressed but at slightly lower levels 

than a week before. This difference may be partially due to different 

methodologies used in these studies, but further studies (e.g. absolute qPCR to 

estimate the actual number of mRNA copies using our tissues) may be needed to 

confirm the rest of the relative qPCR results. 

 The polymerase chain reaction (PCR) method was developed by Kary 

Mullis in 1987 (Mullis and Faloona 1987). Further development of reverse 

transcription of mRNA allowed for development of the quantitative PCR (qPCR) 

in 1993 (Higuchi et al. 1993). This highly sensitive method allows monitoring the 
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gene amplification in real time, by using the fluorescent detectors and hence 

measuring gene expression levels with high accuracy. Relative qPCR is the 

commonly used technique for the comparison of transcribed genes between two 

conditions, calculated as a fold change, and uses endogenous control(s) called 

reference gene(s) for normalization (Wong and Medrano 2005). Absolute qPCR 

is less frequently used method, as it requires more initial preparation and 

additonal reagent use for a reference called the standard curve. A standard curve 

is constructed by amplifying in qPCR reaction the known copy numbers of i.e., 

linearized plasmids containing the gene of interest, which are diluted over the 

several orders of magnitude. The advantages of this method include the ability to 

learn the copy number of transcribed gene per 1 ng of total RNA from sample, 

and therefore allows for comparisons not only between two conditions, but also 

between distinct organs or species during separate experiments (VanGuilder et 

al. 2008). The absolute qPCR in my study here accessed the baseline 

transcription of klf7 gene as 88 mRNA copy number per 1 ng of total RNA in the 

adult retinas. The relative qPCR method would not be able to provide this 

information, as the values calculated between two conditons are arbitrary. In 

addition, 88 mRNA copy number per 1 ng of total RNA appeared to be below the 

limit of detection for in situ hybridization method, based on klf7 gene expression. 

The relative qPCR method relies on the assumption that the ratio of reference 

gene expression is the same between conditions tested. The relative qPCR from 

Veldman et al. (2007) relied on glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) as a reference gene, which was deemed unsuitable due to its 
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variability of expression in adult zebrafish tissues (including eyes) and in 

developing zebrafish (important to mention as certain genes expressed during 

regeneration recapitulate their developmental expression, Tang et al. 2007). It is 

possible that discrepancies between expression levels at around 2 weeks after 

ONL between techniques used in my in situ hybridization and relative qPCR stem 

from the changed expression of GAPDH normalization gene, therefore affecting 

the relative fold changes at certain time points. 

 A major advantage of using in situ hybridization in studying gene 

expression is its ability to provide detailed spatial information on expression of 

the gene of interest. This allowed me to detect scattered, but obvious klf6a-

expressing cells in the inner portion of the inl. The significance of this is that 

these cells, although located in a postion mostly occupied by the amacrine cells, 

are likely the displaced retinal ganglion cells (displaced RGCs) in the zebrafish 

retina. Therefore, it provides a novel way of identifying displaced RGCs not only 

in zebrafish, but also in other vertebrate organisms. The likely reason that there 

are no obvious labeled klf7 cells in the inner portion of the inl of the regenerating 

retinas in my study is that the staining intensity of klf7 in the retina is much less 

intense compared to that of klf6a. This intensity difference is unlikely due to my 

processing of retinal tissues, because staining intensities of both klfs probes are 

similar in the fish adult brain tissues. Moreover, such difference in tissue staining 

with these two Klfs probes is also observed by Veldman et al. (2007) in their 3-

day post-surgery retinas (the only time point where in situ hybridization was 

performed in that study). Therefore, another novel finding of my study is that 
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klf6a is a better marker for regenerating retinas than klf7 using in situ 

hybridization method. 

 The up-regulated expression of both Klfs is not surprising because 90% of 

the RGCs in teleost fish survive after their axons sustain injury and the first 

regenerating RGC axons appear in the retina at 1-day post-injury (dpi). Those 

retinal axons grow towards the optic tectum and establish the initial tectal 

connections by about 14 dpi (Bhumika et al. 2015), all these processes correlate 

with an obvious up-regulation of klf7 and klf6a. Since both Klfs returned to the 

baseline levels by the time most of the tectal lobe is covered with regenerating 

axon terminals (by 21 days post-injury), it is unlikely they are players in a process 

of the synaptic refinement which takes place in the next few weeks.
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CHAPTER IV 

CADHERIN-6, CADHERIN-7, PROTOCADHERIN-17 AND PROTOCADHERIN-

19 EXPRESSION IN REGENERATING ADULT ZEBRAFISH RETINA

 

Introduction 

 Cadherins are a superfamily of adhesion molecules that are important in 

formation and functioning of the multicellular organisms, including vertebrates 

(Hulpiau and Van Roy 2009, 2011; Oda and Takeichi 2011; Suzuki and Hirano 

2016). Most of the cadherin superfamily members are expressed during the 

nervous system development, while some continue to be detectable in the 

nervous structures of adult animals (Takeichi 1990; Yagi and Takeichi 2000; 

Halbleib and Nelson 2006; Vestweber 2015). Moreover, some cadherins are 

even more strongly expressed during the vertebrate central nrvous system (CNS) 

regeneration (e.g. cdh2 and cdh4, Liu et al. 2002, 2004a). Briefly, there is a good 

correlation between up-regulation of cdh2 and the successful nerve regeneration 

in the zebrafish CNS or mammalian peripheral nervous system (PNS). 

Furthermore, cdh2 promotes the optic axon regeneration following the optic 

nerve crush (ONL) in adult zebrafish (Liu et al. 2002; Liu and Londraville 2003). 

These findings suggest that cadherins are key promoting molecules for nervous 

system regeneration in vertebrates. Developing zebrafish visual structures also 
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express multiple cadherin superfamily members, for example type-II classical 

cadherins (cdh6, cdh7) and clustered δ-protocadherins (pcdh17, pcdh19), and 

those genes are known to be involved in the visual system development of 

vertebrates (Wӧhrn et al. 1999; Honjo et al. 2000a; Liu et al. 2006, 2008b, 2009; 

Ruan et al. 2006; Krishna-K et al. 2009; Tai et al. 2010, 2010; Chen et al. 2013; 

Cooper 2017). Moreover, expression of these cadherins in the visual system of 

adult zebrafish (see results of Chapter II) is different from that in the embryos. 

Successful regeneration of vertebrate nervous structures requires combined 

functions of multiple molecules (e.g. GAP-43, klf6a, klf7, cdh2) (Blackmore and 

Letourneau 2006; Veldman et al. 2007; Rasmussen and Sagasti 2016). In order 

to determine functions of cdh6, cdh7, pcdh17 and pcdh19 in the optic nerve 

regeneration, their expression in the regenerating retina must be examined first. 

There are no published studies that examine expression patterns of these 

cadherin molecules in regenerating visual structures of any adult vertebrate. 

Current study was conducted to accomplish this goal using RNA in situ 

hybridization and qPCR. 

Materials and methods 

Animals 

Adult wild-type zebrafish (Danio rerio) of both sexes were 12-18 months 

old and similar in length. Animals were housed in The University of Akron 

Research Viviarium (UARV). The fish were bred in-house for several generations 

and maintained in constant conditions at 28°C in 14-hour light and 10-hour dark 
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cycle in 10-gallon tanks, according to the Zebrafish Book (Westerfield 2007). 

Institutional Animal Care and Use Committee (IACUC) at The University of Akron 

approved all animal-related procedures (approval reference #15-07-08-LFD; 

copy in Appendix A). 

Optic nerve lesion surgery 

Based on the previous knowledge on zebrafish optic nerve regeneration, 

cdh2 and cdh4 expression in regenerating zebrafish visual system (Liu et al. 

2002; Liu and Londraville 2003), and my findings of klf6a and klf7 expression in 

the regenerating zebrafish optic retina (Chapter III), I decided to examine cdh6, 

cdh7, pcdh17 and pcdh19 expression in the regenerating retina of adult zebrafish 

at the following stages: 1-day, 2-day, 3-day, 1-week, 2-weeks and 3-weeks 

following the optic nerve crush (McCurley and Callard 2010). 

The procedures were carried out according to the protocol for the optic 

nerve lesion (ONL) described in detail previously (Liu and Londraville 2003). 

Briefly, adult zebrafish were anesthetized using tricaine methanesulfonate (MS-

222, 0.03%, Sigma, St. Louis, MO) at room temperature. Each fish was placed in 

a 60 mm plastic petri dish, with its body wrapped in a wet paper towel and left 

side upwards, under a dissecting microscope. In order to rotate the eye and 

expose the optic nerve to be crushed, the superficial membrane (also called 

outer cornea) covering the left eye was removed. Next, the posterior half of the 

eye was pulled partially out of the eye socket using a fine-tipped tweezer to 

expose the left optic nerve. The exposed optic nerve was crushed using another 
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pair of fine-tipped forceps. The fish was quickly returned to the recovery 

container. The nerve injury procedure lasted approximately 2 minutes and most 

fish recovered within 2 minutes of being returned to tank, and began to swim. At 

each sampling interval, the fish were anesthetized at room temperature using 

0.05% MS-222. For in situ hybridization, fish were placed on ice (in a 60 mm 

plastic petri dish) and eyes were quickly removed and placed in 4% 

paraformaldehyde (PFA, 1X RNAse-free phosphate buffered saline, PBS, 

pH=7.4) on ice. To harvest tissues for qPCR, retinas were quickly removed, 

placed in a sterile and RNase-free 2 ml centrifuge tube, and quickly frozen on dry 

ice. 

The optic nerve crush surgery was performed on the left optic nerve of 

each fish and right eye was used as a control. Six animals had surgery per each 

stage, except the 1-week time point when 12 fish underwent surgery. For 1-week 

after ONL, tissues from 4 fish were used for in situ hybridization and tissues from 

4 fish were used for qPCR, while for the remaining survival stages, tissues from 4 

fish were used for in situ hybridization. The reason more fish were operated on 

but fewer fish were used for the experiment was due to the eye degeneration 

exhibited in several fish. This occurs ocassionally in some operated fish, possibly 

due to accidental damage to the ophthalmic blood vessels that run along the 

optic nerve (Alvarez et al. 2007). 
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Probe synthesis for RNA in situ hybridization (ISH) 

 An in vitro digoxigenin (DIG) RNA synthesis protocol (manufactuerer’s 

manual, Roche, Indianapolis, IN) was used to generate the antisense probes of 

each gene of interest for the detection of each cdh or pcdh mRNA in tissues. 

Cloning of the cdh and pcdh genes was described in detail previously (Liu et al. 

2006, 2007a, 2009, 2010). The zebrafish embryos (30-50 hpf) were used to 

obtain total RNA using TRIzol reagent (Life Technologies, Carlsbad, CA). cDNA 

fragments were generated by using gene-specific primers by RT-PCR (Table 

4.1), cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA), and used as 

templates for generating antisense cRNA probes (Liu et al. 1999b). 

 

Table 4.1. Zebrafish cdh genes and PCR primers used for generating cRNA 
probes. The following molecular cloning vectors were used: pCRII-TOPO for 
cdh6 (Liu et al. 2006), pCRII-TOPO for cdh7 (Liu et al. 2007a), pCRII-TOPO for 
pcdh17 (Liu et al. 2009) and pCRII-TOPO for pcdh19 (Liu et al. 2010). 

Gene name  

GenBank 

accession 

Forward primer  

Reverse primer 

Probe size 

cdh6  

AB 193290 1 

5’-GCGGAAAAGATGAGGACTTG-3’ 

5’-CATCCACATCCTCGACACTG-3’ 

1131 nt 

cdh7 

XM 691001 

5’-TGTTGGCAAGCTTCATTCTG-3’ 

5’-ACCGTGGGTCTATGTTCCTG-3’ 

1888 nt 

pcdh17 

XM 684743 

5’-CTGTGTTTGAACAGCCCTCA-3’ 

5’-TTGCACCATCAGTGGGTTTA-3’ 

847 nt 
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pcdh19 

BC 129243 

5’-CAATGGCGAGGTGGTCTACT-3’ 

5’-CAACTCCAGCGTTTTTAGGG-3’ 

942 nt 

 

Tissue processing for RNA in situ hybridization 

After overnight fixation in 4% PFA at 4ºC, the eyes were washed three 

times for 10 minute each in 1xPBS with a constant slow agitation (on a platform 

rocker) at room temperature (Barthel and Raymond 1990). The washed tissues 

were subsequently placed in 20% sucrose (dissolved in PBS) overnight at 4ºC 

(for cryoprotection). The next day (15-24 hours later), the eyes and brains were 

placed in a mixture (1:1 v/v) of 20% sucrose and optimum cutting temperature 

compound (Tissue-Tek® O.C.T. Compound, Sakura, Netherlands) for 1 hour at 

room temperature on the platform rocker. Next, the tissues were placed in the 

same solution in cylinder-shaped aluminum molds (15 mm in diameter, 25 mm in 

height, 2 or 3 eyes or brains in each mold), and partially submerged into a 

mixture of crushed dry ice and 95% ethanol, until frozen. The frozen tissue 

blocks were placed in labeled tissue sample bags and stored at -80ºC until used 

for cryosectioning. The frozen tissues were cut using a cryostat set to thickness 

of 14 µm. The tissue sections were collected on Fisher superfrost pre-treated 

glass slides (Fisher scientific, Waltham, MA). After drying at room temperature 

for about 1 hour, the tissue slides were stored at -20ºC until processed for RNA 

in situ hybridization (see below). Four sets of alternate-cross sections from each 

eye or brain were collected and each set was used for staining one cdh or pcdh 

probe (see below). 
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RNA in situ hybridization on tissue sections 

Procedures for in situ hybridization on retinal tissue sections were 

described previously in Barthel and Raymond (1993). Briefly, sectioned tissues 

on slides were removed from the freezer and air-dried at room temperature. They 

were treated with decreasing concentrations of ethanol. Then, the tissues were 

briefly digested for 3 minutes with proteinase K (0.01 mg/ml, Roche) at 37ºC. 

Next, the sections were incubated in 0.1 M triethanolamine (pH 8.0, Sigma, St. 

Louis, MO), followed by washing in 0.1 M triethanolamine with 0.25% acetic 

anhydride (Fisher). After the sections were treated with increasing concentrations 

of ethanol, they were air-dried at room temperature for about one hour. The 

sections were covered with 70 µl hybridization solution containing 2 µg/ml 

antisense cdh or pcdh cRNA probe, and placed in a hybridization oven (59ºC) 

overnight. Next day, the sections were washed in 2X SSC, followed by 50% 

formamide in 2X SSC (at the hybridization temperature). The tissue sections 

were treated with RNase A (Roche), washed in RNase buffer before incubation in 

a blocking solution (5% normal goat serum, 2 mg/ml BSA, 1% DMSO in PBS with 

Tween-20, PBST) for two hours at room temperature with constant agitation on 

the platform shaker. The sections were then treated with an anti-DIG antibody 

(conjugated to alkaline phosphatase, AB_514497, Roche) solution (diluted 

1:5,000 in the blocking solution) overnight at 4ºC. Visualization of the signal was 

achieved by incubating the sections overnight in dark at room temperature in a 

solution made from dissolving one tablet of 4-nitroblue tetrazolium chloride 

(NBT)/5-bromo-4-chloro-3- indolyl phosphate (BCIP, called NTB/BCIP tablet, 
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Roche) in 10 ml of distilled water. Tissues were processed together and all 

paramaters were the same, except different cRNA probes were used. 

Data analysis 

Stained sections were observed under an Olympus BX51 compound 

microscope equipped with Normarski optics and connected to a SPOT digital 

camera (SPOT Imaging Solutions, Sterling Heights, MI). Results were recorded 

as digital images and further processed using Photoshop 6.0 software (San Jose, 

CA). 

Absolute quantitative real-time PCR (qPCR) 

In order to quantify the amount of cadherin mRNA copies in tissues, the 

purified cDNA for each cadherin gene in vector was used to generate standard 

curves that served as a reference. First, the mass of single plasmid (vector with 

cdh6, cdh7, pcdh17 and pcdh19 gene insert) was calculated by multiplying its 

length in bp (base pairs) by 1.096 x 10-21 g/bp. This formula was derived from the 

estimation that 1 bp of dsDNA (double-stranded DNA) molecule has the average 

molecular weight of 660 g/mole and the Avogadro’s number of 6.022 x 1023 

molecules (bp) per 1 mole (Applied Biosystems). Next, the mass of a single 

plasmid was multiplied by each cadherin gene copy number (107-102) needed in 

each reaction. Once a known amount of linearized plasmid was serially diluted, it 

was used to generate the standard curve by running it on the same 96-well plate 
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as the samples during qPCR reaction (see below). Efficiency of assays was 

calculated using the formula: efficiency = (10-1/slope-1) (Yuan et al. 2007). 

Retinas were harvested as described above and homogenized using the 

BeadBug microtube homogenizer (MIDSCI, Valley Park, MO). TRIzol reagent 

(Life Technologies, Carlsbad, CA) was used to isolate total RNA according to the 

manufacturer’s protocol. Traces of genomic DNA were removed using Turbo 

DNA-free kit (Ambion, Austin, TX). RNA concentration was measured with Qubit 

2.0 fluorometer (Life Technologies). Equal amounts (500 ng) of total RNA from 

each sample were reverse-transcribed to cDNA using Quanta Biosciences 

qScript cDNA SuperMix containing blend of oligo (dT) and random primers 

(Quanta Biosciences, Gaithersburg, MD). cDNA synthesis was also performed 

with negative control of no reverse transcriptase. The cDNA was further purified 

and concentrated using precipitation in 0.1 volume of sodium acetate, pH 5.2 

(final concentration of 0.3 M) and two volumes of 100% ethanol. 

Cadherin gene-specific primers and hydrolysis probe (Integrated DNA 

Technologies) were designed to span the exon-exon boundary using NCBI 

Primer-BLAST tool and were further checked against the whole Danio rerio 

database for specificity (Table 4.2). Samples were loaded on 96-well plate on ice, 

under the sterile hood and sealed with adhesive tape and subsequently 

centrifuged for 5 minutes at 300 g in 4ºC. qPCR was performed in an Applied 

Biosystems AB 7300 cycler (Applied Biosystems, Waltham, MA) under the 

following conditions: one cycle of UDG enzyme activation at 50ºC for 2 minutes, 

one cycle of AmpliTaq Gold UP enzyme activation at 95ºC for 10 minutes, 40 
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cycles of denaturation at 95ºC for 15 seconds and annealing at 60ºC for 1 

minute. The amplification was carried out in triplicate, volume of each reaction 

was 20 µl and contained TaqMan Gene Expression Master Mix with ROX (Life 

Technologies), gene-specific primers (forward and reverse, 500 nM working 

concentration), hydrolysis probe (250 nM working concentration, PrimeTime 

Primer Probe Mix, Integrated DNA Technologies; Table 4.2), and 3 µl cDNA 

template (75 ng/µl) or 5 µl standard (six serial dilutions of plasmid). No template 

and no reverse transcriptase controls were run in duplicate along with the 

samples. Sequence Detection System (SDS) software from Applied Biosystems 

was used to analyze amplicons and calculate mRNA copies in each sample. The 

PCR product specificity was confirmed by staining with ethidium bromide solution 

(EtBr) on the gel electrophoresis and visualized band products of correct size 

(106 bp for cdh6, 140 bp for cdh7, 102 bp for pcdh17 and 150 bp for pcdh19). 

mRNA copy number/total RNA for each cadherin gene was calculated using the 

standard curves. 

 
Table 4.2. Primer and probe sequences of cdh genes for absolute qPCR. 

Gene name  cdh6 Amplicon 

size 

Forward primer 5’-GCTCCACAACAGTCAACATTAG-3’  

Reverse primer 5’-GATCCTACCTTGGTGAGTTCTG-3’ 106 bp 

Probe 5’-TCACCGATATCAACGACAACGCCC-3’  

Gene name  cdh7  

Forward primer 5’-ATCTTCTAGTAATCCAGGCCAAAG-3’  
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Reverse primer 5’-AGGCACAGCAAACTGATAGG-3’ 140 bp 

Probe 5’-ACGGACGTTAATGACAACCCTCCC-3’  

Gene name  pcdh17  

Forward primer 5’-AGGTGCCTGAGAACAACATC-3’  

Reverse primer 5’-AGGGTAGGAGAGAATAGGACAC-3’ 102 bp 

Probe 5’-AGGGTAGGAGAGAATAGGACAC-3’  

Gene name  pcdh19  

Forward primer 5’-CTACGTGACCGTCAACTCAAA-3’  

Reverse primer 5’-CCATCCTTCGCAGACACTTTA-3’ 150 bp 

Probe 3’-AAGCCCTGACGCCGTATATTTCGC-5’  

 

Results 

Cdh6, cdh7, pcdh17 and pcdh19 expression in the retina of adult zebrafish after 
optic nerve crush 

 Expression of cdh6, cdh7, pcdh17 and pcdh19 in both normal and 

lesioned retinas was examined at one day, two days, three days, one week, two 

weeks and three weeks after the optic nerve crush from both normal (i.e. 

unoperated or control) and lesion groups. Expression of klf6a and klf7 (see 

Chapter III) in retinas from the same batch of tissues from selective stages (e.g. 

one week after the optic nerve lesion) was used to confirm the successful lesion 

of optic nerve (Figure 4.1, see Chapter III). In general, the expression pattern for 

each cdh or pcdh gene was similar among regenerating retinas from the same 

time point, and similar among all stages of control retinas. Only one image from 
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normal retinas was shown in each figure and one image from regenerating 

retinas of each stage was used for each figure in the result (see below). 

 
Figure 4.1. Confirmation of the successful optic nerve lesion using klf6a and klf7 
staining. Expression of klf6a and klf7 is greatly elevated at one week (1w) post 
lesion (ONL), shown in images on the right column, compared to the control 
retina shown in the left column. Scale bar = 50 µm. 

 

Compared to cdh6 expression in the normal retina (Figure 4.2A), 

expression in the retinas of 1-day, 2-day and 3-day post optic nerve lesion (ONL) 

was similar, in that it was mainly observed in the inl (Figure 4.2B-D). Cdh6 

expression in the gcl remained the same (i.e. little or no change) until 1-week 

(1w) after ONL, when a few scattered cells in the gcl became cdh6-positive 

(arrows in Figure 4.2E). A similar cdh6 expression pattern was also detected in 

retinas of two weeks (2w) post ONL, except that there seemed to be fewer 

labeled cells in the gcl (arrow in Figure 4.2F). Moreover, the intensity of cdh6 
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expression in the inl appeared to decrease at 1 and 2 weeks after injury (Figure 

4.2E and F). Cdh6 expression returned to the control pattern in the retinas from 3 

weeks post ONL (Figure 4.2G). 

 

 
Figure 4.2. Expression of cdh6 in zebrafish retinas in normal and ONL animals. 
In control retinas (panel A), cdh6 mRNA is detectable in the inl with in situ 
hybridization. No changes are observed within the first three days after ONL 
(panels B-D). During 1 and 2 weeks post ONL, cdh6 mRNA signal decreases 
slightly in the inl, while appears to be expressed in few scattered cells in the gcl 
(panels E-F). At 3 weeks (panel G), cdh6 labeling returns to the baseline levels. 
Arrows point to cdh6-labeled cells in the gcl. Scale bar = 50 µm. See 
Abbreviations for list of full terms. 

 
In comparison to cdh7 expression in normal retina (Figure 4.3A), the cdh7 

expression in retinas at 1-day, 2-day and 3-day after ONL was very similar, with 

some weakly labeled cells confined to the inner portion of the inl, but not the 

innermost layer (Figure 4.3B-D, Chapter II). One week after the injury, increased 

cdh7 expression, based on the staining intensity, was detected in few scattered 

cells in the most inner region of the inl (arrows in Figure 4.3E). At 2 weeks after 

ONL, the cdh7 expression was similar to that of 1 week, except that the staining 

intensity of some cdh7-expressing cells was reduced (Figure 4.3F). Cdh7 

expression in retina returned to the same levels as control at 3 weeks after ONL 

(Figure 4.3G). 
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Figure 4.3. Expression of cdh7 in zebrafish retinas in normal and ONL animals. 
In control retinas (panel A), cdh7 mRNA is weakly detectable in the inner portion 
of the inl with in situ hybridization. No changes are observed within the first three 
days after ONL (panels B-D). During 1 and 2 weeks post ONL, cdh7 mRNA 
appears to be expressed in few scattered cells in the inner part of the inl (panels 
E-F). At 3 weeks (panel G), cdh7 labeling returns to the baseline levels. Arrows 
point to cdh7-labeled cells. Scale bar = 50 µm. See Abbreviations for list of full 
terms. 

 

Pcdh17 expression in control retina was observed in the gcl and inl 

(Figure 4.4A). Many cells in the gcl, and most cells in the inl were pcdh17-

positive. A change in pcdh17 expression was detected in one day post ONL 

retinas (Figure 4.4B): its expression in the gcl was reduced compared to that in 

the control retina (Figure 4.4A). This reduction in pcdh17 expression was even 

more apparent in retinas from 2 and 3 days, and 1-week post ONL fish (Figure 

4.4C-E). No constant and apparent changes in pcdh17 expression were found in 

other regions (e.g. the inl) of the retina in those tissues. Pcdh17 expression 

patterns returned to the control pattern in retinas from 2 and 3 weeks post ONL 

(Figure 4.4F and G). 
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Figure 4.4. Expression of pcdh17 in zebrafish retinas in normal and ONL 
animals. In control retinas (panel A), pcdh17 mRNA is detectable in the gcl and 
inl with in situ hybridization. The expression is reduced in the gcl from 1 day to 1 
week after ONL (panels B-E). At 2 weeks (panel F), pcdh17 labeling returns to 
the baseline levels and remains the same at 3 weeks post ONL (panel G). 
Arrows point to pcdh17-labeled cells. Scale bar = 50 µm. See Abbreviations for 
list of full terms. 

 

A comparable reduction of gene expression pattern of retinas with 

lesioned optic nerve was observed for pcdh19 (Figure 4.5). Pcdh19 expression in 

control retinas was mainly confined to the gcl and inner half of the inl (Figure 

4.5A). At one day following the lesion, an obvious reduction in pcdh19 signal was 

observed in the gcl (Figure 4.5B) and the decrease was also detected in the gcl 

of 2 days, 3 days and 1 week ONL fish (Figure 4.5C-E). There was no consistant 

and obvious change in pcdh19 expression in the inl. Pcdh19 expression returned 

to control levels in 2 and 3 weeks post lesion tissues. Pcdh19 expression 

returned to control levels in 2 and 3 weeks post lesion tissues (Figure 4.5F and 

G).  
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Figure 4.5. Expression of pcdh19 in zebrafish retinas in normal and ONL 
animals.In control retinas (panel A), pcdh19 mRNA is detectable in the gcl and 
inner region of inl with in situ hybridization. From 1 day through 1 week after ONL 
(panels B-E), pcdh19 mRNA signal decreases significantly in the gcl. At 2 weeks 
(panel F), pcdh19 labeling returns to the baseline levels and remains similar at 3 
weeks post ONL (panel G). Arrows point to pcdh19-labeled cells. Scale bar = 50 
µm. See Abbreviations for list of full terms. 

 

 In order to quantify the expression of cadherins in the retinas, I performed 

qPCR on selected control and lesioned tissues. A concentration of 75 ng/µl of 

RNA from normal and lesioned retinas was used to generate cDNA. The known 

amount of mRNA for each cadherin/protocadherin gene was serially diluted (10-

106) and amplified in the qPCR reaction. The average of three amplicon cycle 

thresholds (Ct) for each diluted gene sample was plotted against the log10 

dilution, resulting in the standard curve serving as a reference for the number of 

cadherin mRNA copies in the studied tissues (Figure 4.6). The standard curves 

for cdh6, cdh7 and pcdh19 had reliable efficiencies (96.3%, 92% and 99%, 

respectively) and excellent correlation efficiencies (0.991446, 0.988867 and 

0.997059, respectively). There was no amplification for pcdh17 fragment to 

generate the standard curve, possibly due to primers not working. 
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Figure 4.6. Standard curves for cdh6, cdh7 and pcdh19. Log10 serial dilution is 
depicted on x-axis and cycle threshold on y-axis. Samples in triplicate were 
further used to obtain linear trendline. The reaction efficiency was calculated and 
was the following: cdh6 (96%), cdh7 (92%) and pcdh19 (99%).  
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 The data from 7-day post ONL is reliable for the reason that the tissue 

was processed along with klf7 gene used as a marker for the successful lesion, 

and the observed increase in the copy number in ONL samples correlates well 

with the data published before (see Results in Chapter III).The copy number of 

cdh6, cdh7 and pcdh19 mRNA in the control retina and the retina 1-week post 

ONL is depicted in Figure 4.7. The gene expression of all three cadherin family 

members did not change enough to account to a fold change between the control 

and experimental retinas. Similar cdh6 gene expression levels were detected 

between the control and lesioned tissues, increasing slightly in the experimental 

sample. The opposite outcome was observed for cdh7 and pcdh19 gene 

expression since the copy numbers were reduced in the retina where the optic 

nerve was crushed 7 days prior, in comparison to the control retina. The 

reduction of gene expression in the lesion sample was even more noticeable in 

the case of pcdh19. Examining the abundance of cadherins in terms of copy 

number, pcdh19 was the most highly expressed of all three genes, accounting for 

335 mRNA copies/ng in the normal retina and 290 mRNA copies/ng in the ONL 

retina. On the other hand, in both experimental conditions, cdh6 expression was 

the scarcest (14 and 15 mRNA copies/ng, respectively) and was about five times 

lower than the copy number of cdh7 (88 and 74 mRNA copies/ng, repectively) 

and more than twenty times lower than the copy number of pcdh19 (Figure 4.7).  
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Figure 4.7. Copy number of cdh6, cdh7 and pcdh19 mRNA in retinas of normal 
and 7-day post optic nerve crush in adult zebrafish.The error bars represent the 
standard deviation. Copy numbers are per 1 ng total RNA. Sample size n=4. The 
copy number between conditions for each gene were not significant (paired two-
tailed T-test were the following: p-value=0.567032901 for cdh6, 0.620700672 for 
cdh7, 0.100820611 for pcdh19), but copy numbers between each gene were 
statistically significant (1-way ANOVA p-value=0.00119). 

 

Discussion 

The optic nerve regeneration is a model system to study regeneration in 

the nervous system, especially in the vertebrate CNS because of its accessibility 

and regenerative potential in nonmammal vertebrates. Unlike mammals, 
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zebrafish fully regenerates its optic nerve and achieves functional recovery 

(Ferguson and Son 2011; Zupanc and Sîrbulescu 2011; Kato et al. 2013; Zou et 

al. 2013; Rasmussen and Sagasti 2016; Yin et al. 2019). 

In this study, I showed that two classical type-II cadherins (cdh6 and cdh7) 

and two δ2-protocadherins (pcdh17 and pcdh19) exhibited differential expression 

patterns in the regenerating adult zebrafish retinas. Cdh6 displayed an increased 

expression in selected cells in the gcl, while cdh7 had increased expression in a 

few cells located in the innermost region of the inl of the regenerating retinas. On 

the other hand, the two protocadherins (pcdh17 and pcdh19) showed decreased 

expression in the gcl of the regenerating retinas. My results suggest that these 

cadherins may play different roles in the retinal regeneration. The decreased 

expression of both pcdh17 and pcdh19 in the gcl of the regenerating retina was 

surprising, because previous studies by Liu and colleagues showed that 

expression of both cdh2 and cdh4 was greatly increased in the gcl of 

regenerating adult zebrafish retinas (Liu et al. 2002) and cerebella (Liu et al. 

2004a). Consequently, it is likely that certain cadherins (e.g. cdh2 and cdh4) 

stimulate the retinal axon regrowth, whereas others (e.g. pcdh19) hamper the 

retinal axon outgrowth, or that the down-regulation of some cadherins is 

necessary to promote the successful regeneration of the optic nerve. 

Different patterns of cdh6, cdh7, pcdh17 and pcdh19 expression in the adult 
zebrafish retina after optic nerve lesion 

 Expression of some genes in vertebrates recapitulates developmental 

programs during regeneration, while other genes appear to be regeneration-
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specific genes (Franklin and Hinks 1999; Fausett 2007; Veldman et al. 2007; 

Brockerhoff and Fadool 2011; Cuenca et al. 2014). Cadherin family members are 

acknowledged to be involved in the retinal and/or brain development in 

vertebrates (including zebrafish); therefore, they likely contribute to the 

regenerating process. An increased cdh2 expression post-injury is associated 

with the successful nervous tissue regeneration in the fish optic nerve (Liu et al. 

2002, 2004a), fish cerebellum (Liu et al. 2004a), rat sciatic nerve (Thornton et al. 

2005) and quail ciliary ganglion (Squitti et al. 1999). In mice, cdh2 is not up-

regulated in regenerating RGCs (Bates et al. 1999), while cdh2 knockout results 

in the lowered RGC survival after the optic nerve crush (Ribeiro et al. 2020). In 

zebrafish, cdh2 knockdown suppresses specification and subsequent 

regeneration of the RGCs and amacrine cells following their chemical injury, by 

affecting basal migration of Müller glia from their normal location in the inner half 

of the inl to the gcl (Nagashima et al. 2013). Since 90% of RGCs survive axonal 

injury (ONL) in zebrafish, the small amount of new cells are likely originating from 

the de-differentiated Müller glia (Nagashima et al. 2013). Furthermore, an 

unpublished study in our lab (Bahattarai dissertation research) showed that optic 

nerve regeneration was severely disrupted in adult zebrafish whose optic nerves 

were crushed with the cdh2 morpholino antisense oligonucleotide (cdh2MO) 

electroporated into regenerating RGCs (personal communications). Importantly, 

this cdh2MO had been shown to phenocopy zebrafish cdh2 mutants (Lele et al. 

2002). 
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 The increased expression of cdh6 was mainly found in a few scattered 

cells in the gcl, suggesting that up-regulation of this gene is not required for a 

successful optic nerve regeneration in the vast majority of RGCs, while it may 

promote regeneration of the axons of the RGCs that exhibit an increased cdh6 

expression. Only a subset of cells in the gcl of developing zebrafish retina are 

cdh6-expressing (Liu et al., 2006a), and cdh6 plays a role in zebrafish retinal 

development (Liu et al., 2008). Similarly to developing mouse retina, only a 

subset of cells in the gcl are cdh6-positive (cdh6 protein expression was 

examined), and all these cdh6-expressing retinal cells mediate non-image 

forming visual circuit (Osterhout et al. 2011). It is possible that the cdh6-

expressing cells in both the developing and regenerating zebrafish serve a 

similar function in zebrafish. 

 Cdh7 is expressed by a subset of cells in the gcl, and most cells in the 

inner portion of the inl in a developing zebrafish (Liu et al., 2006b). In an adult 

retina, fewer cells in both the gcl and the inner portion of the inl contain cdh7 

(Figure 4.3A and Figure 2.1B from Chapter II). A few scattered cells in the inner 

portion of the inl showed apparent increase in their cdh7 expression, similar to 

the few cdh6-expressing cells in the gcl (see above). The identity of these cdh7-

expressing cells is unknown, but they are likely the displaced retinal ganglion 

cells. This is similar to the increased klf6a expression in the inner portion of the 

inl (Chapter III). It will be interesting to see if these cells can be double-labelled 

by both cdh7 and klf6a markers, if suitable antibodies against their respective 

proteins are available. Another reason for my speculation that these cells are the 
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displaced RGCs is that in developing chicken displaced RGCs in the inl are also 

cdh7-positive (Wӧhrn et al. 1998). Again, like cdh6, cdh7 may not be involved in 

the retinal axon regeneration for most RGCs, but may participate in the 

regeneration of retinal axons for selected subset of retinal neurons (i.e. the 

displaced RGCs). 

 It is surprising that expression of both pcdh17 and pcdh19 was greatly 

reduced in the gcl of the regenerating retina, because expression of both cdh2 

and cdh4 is significantly increased in the regenerating retina of adult zebrafish 

(Liu et al. 2002). These results suggest that down-regulation of both pcdh17 and 

pcdh19 is necessary for the successful optic nerve regeneration. Type-I classical 

cadherins, such as cdh2 and cdh4, are known to mediate stronger cell-cell 

adhesion, while pcdhs mediate weaker cell-cell adhesion, and may be more 

involved in regulating cellular functions via mediating cell-cell signaling and/or 

recognition (Takeichi 1990; Suzuki 1996; Halbleib and Nelson 2006; Suzuki and 

Hirano 2016). The cytoplasmic domain of the type-I classical cdhs is linked to the 

actin cytoskeleton through α- and β-catenins (Hirano and Takeichi 2012), while 

the cytoplasmic domain of δ-pcdhs interacts with proteins involved in signal 

transduction pathways, such as SMAD (Faura Tellez et al. 2015), protein kinases 

(TAO2β, Yasuda et al. 2007), protein phosphatases (Yoshida et al. 1999), 

cytoplasmic FMR1-interacting protein 1 (CYFIP1, Chen et al. 2014; Hayashi et al. 

2014), C2kβ and Nlk1 (Wnt pathway, Kietzmann et al. 2012; Kumar et al. 2017). 

 It is interesting that the result of disrupting cdh2 function or pcdh19 

function during embryogenesis causes similar defects in the zebrafish CNS 
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(Emond et al. 2009; Biswas 2012), and cdh2 and pcdh19 are shown to work 

together (forming heterodimers) to regulate CNS formation during 

embryogenesis (Emond et al. 2011). However, during the optic nerve 

regeneration, expression of these two members of the cadherin superfamily 

shows the opposite patterns, with significantly increased cdh2 expression (at the 

protein level, Liu et al. 2002) and greatly reduced pcdh19 expression (my 

results). If the pcdh19 expression is confirmed at the protein level (using pcdh19 

antibodies), my results suggest that they may play different roles in development 

and regeneration. 

 The discrepancies between my RNA in situ hybridization results (e.g. clear 

change in pcdh19 expression in the gcl at 1 week after optic nerve crush) and the 

qPCR data (e.g. no significant change in pcdh19 expression 1 week after 

surgery) are likely due to the fact that ISH on tissue sections allows observation 

of regional differences in gene expression, while qPCR provides quantitative data 

on expression from the entire retinal tissue. There are far more cells and 

cdh/pcdh-expressing cells in the inl than those in the gcl, therefore they likely 

mask changes in cdh/pcdh expression in the gcl. I am confident that if I were able 

to isolate the gcl of the control and regenerating retinas (e.g. using laser 

dissection), and compared their cdh/pcdh expression, I would have gotten similar 

results (e.g. reduced pcdh19 expression in the gcl) with both methods.
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CHAPTER V 

IDENTIFICATION OF DIFFERENTIALLY EXPRESSED GENES IN ZEBRAFISH 

PROTOCADHERIN-17 MORPHANTS

 

Introduction 

Cadherins are a diverse superfamily of calcium-dependent 

transmembrane proteins comprised of more than 100 members (Nollet et al. 

2000; Hirano and Takeichi 2012). Cadherins are present in organisms ranging 

from Drosophila to mammals and function in the development of variety of 

tissues and organs, as well as maintenance of adult structures (Van Roy and 

Berx 2008; Hirano and Takeichi 2012; Suzuki and Hirano 2016). Cadherins 

include classical cadherins, protocadherins, and desmosomal cadherins. Most 

works have focused on studying expression and functions of the classical 

cadherins in the development of model organisms (e.g. zebrafish, chicken and 

mouse, Hirano and Takeichi 2012). A typical classical cadherin (e.g. cadherin-1, 

also called E-cadherin) is made of a large extracellular domain (EC) consisting of 

five homologous repeats, a transmembrane domain (TM), and a cytoplasmic 

(intracellular) domain (IC) that is more conserved than the other domains of the 

molecule. The cytoplasmic domain of classical cadherins interacts with catenins 

(e.g. α- and β-catenins) that bind to other intracellular proteins, including actin 
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(Hirano and Takeichi 2012). The protocadherin (pcdh) subfamily contains more 

members (> 80 in mammals) than any other cadherin subfamily (Yagi 2008). 

Members of the pcdh subfamily can be grouped into clustered (i.e. α-pcdh, -β 

and γs) and non-clustered (i.e. δ-pcdhs). δ-pcdhs (e.g. pcdh17) also contain 

three domains, but their EC domain consists of 6 or 7 homologous repeats, while 

their IC domain is less conserved (Redies et al. 2005; Vanhalst et al. 2005). 

Results from recent functional studies of δ-pcdhs (e.g. OL-pcdh, pcdh10, 

pcdh17 and pcdh19) convincingly demonstrated that these molecules play crucial 

roles in development of the vertebrate central nervous system (CNS, reviewed by 

Suzuki and Takeichi 2008; Kim et al. 2011; Hirano and Takeichi 2012). In mice, 

pcdh17 controls assembly of vesicles in presynapses in the corticobasal ganglia 

(Hoshina et al. 2013) and mediates collective axon extension in a subset of 

amygdala neurons (Hayashi et al. 2014). In developing zebrafish with reduced 

pcdh17 expression, development of the eye in general is severely disrupted, in 

particular the differentiation of retinal cells (Chen et al. 2013). Moreover, 

expression of PCDH17 is increased in Brodmann’s area 46 in individuals with 

schizophrenia (Dean et al. 2007). 

Cadherins and protocadherins play important roles in animal development 

through interactions with other molecules, and since the eye defects are the 

major phenotype in pcdh17 morphants, I hypothesized that expression of genes 

related to the vertebrate eye development would be greatly changed in the 

pcdh17 morphants. I tested this hypothesis using single-channel microarray, a 

technique useful in estimating the change in expression of thousands of genes 
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between two conditions. I found that several genes expressed in the 

photoreceptor layer and those important for the photoreceptor development had 

reduced expression in the morphants. Therefore, my results confirm that pcdh17 

exerts its effect on the photoreceptor cells by decreasing their growth and/or 

slowing down their differentiation. Understanding molecular mechanisms 

underlying pcdh17 function in zebrafish, a model organism for the study of 

vertebrate development, visual system and human brain disorders (Dooley and 

Zon 2000; Bilotta and Saszik 2001; Penberthy et al. 2002; Ward and Lieschke 

2002; Santana et al. 2012; reviewed by Schmidt et al. 2013; Stewart et al. 2014), 

may help to gain insight into δ-pcdhs function in the vertebrate CNS development 

in general. 

Materials and methods 

Animals 

Zebrafish embryos were obtained by breeding a colony of wild-type adult 

(6-12 months) zebrafish, maintained at The University of Akron Research 

Viviarium (UARV), as described in the Zebrafish Book (Westerfield 2007). The 

adult fish were maintained in 10-gallon tanks at 28°C at a 14-hour light /10-hour 

dark cycle. Embryos for whole-mount in situ hybridization were raised at 28°C in 

PTU- (1-phenyl-2-thiourea, 0.003%) supplemented water (1:1 filtered fish tank 

water: embryo water) to prevent melanization (Karlsson et al. 2001). Institutional 

Animal Care and Use Committee (IACUC) at The University of Akron (IACUC) 
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approved all animal-related procedures (approval reference #12-9A; copy in 

Appendix B). 

Microinjection 

A splice-blocking pcdh17 morpholino (pcdh17sMO, designed to bind to the 

exon/intron 1 boundary: 5’-ATA TAA GTT GTC GCT CCT ACC TGT A-3’, Chen 

et al. 2013) was synthesized by Gene Tools (Philomath, OR). Specificity of the 

pcdh17sMO was previously demonstrated by RT-PCR, showing inclusion of 

intron 1 (Morcos 2007) in morphants’ mRNA leading to a premature stop codon 

123 nucleotides downstream of exon 1 (Chen et al. 2013). Gross morphological 

defects (mainly reduced eye size, compared to embryos injected with a 5 bp-

mismatch pcdh17sMO or uninjected embryos) seen in these embryos were 

indistinguishable from embryos injected with a translation-blocking pcdh17 

morpholino (Chen et al. 2013).  

Zebrafish embryos were mounted in grooves of 1.5% agarose gel injection 

plates containing 0.01% (w/v) methylene blue (Sigma Aldrich) in fish tank water. 

The IM300 pheumatic microinjector (Narishige, East Meadow, NY) was used to 

inject 1-2 nl (1.5-3 ng) of pcdh17sMO suspended in Danieau buffer (58 mM 

NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES, pH 7.6) 

into 1-4 cell stage embryos. Injected embryos were allowed to develop in 

separate 400 ml plastic containers at 28.5ºC in water bath. The animal survival 

rate was about 80%, similar to uninjected control embryos. Dead embryos were 

promptly removed from the container. When the embryos reached desired stage 
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(72 hpf), they were anesthetized in 0.05% MS-222 (Tricain) and euthanized in 

0.2% MS-222. Whole embryos were processed for total RNA isolation (for 

microarray and qPCR), or fixed in 4% paraformaldehyde overnight at 4ºC (for 

whole-mount RNA in situ hybridization, WISH). 

RNA isolation  

The tissue samples (pooled 50 embryos of 72 hpf for each biological 

replicate) from control (uninjected) and experimental condition (embryos injected 

with pcdh17sMO) were processed side by side. The anesthetized embryos were 

homogenized using the BeadBug microtube homogenizer (MIDSCI, Valley Park, 

MO). Total RNA was extracted using TRIzol Reagent (Life Technologies, 

Carlsbad, CA) according to the manufacturer’s instructions. The genomic DNA 

was removed using Turbo DNA-free kit (Ambion, Austin, TX). RNA was 

concentrated and washed with MinElute Gel Extraction Kit RNA (Qiagen, 

Valencia, CA) cleanup protocol. The RNA concentration was quantified with 

Qubit 2.0 fluorometer (Life Technologies). RNA Integrity Number (RIN) was 

measured with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, 

CA). Only high-quality RNA samples (> 500-600 ng/µl and RIN ≥ 9) were used 

for microarray and qPCR. 

Microarray 

The total RNA was sent to The University of Michigan Comprehensive 

Cancer Center's Microarray Core Facility (Ann Arbor, MI) for biotinylated cDNA 
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synthesis (Ambion WT kit), hybridization on arrays and microarray chip scan. 

Four morphant (three biological and two technical replicates) and six control (five 

biological and two technical replicates) samples (batches, each containing 50 

embryos) were independently hybridized with Zebrafish Gene 1.1 ST Array Strips 

(Affymetrix, Santa Clara, CA) and scanned using Affymetrix Gene Atlas System 

(software version: 1.0.4.267; Affymetrix). Array chips type ZebGene-1_1-st-v1 

were built on danRer7/ Zv9 zebrafish genome assemblies and each contained 

1,255,682 probes, covering expression of 59,302 zebrafish genes.  

Microarray (.CEL) files (raw probe intensities) from each single-channel 

microarray were imported into Partek® Genomics Suite 7.0 (Partek, St. Louis, 

MO) to further analyze the hybridization represented as the intensity value for 

each oligonucleotide probe. All probe-level intensities were corrected for GC 

content, reducing the effects caused by intensity of probes. Data was analyzed 

using Robust Multi-Array Average (RMA) algorithm that removed the added 

variability of probe intensities between arrays, from processes of sample labeling, 

hybridization and scanning. The background correction removed affinities for 

perfect matches (PM) for probes, while the quantile normalization normalized 

probe level intensity between all chips (Irizarry et al. 2003). Subsequently, the 

relative fold changes (FC) and the log2 transformation was calculated for the 

probesets on each array, and Quality Control/Quality Assurance (QA/QC) metrics 

were viewed as a box plot showing the similar intensity distribution among 

arrays. 
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Affymetrics gene transcript probesets identifiers (probeset IDs) were 

further annotated with the corresponding gene symbols (Entrez Gene identifiers), 

based on zebrafish Zv9 (July 2010; Wellcome Trust Sanger Institute) genome 

assembly. Probesets without matching gene identifiers were filtered, reducing 

75,212 initial transcript probesets to 25,450 gene transcript-matching probesets. 

ANOVA 1-way analysis was used to calculate the probability values for all fold 

changes between two experimental conditions: one contrast for the experimental 

treatment. Post hoc analysis for multiple testing was performed. This method is 

called the false detection rate (FDR, Benjamini and Hochberg 1995) and it 

controls for the detection of false positives, also known as the type-I error 

(occurring when a null hypothesis is erroneously rejected). 

Genes with the following cut-off criteria were deemed significant: log2 fold 

change (FC) of ≤ -0.5 or ≥ 0.5 and adjusted p-value ≤ 0.05 FDR, and are further 

referred as differentially expressed genes (DEGs). Hierarchical clustering of 

DEGs for each sample was achieved by standardized normalization, where the 

genes were shifted to a mean of zero and scaled to standard deviation of one. 

DEGs (using Entrez Gene identifiers) were further analyzed using Fisher exact 

test in Partek® Gene Ontology (GO) Enrichment to identify significantly changed 

GO terms, and independently in Partek® Pathway (connected to KEGG – Kyoto 

Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg) to identify 

the pathways containing significantly changed DEGs in the morphants. 

http://www.genome.jp/kegg
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Relative quantitative PCR (qPCR) validation of microarray 

Relative quantitative PCR on selective genes with high fold changes 

and/or genes related to the visual system was performed to validate the gene 

expression estimates from the microarray. The following genes were selected: 

opn1sw2, grk1b and grk7a (important in phototransduction), prph2a (important in 

visual perception and retinal degeneration), rbp4l (involved in retinal 

development), cdhr1a and pcdh17 (significantly changed cadherin superfamily 

genes), and finally, hbbe3 (responsible for heme and oxygen binding in the 

embryo, a highly up-regulated gene). Gene-specific primers (Integrated DNA 

Technologies, Coralville, IA) were designed to span exon-exon boundaries using 

NCBI Primer-BLAST tool and checked against the whole Danio rerio database 

for specificity (Table 5.1). 

 
Table 5.1. Primer sequences of selected genes for relative qPCR. 

Gene name F primer 

R primer 

Amplicon 

size 

rpl13a 5’-CACAAAATTGTGGTGGTGAG-3’ 

5’-GGTTGGTGTTCATTCTCTTG-3’ 

106 bp 

grk7a 5’-ATGCTAAGAAGGAGAAGGTG-3’ 

5’-GCAAAGTTGATGGACTTGAA-3’ 

199 bp 

grk1b 5’-TGTTGAATTACCACCAGGAA-3’ 

5’-AAGCGTGAAGTAGTCTACAG-3’ 

118 bp 

cdhr1a 5’-CCAATCAGAGAGACTGTACC-3’ 162 bp 
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5’-GCATGGGATTTTCCCTACTA-3’ 

opn1sw2  

 

5’-TACGTCATGTTCCTCTTCTG-3’ 

5’-ATTACCACCACCATCTTTGT-3’ 

164 bp 

prph2a 

 

5’-ATGGTGGAATGATGAACACT-3’ 

5’-GATGTCAGTGAAGGTCTCTT-3’ 

185 bp 

rbp4l 

 

5’-GTTTTACAGTCAAGGACGAC-3’ 

5’-CAGTCATGGTTCCATCATCA-3’ 

141 bp 

hbbe3 5’-CGATTCAGAACATCTTTGCC-3’ 

5’-TTTCCAAACCCACCAAAGTA-3’ 

112 bp 

pcdh17 5’-GACAGCGATCAGGACACTAATAA-3’ 

5’-CTCCGTGCAGTTCAAACAATC-3’ 

129 bp 

 
 
Equal amounts of total RNA from each condition (described in the section 

above) were synthesized to cDNA using high-capacity cDNA RT kit (Life 

Technologies) with oligo (dT) primers. Three null controls were included in cDNA 

synthesis step: no template, no primer, and no reverse transcriptase. Next, cDNA 

was purified and concentrated by precipitation in 0.1 volume of sodium acetate, 

pH 5.2 (final concentration of 0.3 M) and two volumes of 100% ethanol. 

Quantitative real-time PCR (qPCR) was carried out on Applied Biosystems 

AB 7300 cycler (Applied Biosystems, Waltham, MA) with intercalating dye SYBR 

green fluorescent label. The cycles entailed an initial denaturation at 95ºC for 10 

minutes and 40 cycles of 95ºC for 15 seconds, 59ºC for 1 minute. Each cDNA 

sample was diluted over six orders of magnitude to calculate the PCR 
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amplification efficiency. With 100% amplification efficiency, the amount of product 

doubles in each qPCR cycle. The calibration curves were plotted on a graph: the 

sample diluted by log10 on x-axis and Ct on y-axis, and used to calculate the 

efficiency using the formula: efficiency = (10-1/slope-1) (Yuan et al. 2007). Samples 

were loaded under the sterile hood to 96-well plate on ice, and subsequently 

sealed with adhesive tape, then centrifuged for 5 minutes at 300 g in 4ºC. The 

amplification was carried out in triplicate in a volume of 20 µl using of 2x 

FastStart Universal SYBR Green Master with Rox passive dye (Roche, 

Indianapolis, IN), forward and reverse specific primers (200 nM each working 

concentration, Table 5.1) and a cDNA template (25 ng/µl). No template and no 

reverse transcriptase controls were run in duplicate along with the samples. A 

single peak was observed for all qPCR products using the dissociation curve 

analysis (Applied Biosystems® SDS Software v1.4.1). Each PCR product 

specificity was confirmed by staining with ethidium bromide solution (EtBr) on gel 

electrophoresis and confirmation of the band size. Relative gene expression was 

calculated using comparative 2-ΔΔCT method (Livak and Schmittgen 2001) and 

data normalization used ribosomal protein L13a (rpl13a) as a reference gene 

(Tang et al. 2007). The primer sequences are in Table 5.1. The statistical 

significance of Ct differences between biological replicates and between 

experimental conditions was calculated using two-tailed T-test. 
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Whole-mount RNA in situ hybridization (WISH) 

Procedures for the synthesis of digoxigenin-labeled (DIG) cRNA probes 

(Liu et al. 1999b) and whole-mount in situ hybridization were described 

previously (Barthel and Raymond 1990, 1993). cDNAs used to generate cRNA 

probes were kindly provided by Pamela Raymond at The University of Michigan. 

For each cRNA probe, control embryos (uninjected) and experimental (pcdh17 

morphants) were processed at the same time, side by side. 

The fixed (in 4% PFA) embryos were washed twice for 10 minutes each in 

1xPBS with a constant slow agitation (on a platform rocker under the ventilation 

hood) at room temperature. Next, the embryos were washed in 70% methanol 

(Met; in DEPC water) for 10 minutes, then washed three times, 5 minutes each, 

in 100% methanol. The embryos were stored in 100% methanol at -20ºC until 

used for whole-mount in situ hybridization (WISH). For WISH, the embryos were 

placed in 75% MetOH, 25% PBST (PBS with Tween-20) for 5 minutes, then in 

50% MetOH, 50% PBST for 5 minutes, which was followed by placing the 

embryos in 25% MetOH, 75% PBST for 5 minutes. The embryos were washed 

four times in PBST for 5 minutes each. All the above steps were carried out in 

1.5 ml RNAse-free centrifuge tubes at room temperature. Subsequently, the 

embryos were treated with proteinase K (0.01 mg/ml, Roche) for 20 minutes at 

room temperature. Then, the embryos were rinsed in PBST for 5 minutes, re-

fixed in 4% paraformaldehyde for 20 minutes at room temperature. Next, the 

embryos were washed 5 times in PBST for 5 minutes each. For the pre-

hybridization step, the embryos were placed in new 1.5 ml RNAse-free centrifuge 
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tubes in a hybridization solution without any cRNA probe for 1 hour at 58ºC. 

Meanwhile, the antisense cRNA probe was heated to 80ºC for 10 minutes and 

then quickly placed on ice. The hybridization buffer was then replaced with 

hybridization solution containing the cRNA probe for each gene, with the probe 

concentration at 0.5 µg/ml. Hybridization of embryos happened overnight at 

59ºC. The next day, the embryos were washed for 1 hour in 50% formamide/2X 

SSCT, followed by two 10-minute washes in 2X SSCT and for 30 minutes in 0.2X 

SSCT (all at the hybridization temperature). Then, the embryos were washed for 

10 minutes each in decreasing concentrations of 0.2X SSCT, in PBST (75% 0.2X 

SSCT/25% PBST, 50% 0.2X SSCT/50% PBST, 25% 0.2X SSCT/75% PBST, 

100% PBST). For the blocking step, the embryos were incubated in a blocking 

solution (5% normal goat serum, 2 mg/ml BSA, 1% DMSO in PBST) for two 

hours at room temperature with constant agitation on the platform shaker. Finally, 

the embryos were treated with an anti-DIG antibody (conjugated to alkaline 

phosphatase, AB_514497, Roche, Indianapolis, IN), diluted 1:5,000 in the 

blocking solution, overnight at 4ºC with constant agitation. For 

immunocytochemical detection of the digoxigenin-labeled cRNA probes, an anti-

digoxigenin Fab fragment antibody conjugated to alkaline phosphatase (Roche) 

was used, followed by a color reaction step using NBT/BCIP tablets (Roche). 

After the color reaction, the embryos were fixed in 4% paraformaldehyde for 20 

minutes, washed three times in PBST for 5 minutes each. In order to make them 

transparent, the embryos were placed in 50% glycerol (in PBS) for 2-3 hours. 

They were stored at 4ºC until the microscopy step (see below). 
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Microscopy 

Stained whole-mount embryos were observed with an Olympus BX51 

compound microscope equipped with a SPOT digital camera (Diagnostic 

Instrument Inc., Sterling Heights, MI). The images were slightly adjusted for 

contrast and sharpness using Adobe Photoshop 6.0 software (San Jose, CA). 

Results 

In order to identify genes that might be involved in pcdh17-mediated eye 

development, I performed the microarray analysis using total RNA from 72 hpf 

zebrafish morphants. This stage of zebrafish embryos was chosen because most 

of the major types of retinal cells are present, and smaller eye along with 

perturbed differentiation of the retinal cells (especially the retinal ganglion cells 

and photoreceptors) are the major defects observed in the pcdh17 morphants at 

this stage (Chen et al. 2013). 

Gene expression profiles of pcdh17 morphants 

Pcdh17 expression in embryos was reduced by the splice-blocking 

zebrafish pcdh17 morpholino, previously shown to alter splicing of pcdh17 mRNA 

(i.e. introducing premature stop codons in the exon 1 of the gene, Chen et al. 

2013). The pcdh17sMO was previously validated using the 5 bp-mismatch 

morpholino for the dose specificity and by PCR for the successful intron inclusion 

in target mRNA. Based on gross morphology and measurements, embryos 

injected with the pcdh17sMO are indistinguishable from those injected with the 
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translation-blocking pcdh17 morpholino (pcdh17atgMO), and uninjected controls 

are indistinguishable from those co-injected with pcdh17sMO and pcdh17 mRNA 

(complete rescue, Chen et al. 2013). The use of the lowest dose of the antisense 

morpholino resulting in the experimental defects limits the likelihood of 

morpholino interacting with off-target RNA (Moulton 2017). The gross size and 

morphology of the resulting embryos were similar to those described in our 

previous publication (Chen et al. 2013), with the embryos having similar size and 

shape as those of control embryos, but smaller eyes (Figure 5.11). Embryos of 

72 hpf were used for microarray, qPCR and in situ hybridization experiments. 

The principal components analysis (PCA) was performed to assess the 

clustering patterns of all samples, as well as possible presence of outliers. This 

analysis indicated that the gene expression profile of the pcdh17 morphants was 

significantly different from that of control embryos. PCA mapping revealed that 

60.4% dissimilarities in the gene expression originated from variations between 

biological sample groups, while 24.3 % dissimilarities originated from within-

group differences (Figure 5.1). 
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Figure 5.1. PCA (Principal Components Analysis) scatter plot. Graph delineates 
that differences in the gene expression between pcdh17 morphants and control 
microarray samples can be explained by 60.4% intergroup (between treatments) 
dissimilarities and 24.3% intragroup (within a treatment) dissimilarities. A total of 
10 microarray samples (4 from the morphants, 6 from control) are shown on this 
three-dimensional graph. 

 
Out of the 75,212 gene-level probes (probesets) on the Affymetrix 

zebrafish 1.1 ST microarray strip, 25,450 had gene transcript annotation. The 

statistical analysis found 72 differentially expressed genes (DEGs) with fold 

changes ≥ ±0.5 and FDR adjusted p-value < 0.05 between pcdh17 morphants 

and control embryos. The majority of these genes had a decreased expression 

(49 genes, 67% of the total), while 23 genes (33% of the total) showed an 

increased expression. The volcano plot visualizes annotated gene transcripts on 
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array based on their log2 FC and p-value (Figure 5.2). All DEGs sorted by their 

significance values are listed in Table 5.2. Post-import quality check on the 

distribution of 75,212 probeset intensities from microarrays (n=10) is pictured in 

Appendix C and in Figure 5.1. 

 

 
Figure 5.2. Transcripts on microarray depicted on the volcano plot. The log2 fold 
changes of 25,450 filtered genes on array are displayed on y-axis, with the cut-
off significance ±0.5 fold change. The FDR adjusted p-value is plotted on the x-
axis with the 0.05 cut-off significance. Two vertical lines on the graph indicate the 
mark at -0.5 and +0.5 log2 fold changes, while one horizontal line indicates the 
mark at 0.05 for FDR p-value. Seventy-two genes (DEGs: differentially 
expressed genes depicted as orange triangles) displayed significant expression 
changes in pcdh17 morphants compared to control (uninjected) animals. Twenty-
three up-regulated genes have log2 fold changes within the 1.14 and 2.42 range 
and are located above the horizontal line and to the right of the vertical line. 
Forty-nine down-regulated genes have log2 fold changes within the -9.15 and -
1.23 range and are located above the horizontal line and to the left of the vertical 
line. Insignificant genes are marked in grey and are below the horizontal line. 
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Differentially expressed genes in pcdh17 morphants 

 Differentially expressed genes (DEGs) are sorted by their probability 

values in Table 5.2. As expected, pcdh17 gene was down-regulated in the 

morphants by 2.04 log2 fold change in comparison to control zebrafish (Table 

5.2). Pcdh17 is expressed in the eyes of zebrafish (Liu et al. 2009; Chen et al. 

2013), and morphant eyes are smaller than control animals. 

 The most significant and also highest up-regulated gene in the morphants 

was dusp27 (dual specificity phosphatase 27), an enzyme present in the optic 

tectum in zebrafish (24-30 hpf), skeletal muscle, liver and functioning in 

maturation of myofibers (Fero et al. 2014). Other most significantly changed 

genes function in ion binding such as fxyd6 (FXYD domain containing ion 

transport regulator 6), in calcium binding such as scpp9 (secretory calcium-

binding phosphoprotein 9) and dld (deltaD). Genes encoding some transcription 

factors were also some of the most significantly changed genes in the 

morphants. They include lhx5 (LIM homeobox 5) and hes2.2 (hes family bHLH 

transcription factor 2, tandem duplicate 2). 

 The up-regulated genes in pcdh17 morphants are expressed in muscles 

(her13, dld, nr6a1a, scfd2) and in brain (foxi1, neurog1, nkx2.1, lhx5, otpa), with 

most of their encoded proteins functioning in the nucleus (foxi1, neurog1, her13, 

nkx2.1, nr6a1a, lhx1b, lhx5, scml2, scml2, lmx1bb). Genes encoding 

transcription-related proteins include neurog1, her13, nkx2.1, nr6a1a, lhx1b, 

scml2 and otpa. Genes expressed in the eyes that were positively up-regulated 

in pcdh17 morphants include: hes2.2 (hes family bHLH transcription factor 2, 
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tandem duplicate 2; likely a transcription repressor), psmd4b (proteasome 26S 

subunit ubiquitin receptor, non-ATPase 4b; involved in proteasome assembly) 

and lhx5 (LIM homeobox 5; a transcription factor important in eye development). 

 The most down-regulated gene in pcdh17 morphants was slc1a2a (solute 

carrier family 1 glial high affinity glutamate transporter, member 2a). This gene 

was annotated to two probesets on an array and their log2 FCs were -9.14773 

and -7.4856. Slc1a2a is expressed in the zebrafish brain and retina. Previous 

studies (Niklaus et al. 2017; Breuer et al. 2019) showed that in the retina, it is 

detected in the photoreceptor layer (outer nuclear layer, onl; 72 hpf and 5 dpf to 

adult), in the outer plexiform layer (opl) and inner nuclear layer (inl; 5 dpf to 

adult), and functions as a glutamate transporter in the nervous system. Mutations 

in its human ortholog SLC1A are found in people with epileptic encephalopathy 

(Myers et al. 2016; Guella et al. 2017). Other genes that are expressed in the eye 

and have reduced expression in the morphants were the following: slc1a2a, 

zgc:73075/ rcvrn3, cplx4a, slc51a, gabra6a, rbp4l, cx35b, rgra, sh3gl2, spock3c, 

syngr3a, dpp6b, kcnip3a, syngr3b, ndufa4, spag1a and LOC100000094 

(predicted lbhl). The rest of the down-regulated genes include those that are 

primarily expressed in the brain (e.g. grapb, fxyd6, si:dkey-221l4.11/cldn23l), and 

in other organs (e.g. c3a.2, nr1h4). Locations of these down-regulated genes in 

the cell are either extracellular (LOC569340/ impg1a, ttr, c3a.2, rbp4l,), or on the 

cell/plasma membrane (pcdh17, gdpd3b, gabra6a, cx35b, fxyd6, plppr3b, 

si:dkey-221l4.11/cldn23l, asic4a, slc1a2a, irbp, grk7a, usp21, gdpd3b, rgra). The 

functions of genes negatively affected by pcdh17 knockdown include signal 
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transduction (zgc:73075/ rcvrn3, spock3), neurotransmitter transport (cplx4a) and 

calcium ion binding (pcdh17, zgc:73075/ rcvrn3, spock3, kcnip3a, necab2). 

Expression of LOC100000094 (predicted lbhl, limb bud and heart-like) gene 

regulating the photoreceptor development (Li et al. 2015) was also significantly 

down-regulated in the morphants. 

 The eye-specific genes with some of the greatest down-regulation in 

pcdh17 morphants are genes involved in the eye development and/or 

“phototransduction” KEGG pathway. They include grk1b (G protein-coupled 

receptor kinase 1 b), grk7a (G protein-coupled receptor kinase 7a), rgra (retinal 

G protein-coupled receptor a), irbp (interphotoreceptor retinoid-binding protein), 

LOC569340 (interphotoreceptor matrix proteoglycan 1), and rbp4l (retinol binding 

protein 4, like). Lower transcript levels in genes normally expressed in the eye 

included many genes with partially known or predicted functions. Those include 

the following: rbp4l (retinol binding protein 4, like) predicted to transport retinol 

through transmembrane, zgc:73075/ rcvrn3 (recoverin 3) expressed in the double 

cones and regulating cone opsin recovery in dim light conditions by control of 

Ca2+ in light response, gabra6a (gamma-aminobutyric acid type A receptor 

subunit alpha6a) also expressed in the onl of developing zebrafish and 

functioning as a receptor for inhibitory neurotransmitter GABAA, and asic4 (acid-

sensing (proton-gated) ion channel family member 4a), which is similarly 

expressed in the gcl and onl and implicated in neuronal communication (Paukert 

et al. 2004; Vina et al. 2015; Zang et al. 2015; Monesson-Olson et al. 2018). 

Additionally, two genes with reduced expression have human orthologs 
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implicated in retinal pathologies: rgra (retinal G protein-coupled receptor a), 

assumed to be a part of the G protein-coupled receptor signaling pathway and 

cellular response to light stimulus in phototransduction, and is othologous to 

human RGR (retinal G protein-coupled receptor), gene implicated in retinitis 

pigmentosa (Morimura et al. 1999). Human ortholog IMPG1 (interphotoreceptor 

matrix proteoglycan 1) is associated with vitelliform macular dystrophy (Meunier 

et al. 2014) and retinitis pigmentosa (Olivier et al. 2021), and in the morphants 

this gene (LOC569340, XM_003200660, impg1a, interphotoreceptor matrix 

proteoglycan 1a), predicted to be involved in visual system development, was 

reduced. 

 
Table 5.2. Differentially expressed genes (DEGs) in 72 hpf pcdh17MOs. The cut-
off significance is based on FC ±0.5 and ≤0.05 FDR adjusted p-value. The 
complete list of 72 DEGs is sorted by their probability values. Sample size = 10. 

Gene Symbol RefSeq 
log2 fold 

change 
p-value 

FDR 

p-value 

dusp27 XM_003197607 2.41751 6.49E-07 0.016518 

fxyd6 NM_199847 -2.23206 1.87E-06 0.020111 

scpp9 NM_001145245 -4.79417 3.50E-06 0.020111 

lhx5 NM_131218 1.55249 3.95E-06 0.020111 

hes2.2 NM_001045353 2.385 4.36E-06 0.020111 

zgc:136872 NM_001040251 -1.52754 4.74E-06 0.020111 

dld NM_130955 1.89708 9.50E-06 0.031272 

syngr3b NM_001100441 -1.50891 1.09E-05 0.031272 
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psmd4b NM_001017624 1.92724 1.11E-05 0.031272 

rbp4l NM_199965 -2.54198 1.51E-05 0.035968 

pfkpa XM_002666597 -1.87325 1.65E-05 0.035968 

slc1a2a NM_001190305 -7.4856 1.73E-05 0.035968 

zgc:73075 (rcvrn3) NM_200825 -5.88554 1.97E-05 0.035968 

slc51a NM_001004546 -3.25967 2.09E-05 0.035968 

pcdh17 NM_001160822 -2.05565 2.24E-05 0.035968 

usp21 XM_005162129 -3.99971 2.45E-05 0.035968 

kcnip3a NM_200819 -1.53092 2.59E-05 0.035968 

dpp6b NM_001115122 -1.55292 2.64E-05 0.035968 

syngr3a NM_001020591 -1.56754 2.87E-05 0.035968 

scml2 XM_003199502 1.44574 2.88E-05 0.035968 

spock3 XM_009307619 -1.57708 2.99E-05 0.035968 

LOC101886585 XR_223248 -2.91716 3.11E-05 0.035968 

fam124b XM_009291410 1.48924 3.62E-05 0.040054 

abtb2 XM_682789 1.6197 3.94E-05 0.040746 

cx35b NM_194420 -2.26458 4.00E-05 0.040746 

c3a.2 NM_131243 -3.67944 4.57E-05 0.04235 

nkx2.1 NM_131776 1.81889 4.62E-05 0.04235 

glipr1b NM_200575 -1.53052 4.76E-05 0.04235 

ndufa4 NM_213025 -1.42624 4.83E-05 0.04235 

cplx4a NM_001077300 -4.88955 6.04E-05 0.04676 

LOC560023 XM_683417 -2.15089 6.17E-05 0.04676 
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neurog1 ENSDART000000

78563 

2.10405 6.21E-05 0.04676 

lhx1b NM_131207 1.69003 6.25E-05 0.04676 

LOC569340 

(impg1a) 

XM_003200660 -4.91048 6.47E-05 0.04676 

grapb NM_001030080 -1.60069 6.78E-05 0.04676 

slc1a2a XM_005166477 -9.14773 6.90E-05 0.04676 

foxi1 NM_181735 2.36386 7.03E-05 0.04676 

wu:fe17e08 XM_002665275 1.15623 7.28E-05 0.04676 

LOC100000094 

(lbhl) 

XM_001336435 -3.52757 7.36E-05 0.04676 

si:dkey-221l4.11 

(cldn23l) 

XM_001332989 -1.69175 7.49E-05 0.04676 

scfd2 NM_001013564 1.49957 7.77E-05 0.04676 

sh3gl2 NM_201116 -1.90231 7.77E-05 0.04676 

fbp2 NM_001004008 -1.88133 8.00E-05 0.04676 

si:zfos-411a11.2 XM_001923562 -4.52699 8.08E-05 0.04676 

necab2 NM_001030195 -1.4417 8.28E-05 0.046839 

otpa NM_001128703 1.4099 8.63E-05 0.04774 

rab3b XM_680562 -1.83159 9.05E-05 0.04903 

LOC564234 XM_687578 1.44315 9.48E-05 0.049742 

ptk7a ENSDART000000

98461 

1.60355 9.72E-05 0.049742 
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efhc1 NM_200967 1.69842 9.95E-05 0.049742 

grk7a NM_001031841 -4.72498 9.97E-05 0.049742 

asic4a NM_214787 -1.42501 1.08E-04 0.049781 

LOC100537764 XR_222889 -1.22945 1.08E-04 0.049781 

ttr NM_001005598 -4.76461 1.09E-04 0.049781 

spag1a NM_001089406 -1.40906 1.12E-04 0.049781 

nr6a1a NM_131256 1.77577 1.13E-04 0.049781 

gabra6a NM_200731 -3.18194 1.14E-04 0.049781 

nr1h4 NM_001002574 -1.44093 1.20E-04 0.049781 

irbp NM_131451 -5.48152 1.20E-04 0.049781 

vmo1a XM_001332044 1.13896 1.21E-04 0.049781 

rgra NM_001017877 -2.13478 1.24E-04 0.049781 

scg3 NM_200757 -1.47592 1.28E-04 0.049781 

grk1b NM_001017711 -8.11259 1.29E-04 0.049781 

lmx1bb NM_001025167 1.33289 1.32E-04 0.049781 

plppr3b XM_005155961 -1.92465 1.33E-04 0.049781 

si:ch211-132f19.7 XM_009293165 -3.0695 1.34E-04 0.049781 

her13 NM_001017901 1.96392 1.34E-04 0.049781 

gdpd3b XM_690578 -2.61568 1.36E-04 0.049781 

gpx3 NM_001137555 -1.60413 1.39E-04 0.049781 

abcb10 XM_001343182 -1.31728 1.39E-04 0.049781 

wu:fc66h01 

(trabd2a) 

NM_001302230 1.60762 1.40E-04 0.049781 
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fmn2a XM_001333025 -1.52925 1.41E-04 0.049781 

 
 
 DEGs from all ten samples were hierarchically clustered to visualize the 

expression profiles of genes in all samples (Figure 5.3). Hierarchical clustering 

helps to identify a possible functional relation between genes clustered together 

in a tree. Dendrogram displays four morphant samples clustered together and 

showing visibly distinct expression patterns from six control samples from the 

second cluster. 

 Down-regulated pcdh17 (in pcdh17 morphants) was clustered with three 

genes that are also normally expressed in 72 hpf zebrafish embryos, and include 

syngr3a (synaptogyrin 3a; located on synaptic membrane), si:ch211-132f19.7 

(also located on the cell membrane, involved in signal transduction) and grapb 

(GRB2-related adaptor protein b, possibly functioning in protein phosphorylation). 

The exact function of syngr3a in zebrafish is unknown, but in humans, SYNGR3 

ortholog is expressed in different regions of the brain (mainly the cerebral cortex 

and cerebellum) and in the horizontal cells of the retina (primarily), bipolar cells , 

rod and cone photoreceptor cells, and is known to interact with SLC6A3 (Thul et 

al. 2017). In mice, syngr3 is expressed in retina (Magdaleno et al. 2006; Diez-

Roux et al. 2011). The second gene clustered with pcdh17 was gene si:ch211-

132f19.7, also with unknown function in zebrafish. Its human ortholog is ADCY8 

(adenylate cyclase 8). Gene si:ch211-132f19.7 is expressed in the murine retina 

ganglion cell layer (gcl) during development (Visel et al. 2004; Nicol et al. 2006; 

Kashyap et al. 2014; Manoli and Driever 2014). The third clustered gene was 
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grapb, and its human ortholog is GRAP which is involved in the autosomal 

recessive nonsyndromic deafness (Li et al. 2019). 

 The most significantly up-regulated gene in the morphants was dusp27 

(Table 5.2), and it clustered with transcription factors (TF) including scml2 (sex 

comb on midleg-like 2), foxi1 (forkhead box i1), lmx1bb (LIM homeobox 

transcription factor 1, beta b), nkx2.1 (NK2 homeobox 1), her13 (hairy-related 13) 

and otpa (orthopedia homeobox a). Lmx1bb, nkx2.1 and her13 are specifically 

expressed in the nervous system, while otpa is involved in the visual processing 

(Webb et al. 2011; Fernandes et al. 2012; Burzynski et al. 2013; Manoli and 

Driever 2014; Wang et al. 2019). Other genes from this cluster included 

wu:fc66h01 (also known as trabd2a, TraB domain containing 2A; predicted to 

negatively regulate Wnt signaling, Zhang et al. 2012), psmd4b (proteasome 26S 

subunit, non-ATPase 4b, predicted to be involved in proteasome assembly, Liu et 

al. 2019) and fam124b (family with sequence similarity 124B, possibly involved in 

neurodevelopmental disorders, Batsukh et al. 2012).  
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Figure 5.3. Heatmap of DEGs in pcdh17MOs representing similar expression 
patters. Relatively up- (green) and down-regulated (red) genes are hierarchically 
clustered between zebrafish pcdh17 morphants (4 microarray samples, right 
column) and controls (6 microarray samples, left column).  



 

183 
 

Gene ontology enrichment 

 Gene ontology (GO) analysis (Partek Genomics Suite) was performed to 

identify the categories of enrichment for differentially expressed genes in the 

pcdh17 morphants. Gene ontology is the systemic mapping of genes according 

to their functionality, by the use of controlled and specific terms describing gene 

functions. The Gene Ontology Consortium constructed three extensive non-

overlapping and independent ontologies to describe genes (and gene products): 

“cellular component”, “molecular function” and “biological process” (Ashburner et 

al. 2000; Consortium 2019). These classifications cover information units shared 

between all the living organisms. The definitions of GO terms and their gene 

associations are available on http://geneontology.org. In each independent 

ontology, the GO term describes a specific aspect of gene (or gene product) 

function and is part of a directed acyclic graph helping to visualize its relationship 

to the broader GO terms. The most common use of GO analysis is to understand 

the biological relevance of large amount of data from high-throughput 

experiments (-omics platforms, e.g. microarray).  

 Seventy-two DEGs were annotated with 205 GO terms with p-value ≤0.05 

(listed in Appendix D, including unique GO IDs) and 46 GO terms with p-value 

≤0.01 (listed in Figure 5.4 and Figure 5.5). The “over-represented” genes, 

occurring more often than by chance from each category were sorted based on 

their significance (Figure 5.4 and Figure 5.5). Three broad categories of GO help 

to interpret biological changes and their location in the treatment condition. The 

“cellular component” GO domain marked in yellow on Figure 5.4 indicates the 

http://geneontology.org/
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changes in pcdh17 morphants occuring on the cell membrane (e.g., GO terms 

“transport vesicle membrane”, “exocytic/synaptic vesicle membrane”) and in the 

presynapse (e.g., “presnapse” and “synaptic vesicle membrane”). Another GO 

domain called “biological process” indicated that response to pcdh17 knockdown 

was particularly tied to neuron/cell differentiation and CNS development (e.g. 

“neuron and cell differentiation”, “forebrain neuron development”) and to vision 

(“cone photoresponse recovery”, “response to light stimulus”). From the 

molecular perspective (“molecular process” GO domain), changes resulting from 

the pcdh17 knockdown were especially tied to kinases activity (“rhodopsin kinase 

activity”, “G protein-coupled receptor kinase activity”), and the activity of 

transcription factors (“DNA-binding transcription factor activity”, “RNA polymerase 

II transcription regulatory region”, “regulatory region nucleic acid binding”). 

 Enriched GO terms in pcdh17 morphants dominate processes related to 

the central nervous system development and functioning of the visual system, 

including the activity of the transcription factors (Figure 5.4). GO term “neuron 

differentiation” was the most enriched (significant, based on adjusted p-value) in 

pcdh17 morphants, and included six up-regulated genes (lhx1, lhx5, dld, 

neurog1, otpa and lmx1bb) and one down-regulated pcdh17 gene (Figure 5.5). 

Other top significant GO terms related to vision include “cone photoresponse 

recovery”, “rhodopsin kinase activity” and “G protein-coupled receptor kinase 

activity”, and were annotated to two (down-regulated in the morphants) opsin 

genes (grk7a and grk1b). Transcription factor genes (under four significantly 

enriched GO terms) comprised of “DNA-binding transcription factor activity, RNA 
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polymerase II-specific”, “DNA-binding transcription factor activity” and 

“transcription regulator activity”, and included mostly up-regulated genes (lhx5, 

hes2.2, nkx2.1, neurog1, lhx1b, foxi1, otpa, nr6a1a, lmx1bb and her13), while 

only one gene was down-regulated (nr1h4).  
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Figure 5.4. Significant GO terms mapped to DEGs in pcdh17MOs. Three 
separate ontologies (main GO domains) are labeled in orange (biological 
process), purple (molecular function) and yellow (cellular component) on a 
barplot. X-axis lists the number of DEGs, y-axis lists each GO term and its 
significance.  
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Figure 5.5. Gene changes within enriched GO terms in pcdh17MOs. GO terms 
are sorted by their significance. Down-regulated genes in the morphants are 
labeled in red and up-regulated genes are labeled in green.  
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KEGG pathway enrichment 

The KEGG (Kyoto Encyclopedia of Genes and Genomes) database 

includes known molecular pathways. The pathways that contain differentially 

expressed genes are shown below as KEGG pathway enrichment analysis. 

Pcdh17 morphants had three overrepresented pathways with adjusted p-value ≤ 

0.01 (Table 5.3). Two carbohydrate metabolism pathways (pentose phosphate 

and fructose mannose metabolism) include both shared and similarly down-

regulated pfkpa (-1.87 log2 FC) and fbp2 (-1.88 log2 FC) DEGs (Figure 5.6 and 

Figure 5.7). The third most significantly enriched pathway was the 

phototransduction pathway including two down-regulated DEGs (grk1b and 

grk7a) in the morphants (Figure 5.8). In light conditions, kinases grk1b (-8.11 

log2 FC) and grk7a (-4.72 log2 FC) require G protein to phosphorylate the opsin 

in cones (Rinner et al. 2005; Wada et al. 2006). 

 
Table 5.3. Significant KEGG pathways in pcdh17MOs. The list includes the 
overrepresented patways with p-value ≤0.01. 

KEGG Pathway Name KEGG ID Fisher’s exact  

p-value 

DEG # DEG %  

in pathway 

Pentose phosphate 
pathway 
 

dre00030 0.002829 2 6 

Fructose and mannose 
metabolism 
 

dre00051 0.00418381 2 5 

Phototransduction 
 

dre04744   0.00439765 2 5 
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Figure 5.6. Pentose phosphate pathway in pcdh17MOs. DEGs that are down-
regulated are fbp2 (3.1.3.11) and pfkpa (2.7.1.11). Colored scale shows log2 fold 
changes: green for up-regulation and red for down-regulation in the morphants.  
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Figure 5.7. Fructose and mannose metabolism pathway in pcdh17MOs. DEGs 
that are down-regulated are fbp2 (3.1.3.11) and pfkpa (2.7.1.11). Colored scale 
shows log2 fold changes: green for up-regulation and red for down-regulation in 
the morphants.  
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Figure 5.8. Phototransduction pathway in pcdh17MOs. DEGs that are down-
regulated are opsin kinases: grk1b and grk7a (RK), both expressed in cone 
photoreceptors in zebrafish. Colored scale shows log2 fold changes: green for 
up-regulation and red for down-regulation in the morphants.  
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qPCR verification of the microarray results  

The microarray results were verified using quantitative PCR (qPCR). 

Relative mRNA levels were measured by the comparative method (Livak and 

Schmittgen 2001) for 8 genes (Figure 5.9 and Figure 5.10). Several genes with 

high fold changes from the microarray analysis and/or genes with functions 

related to the visual system were chosen: opn1sw2, grk1b and grk7a (important 

in phototransduction), prph2a (important in visual perception and retinal 

degeneration), rbp4l (involved in retinal development), cdhr1a and pcdh17 

(significantly changed cadherin superfamily genes) and finally, hbbe3 

(responsible for heme and oxygen binding in the embryo, a highly up-regulated 

gene). The qPCR amplification efficiency for each gene was in the target range 

of 90-110% and is listed here: 101% efficiency for rpl13a, 99% for prph2a, 98% 

for hbbe3, 98% for grk1b, 97% for pcdh17, 96% for cdh1a, 92% for opn1sw2, 

91% for grk7a and 90% for rbp4l. 

In order to calculate concordance in the gene expression changes 

between the microarray and qPCR data, the Pearson correlation coefficient was 

calculated, resulting in r = 0.850167694 which was converted to a t-statistic, 

further used to calculate a p-value p = 0.00749257. The result indicates strong 

correlation in pairs between two methods and therefore the high reliability and 

accuracy of microarray. 
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Figure 5.9. Correlation between microarray and qPCR. Fold change (log2 
transformed) between microarray (x-axis) and qPCR (y-axis) for eight genes. 
Coefficient of determination R2 indicates the calculated model is strong. Pearson 
p-value = 0.00749257. 
 

 The fold changes of genes tested by both microarray and qPCR are 

depicted on Figure 5.10. Expression changes for all genes matched the direction 

of changes between qPCR and microarray. The degree of changes for most 

genes (e.g. opn1sw2) matched well between the microarray and qPCR data, 

while only one (hbbe3) exhibited several folds of difference, but all had the same 

directional changes (Figure 5.10). 
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Figure 5.10. Gene expression fold changes between pcdh17MO and control 
embryos. Barplot depicts the log2 fold changes from microarray and qPCR (y-
axis) for each selected gene (x-axis). qPCR confirms results from microarray, as 
the direction of gene expression between both is the same, while the magnitude 
of change is also very similar. Most of the genes above are down-regulated. 
Error bars show standard deviation. Paired T-test p-value=0.02651569. 
 

RNA in situ hybridization verification of the microarray results  

In order to provide spatial and morphological context and to further 

validate the microarray data of the pcdh17 morphants and control embryos, 

expression of five genes, gnat1, gnat2, irbp, rho and uvo (opn1sw1) was 

visualized using whole-mount RNA in situ hybridization (WISH). The patterns of 

expression for all five genes examined by WISH matched well with the results of 

the microarray. These genes were chosen because they are highly expressed by 

developing zebrafish photoreceptors (Raymond et al. 1995; Stenkamp et al. 

1998; Brockerhoff et al. 2003). Although both the control and morphant embryos 

had similar size and shape in their heads and bodies (Figure 5.11), expression of 
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these five genes (based mainly on the staining intensity and/or expression 

domain size) was different. 

 

 
Figure 5.11. The effects of blocking pcdh17 on zebrafish development using in 
situ hybridization. All panels are lateral views with anterior to the left and dorsal 
up of 72 hpf embryos. Pcdh17 morphants and control embryos appear similar in 
size and shape. Scale bar = 250 µm. 

 

Expression of irbp, gnat1 and gnat2 was prominently reduced in the 

morphants (Figure 5.12 detected by ISH; log2 FCs in microarray were -5.5, -3.9 

and -3.3, respectively). The expression of uvo and rho was moderately reduced 

in morphants, shown on Figure 5.13 detected by ISH; log2 FCs in microarray 

were -2.7 and -2.4, respectively. Larger changes of gene expression in pcdh17 

morphants of gnat1 were observed only in the ventral portion of the retina in the 

photoreceptor layer and the outer portion of the inl. Gnat2 and irbp mRNA 

expression in the morphants became restricted mainly to a small patch on the 

ventral portion of the retina (Figure 5.12). Moderate reduction in rho and uvo 

expression was observed in the pcdh17 morphants (Figure 5.13), where the 

reduction of the signals was mainly restricted to the posterior half of the retina.  
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Figure 5.12. Expression of gnat1, gnat2 and irbp in pcdh17MOs is greatly 
decreased. Each panel represents lateral view on whole-mount eye from 72 hpf 
embryos, anterior to the left and dorsal up. The morphant eyes (panels D, E and 
F) show much reduced gene expression compared to the control eyes (panels A, 
B and C). Scale bar = 50 µm. Abbreviations: lens (le) and outer nuclear layer 
(onl), hours post fertilization (hpf). 

 

 
Figure 5.13. Expression of rho and uvo (opn1sw1) in pcdh17MOs is moderately 
decreased. All images illustrate lateral view on whole-mount eyes from 72 hpf 
embryos, where anterior is to the left and dorsal is up. The morphant eyes 
(panels C and D) show much moderately reduced gene expression compared to 
the control eyes (panels A and B). Scale bar = 50 µm.  
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 The pineal gland in teleost fish contains photoreceptors that express 

similar genes as the photoreceptors in the retina (Robinson et al. 1995; Forsell et 

al. 2001; Falcon et al. 2003; Liu et al. 2007b). In order to find out if pcdh17 is 

involved in development of photoreceptors in the pineal gland, expression of 

gnat1 (rod cell-specific), gnat2 (cone cell-specific) and irbp (photoreceptor cell-

specific) was tested using in situ hybridization (Figure 5.14). The levels of mRNA 

for those three genes were similar between control and morphant embryos, 

which was unlike the down-regulation of these genes in the pcdh17 morphants’ 

eyes. This result suggests that pcdh17 selectively affects photoreceptors 

development in the retina. 

 

 
Figure 5.14. Expression of eye-related genes was not affected in the pineal gland 
of pcdh17MOs. Each panel shows lateral views of the anterodorsal region of 
whole-mount heads with anterior to the left and dorsal up. Abbreviations: pg = 
pineal gland.  
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Discussion 

 The study was the first investigation of transcriptomics in zebrafish with 

disrupted protocadherin-17 expression via morpholino oligonucleotide. Zebrafish 

as a vertebrate model organism is a favorite model for developmental studies, as 

their maturation occurs rapidly and externally from the mother. The fully 

sequenced genome and easiness of genetic manipulation contribute to the great 

advantages of this model organism and its use for gene knockdown and 

knockout (Varshney et al. 2013, 2015; Holtzman et al. 2016). Pcdh17 is known to 

have an important function in the eye development (Chen et al. 2013). This study 

focuses on analyzing the transcriptome using the microarray of the 72 hpf 

pcdh17 morphants zebrafish. My research reveals significant changes in the 

expression of a variety of genes including those involved in eye development and 

vision in the pcdh17 morphants, which provides possible mechanisms underlying 

pcdh17 function in zebrafish eye development. The microarray data was 

validated with relative qPCR and RNA in situ hybridization, demonstrating 

repeatability and sensitivity of the used assays. 

 Like RNA sequencing (RNAseq), the oligonucleotide microarray 

technology used here is a reliable method for the transcriptional profiling between 

samples, offering measurements of gene relative ratios between sample sets 

(Dasgupta et al. 2017; Derda et al. 2018; Tuttle et al. 2019; Qian and Zhou 

2020). Microarray technology was sufficient to identify the fold changes within the 

“whole transcriptome” based on most recent danRer7 and Zv9 zebrafish genome 

assembly, covering expression of 59,302 genes. The advantage of microarray 
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over RNAseq was a lower cost and more available at the time access to software 

analysis. The limitation of microarray is its lower dynamic range and predefined 

set of genes, unlike RNAseq technology which allows detection of alternatively 

spliced genes. Recent studies identified differential pcdh17 expression in a 

variety of samples using these technologies: a microarray study in patients with 

myocardial infarction (Derda et al. 2018), RNAseq studies in leukemia (Huang et 

al. 2021), in lung cancer (Sun et al. 2021), in different breeds of pigs muscles 

(Piorkowska et al. 2018) and in mice hippocampal interneurons (Que et al. 2021). 

In the developing mouse brain, pcdh17 is shown to participate in neuronal circuit 

formation and function, and is down-regulated during the nuclear translocation of 

the DSCAM/L1 (Sachse et al. 2019). RNAseq of developing zebrafish indicated 

reduced pcdh17 expression in claudin-h (cldnh) knockdown (Lu et al. 2020). 

pcdh17 morpholino knockdown is specific  

 This study was carefully designed and followed the morpholino validation 

from the previous published study by Chen et al. (2013), according to the 

guidelines for the morpholino use in zebrafish (Moulton and Moulton 2017; 

Stainier et al. 2017; Zimmer et al. 2019). Based on the gross morphology and 

immunocytochemical studies, zebrafish embryos injected with the splice-blocking 

morpholino (sMO) resembled those injected with the translation-blocking 

morpholino (atgMO). Furthermore, embryos injected with the 5-base mismatch 

sMO were indistinguishable from uninjected embryos. Finally, embryos injected 

with either the splice-blocking MO or translation-blocking MO show a similar 
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defect (i.e. small eyes) as those injected with in vivo-sMO (into the eye at 25-26 

hpf). The effect of the sMO on pcdh17 mRNA was tested by RT-PCR, showing 

that pcdh17 mRNA in the morphants contained a premature stop codon 123 

nucleotides downstream of the exon 1 (due to inclusion of part of intron 1, Chen 

et al. 2013). In addition, terminal UTP nick-end labeling (TUNEL) experiment 

proved that this pcdh17sMO did not cause significantly higher apoptosis in the 

morphant retina (Chen et al. 2013), a mechanism stipulated to be a non-specific 

effect of morpholino use (Robu et al. 2007; Gerety and Wilkinson 2011). Taken 

together, I am confident that the pcdh17sMO used in this study is highly specific 

in reducing pcdh17 function, and the changed gene expression in the pcdh17 

morphants (revealed by the microarray analysis) was likely caused by the 

selectively reduced pcdh17 function in the morphants. 

 This knockdown study provides comprehensive information about pcdh17 

transcriptome. CRISPR-Cas9 knockout of extracellular portion of pcdh17 in 

zebrafish has shown axon clumping in the spinal motor neurons (Asakawa and 

Kawakami 2018). The authors suspected functional redundancy by other 

protocadherins masking the phenotype of their mutant. There have been many 

recent published studies (Dasgupta et al. 2017; Niklaus et al. 2017; Richardson 

et al. 2019; Tuttle et al. 2019; Lu et al. 2020; Harding et al. 2021) in zebrafish 

using morpholino technique, because gene knockdown allowed to better analyze 

the functional implications of gene loss over the gene knockout (Bosze et al. 

2018, 2020). Moreover, multiple studies confirmed that the morphants 

phenocopied the mutants’s phenotypes and molecular-level changes in at least 
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50% of animals (Wyatt 2011; Taylor et al. 2015). Genetic compensation 

mechanism that is likely to occur during the gene knockout may mask the genetic 

changes and phenotype outcomes researchers seek to unveil (Rossi et al. 2015; 

El-Brolosy and Stainier 2017; El-Brolosy et al. 2019; Peng 2019). Researchers 

often observe more drastic phenotypes with the morpholino use, while the 

knockouts have genetic compensation mechanisms that reduce severity, but 

perhaps do not uncover all gene functions (Cooper 2017). The genetic 

compensation tends to happen between genes belonging to the same family 

(such as pcdh subfamily), therefore it is possible that this mechanism applies to 

the phenotypes of pcdhs knockouts. Several protocadherins are up-regulated in 

zebrafish pcdh10a knockout, but only pcdh10b is suspected to compensate for 

the loss of the gene (Williams 2018). 

 Interestingly, the majority of the morphants embryos that were allowed to 

survive over 72 hpf died (Alicja’s personal communication with Dr. Qin Liu). Most 

likely, they were not able to find food due to impaired vision; therefore, a 

behavioral study needs to be performed in the future to confirm this speculation. 

The transcriptional profiles suggest pcdh17 functions in eye development by 
affecting phototransduction pathway 

Cadherins play important roles in vertebrate CNS development including 

retinal development (reviewed in Chapter I). It was previously demonstrated by 

our laboratory that pcdh17 is important in zebrafish eye development (Chen et al. 

2013). However, the molecular mechanism underlying pcdh17 function in the eye 

development is not known. This study identified transcriptional profile of zebrafish 
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with reduced pcdh17 expression. Some of the genes responding to pcdh17 

knockdown are part of the phototransduction pathway, while others are involved 

in the development of the photoreceptors and their functions. 

 The transcriptional profile of 72 hpf zebrafish with pcdh17 knocked down 

matched the gross morphological defects, where changes were primarily 

observed in the eye and the gene expression was mainly down-regulated. The 

transcript-level response to pcdh17 knockdown was predominantly within the 

vision category, described as the enriched KEGG “phototransduction pathway” 

(Figure 5.8) and the enriched GO: “cone photoresponse recovery”, “rhodopsin 

kinase activity” and “G protein-coupled receptor kinase activity” (Figure 5.4 and 

Figure 5.5), based on statistically enriched group of significantly down-regulated 

opsin genes (grk7a and grk1b). The eye of 72 hpf zebrafish is one of the biggest 

organs and the reduction of its size in the morphants (Figure 5.11) likely resulted 

from reduced genes activities from two interfaced pathways: “pentose phosphate 

pathway” (Figure 5.6; causing lower nucleotide synthesis) and glycolysis (Figure 

5.7; “fructose and mannose metabolism pathway”).  

 Pcdh17 morphants had mild morphological defects mainly limited to the 

eye compared to zebrafish embryos with disrupted classical cadherins 

expression, such as cdh2, cdh4 and cdh6 (Lele et al. 2002; Malicki et al. 2003; 

Masai et al. 2003; Babb et al. 2005; Liu et al. 2008a). Expression of 

photoreceptor-specific genes in cdh2 and cdh4 morphants was studied 

previously (Liu et al. 2007a). Cdh2 mutant and morphant embryos display 

reduced expression of photoreceptor-specific genes as well as disrupted retinal 
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lamination (Malicki et al. 2003; Masai et al. 2003), while pcdh17 morphants have 

reduced expression of photoreceptor-specific genes (not as severe as those in 

cdh2 mutants or morphants), but without retinal lamination defect (Chen et al. 

2013). In the present study, the reduction of photoreceptor-specific genes in 72 

hpf zebrafish pcdh17 morphants was confirmed using the microarray technique, 

and further validated using qPCR and whole-mount RNA in situ hybridization.  

 The photoreceptors in zebrafish retina are made of one rod and four cone 

types (cone-dominant) and their development was affected based on the lower 

transcript levels in the pcdh17 morphants. Cone cell-specific genes included 

opsin genes opn1sw1 (UV-sensitive, short single cones) and opn1sw2 (blue-

sensitive, long single cones), G protein receptor kinases grk7a, grk1b and 

transducer gene gnat2, while the rod cell-specific genes that were down-

regulated were rho (rod opsin) and gnat1. Both gnat1 and gnat2 are genes 

involved in G protein-coupled receptor signaling during the phototransduction. 

Lastly, expressed in all photoreceptor cells irbp (interphotoreceptor retinoid-

binding protein gene) plays a role in mediating protein transport through the 

interphotoreceptor matrix (crucial for retinal cycle) and in the photoreceptor 

development (Stenkamp et al. 1998). The expression of gnat1, gnat2 and irbp is 

greatly reduced in the eye of cdh2 mutant glass onion, cdh2 morphants, and 

cdh4 morphants (Babb et al. 2005; Liu et al. 2007b). Moreover, expression of rho 

(rod cell opsin) and opn1sw1 (uvo, uv-opsin) was found to be down-regulated in 

the pcdh17 morphant eyes, but not as much reduced as in cdh2 

mutants/morphants (Liu et al. 2007b). The difference in the severity of the retinal 
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defects likely resulted from different expression patterns of these cadherins, with 

cdh2 strongly expressed in most retinal cells in the early retina, whereas pcdh17 

is expressed at lower levels (based on staining intensity) later in development 

and with more restricted expression domains.  

 The genes shown to increase expression in the pcdh17 morphants 

included several repressory neural fate transcription factor genes, suggesting 

pcdh17 is necessary in proper retinal development. The stunted retinal cell 

proliferation was possibly cased by inhibitory effects on Wnt signaling from 

increase of gene wu:fc66h01 (trabd2a, likely down-regulating Wnt signaling, 

Zhang et al. 2012) or the transcription factor important in eye development, lhx5 

(LIM homeobox 5). The common feature of smaller eye is observed between lhx5 

and pcdh17 morphants, and lhx5 gain of function in zebrafish inhibits Wnt 

signaling (Peng and Westerfield 2006). Likely, the reduction in proliferation of the 

amacrine cells in the pcdh17 morphants resulted from activation of Notch 

pathway because their up-regulated genes (dld, otpa, neurog1, lbhl and genes 

from bHLH family) are known to interact. The transmembrane ligand dld binds to 

receptor Notch and acts upstream of otpa in dopaminergic neuron specification 

(Mahler et al. 2010; Taylor et al. 2015) and the dopaminergic cells in retina of 

zebrafish and mammals are the amacrine cells. Notch signaling targets basic 

helix-loop-helix (bHLH) family, and higher levels of her13 (orthologous to human 

HES6; hes family bHLH transcription factor 6) and hes2.2 (orthologous to human 

HES2; hes family bHLH transcription factor 2), a transcription repressor, likely 

reduced genes promoting the eye development. Notch pathway activation is 
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associated with regulator of otx2-mediated photoreceptors differentiation (Li et al. 

2015), lbhl (XM_001336435; predicted LBH regulator of Wnt signaling pathway, 

like) that was down-regulated in the morphants here. Pcdh17 and lbhl morphants 

share the transcriptional reduction of several photoreceptor-specific genes 

(opn1sw1, opn1sw2, gnat1, gnat2, irbp, rho, neuroD and crx) at the same 

developmental stage, and such reduction is restricted to the retina location (see 

below) (Chen et al. 2013; Li et al. 2015). Consequently, it is likely lbhl was co-

regulated with pcdh17. What is more, these two morphants maintained normal 

mRNA expression of several photoreceptor-specific genes (gnat1, gnat2 and 

irbp) in the pineal gland, compared to controls. In fish and amphibians, the pineal 

gland is a circadian clock regulator and contains the pineal photoreceptor cells, 

which differentiate earlier than retinal photoreceptors (Ekstrzm and Meissl 1997; 

Li et al. 2012a). Simiar absence of transcriptional changes in the pineal 

photoreceptors, in addition to disturbed cone development is seen in cplx4a 

(complexin 4a) morphants (Vaithianathan et al. 2013). Cplx4a is a presynaptic 

protein involved in the neurotransmitter release and was down-reglated in the 

pcdh17 morphants. 

 Two significatly enriched genes from KEGG phototransduction (grk1b and 

grk7a) could be functionally related with slc1a2a (solute carrier family 1 glial high 

affinity glutamate transporter, member 2b), based on the their similar gene 

transcription patterns from the unbiased method of the hierarchical clustering. 

Slc1a2a was the highest down-regulated gene (Table 5.2) in the pcdh17 

morphants. This gene was previously named EAAT2b and is expressed in 
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developing zebrafish in the onl, opl, onl and inl, and functions as a glutamate 

transporter in the nervous system (Niklaus et al. 2017; Breuer et al. 2019). It is 

possible that pcdh17 is co-expressed with syngr3a, judging by their similar 

expression levels from the hierarchical clustering. While function of syngr3a is 

unknown in zebrafish, human ortholog SYNGR3 interacts with SLC6A3 (Thul et 

al. 2017), also from the solute carrier family as glutamate transporter slc1a2a. 

Previous studies in 5 dpf zebrafish indicated that slc1a2a morphants (Niklaus et 

al. 2017) has the reduced opl, a layer that connects photoreceptors with other 

cells in the retina. Therefore, it is probable that those orthologs interact in 

zebrafish. 

 The majority of pcdh17-regulated gene transcripts were down-regulated 

(Figure 5.2) and appeared to be vision-related, while up-regulated transcripts 

were repressory transcription factors, confirming the null hypothesis that pcdh17 

knockdown slowed the eye development and/or reduced its functionality. It is 

likely that a consequence of pcdh17 knockdown reflects a direct role for pcdh17 

in the differentiation of retinal cells (especially photoreceptors), but not the pineal 

gland photorecptors. It is possible that there was an indirect consequence of 

interfering with synaptic transmission. The results may help future functional 

studies in elucidating molecular mechanism of pcdh17 function in eye formation, 

because the genes from the affected pathways are valid candidates for the future 

hypothesis testing as the possible down-stream genes in a signaling mechanism. 

Additionally, genes with similar clustering patterns to pcdh17 are good 
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candidates for the gene function prediction, as many DEGs have unknown or 

only predicted function in the databases. 

Integrated Bioscience 

 During the recent few decades, biology has relied more on computer 

science for the storage and annotation of huge databases in genomics, 

transcriptomics, proteomics and metabolomics (Lucitt et al. 2008; Consortium 

2011, 2019; Vesterlund et al. 2011; Palmblad et al. 2013; Robinson et al. 2014; 

Wu and Kim 2016). Moreover, the computer science is crucial in the 

implementation of algorithms that allow the mining, analysis and interpretation of 

biological data and significance. Microarray and RNA sequencing (RNAseq) are 

techniques used in transcriptomics and produce vast amount of data. The large 

amount of data obtained from such techniques needs to be pre-processed (e.g. 

normalized), undergo quality controls and statistical analysis. The goal is to use 

this data to indicate the genes and pathways that are differentially changed 

between the experimental conditions (Tarca et al. 2006; Slonim and Yanai 2009; 

Robinson et al. 2014). The results are often further validated by other methods 

(e.g., microarray with qPCR), and compared with the available knowledge, and/or 

used to form new hypotheses, which could be further tested in vivo, in vitro or in 

silico. Merging the sub-disciplines of science that rely on the knowledge of 

computational methods and biology, require specialists who are able to interpret 

the information and determine if it has a biological relevance. Combining the 

knowledge and background of two or more fields is the general premise of the 
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Integrated Bioscience, with the goal of communicating ideas and solving 

scientific questions effectively, and discovering areas that blend these fields to 

ensure better learning about the living systems and/or organisms. 

 My research integrates biology with the computational biology. From the 

biology standpoint, the research involved answering questions on molecular 

mechansims of gene function by examination and comparison of gene 

expression between control zebrafish embryos and embryos with reduced 

pcdh17 function. In the class “Computational Biology”, I learned to understand 

several methods of computer science for analysis of microarrays and the process 

of using algorithms to select the relevant data. I was able to learn sufficient 

bioinformatics to allow me to analyze, summarize and interprete the microarray 

data, which would not have been possible if I had not being trained as an 

integrated biologist.
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ABBREVIATIONS 

 

A anterior thalamic nucleus 

APN accessory pretectal nucleus 

atgMO translation-blocking morpholino oligo 

ATN anterior tuberal nucleus 

BNSM the bed nucleus of the stria medullaris 

BP biological process (Gene Ontology) 

CB cerebellar body 

CC cerebellar crest 

CC cellular component (Gene Ontology) 

CCe corpus cerebelli 

cdh(s) cadherin(s) 

CNS central nervous system 

CO optic chiasm 

CP central posterior thalamic nucleus 

CPN central pretectal nucleus  

Cpop postoptic commissure 

d day 

D dorsal telencephalic area  
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Dc central zone of dorsal telencephalic area  

DEG(s) differentially expressed gene(s) 

DIL diffuse nucleus of the inferior lobe 

DiV diencephalic ventricle 

Dl lateral zone of dorsal telencephalic area 

dLGN dorsal lateral geniculate nucleus 

Dm medial zone of dorsal telencephalic area 

DOT dorsomedial optic tract 

DP dorsal posterior thalamic nucleus  

Dp posterior zone of dorsal telencephalic area  

dpf days post fertilization 

dsRGC direction-selective retinal ganglion cells 

E embryonic (day) 

EN entopeduncular nucleus 

ENd entopeduncular nucleus, dorsal part 

ENv entopeduncular nucleus, ventral part 

EC domain extracellular domain 

Fr fasciculus retroflexus 

GC griseum centrale 

gcl ganglion cell layer 

GO Gene Ontology  

Ha Habenula 

Had dorsal habenular nucleus 
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HAV ventral habenular nucleus 

Hd dorsal zone of periventricular hypothalamus 

hpf hours post fertilization 

Hv ventral zone of periventricular hypothalamus 

Hy hypothalamus 

I intermedial thalamic nucleus 

IACUC Institutional Animal Care and Use Committee 

IC intercalated nucleus 

IC domain intracellular (cytoplasmic) domain 

IL inferior lobe of hypothalamus 

inl inner nuclear layer 

ipl inner plexiform layer 

Klf(s) Krüppel-like factor(s) 

le lens 

LC locus coeruleus 

LGN lateral geniculate nucleus 

LFB lateral forebrain bundle 

LH lateral hypothalamic nucleus 

LLF lateral longitudinal fascicle 

LX vagal lobe 

MF molecular function (Gene Ontology) 

MO medulla oblongata (anatomical term) 

MO morpholino oligo 
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MS spinal cord 

MT middle temporal visual area (V5) 

mTP migrated nucleus of the posterior tuberculum 

nbl 

NI  

neuroblast layer 

nucleus isthmi 

NLV lateral valvular nucleus 

OB  olfactory bulb 

ON optic nerve 

onl outer nuclear layer 

ONL optic nerve lesion 

opl outer plexiform layer 

OT optic tract 

P postnatal (day) 

pcdh(s) protocadherin(s) 

pg pineal gland 

PGa anterior preglomerular nucleus 

PGI lateral preglomerular nucleus 

Pit pituitary 

PNS peripheral nervous system 

PO posterior pretectal nucleus 

PPa parvocellular preoptic nucleus, anterior part 

PPd periventricular pretectal nucleus, dorsal part 

PPp parvocellular preoptic nucleus, posterior part  



 

268 
 

PPv periventricular pretectal nucleus, ventral part  

PSm magnocellular superficial pretectal nucleus 

PSp parvocellular superficial pretectal nucleus 

RGC retinal ganglion cell 

rpe retinal pigment epithelium 

RV rhombencephalic ventricle 

sMO splice-blocking morpholino oligo 

SAC stratum album central 

SC superior colliculus 

SCN suprachiasmatic nucleus 

SFGS stratum fibrosum et griseum superficial 

SGC stratum griseum central 

SM stratum marginale 

SO stratum opticum 

SPV stratum periventriculare 

SR superior raphe 

SRF superior reticular formation 

SY sulcus ypsiloniformis  

Tel telencephalon 

TeO optic tectum 

TeV tectal ventricle 

TF transcription factor 

TH hypothalamus, pars tuberalis 
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TL torus longitudinalis 

TM domain transmembrane domain 

TPM pretectomamillary tract and nucleus 

TPp periventricular nucleus of posterior tuberculum 

TSc central nucleus of torus semicircularis 

TSvl ventrolateral nucleus of torus semicircularis 

Vam 

V1 

V2 

V5 

medial division of the valvula cerebelli 

primary visual cortex, visual cortex 1 

secondary visual cortex, visual cortex 2 

middle temporal visual area (MT), visual cortex 5 

VAO ventral accessory optic nucleus  

Vc central nucleus of ventral telencephalic area 

Vd dorsal nucleus of ventral telencephalic area 

VIII octaval nerve  

VL ventrolateral thalamic nucleus 

VM ventromedial thalamic nucleus 

VOT ventrolateral optic tract 

Vp posterior nucleus of ventral telencephalic area 

Vv ventral nucleus of ventral telencephalic area 

w week 

X vagal nerve 

ZL zona limitans 
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APPENDIX C 

MICROARRAY QA/QC 

 

 
 
Frequency of detected signal from each microarray sample (n=10) is 
comparable. Top image: each microarray sample is a box representing first and 
third quartiles; line inside the box represents second quartile. Whiskers represent 
10th and 90th percentile. Bottom image: signal intensity on x-axis and signal 
density on y-axis. The signals from gene probesets are proportional; the highest 
peak suggests that intensity of high amount of probes have very low expression, 
most likely those are probes without matched gene identifier, that were filtered 
out prior to analysis. The smaller peak has normal distribution of intensities 
suggesting those are intensities from probes with matched gene identifier.  
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APPENDIX D 

TABLE OF ENRICHED GO TERMS IN PCDH17 MO WITH P≤0.05 

 

GO ID is a unique identifier assigned by GO consortium. GO type refers to three 
ontologies, abbreviated as: BP – biological process, MF – molecular function, CC 
– cellular component. Number of DEGs annotated to each enriched GO term is 
listed in “DEGs #” column. The percentage of DEGs within the total number of 
genes in each GO group is listed in “DEGs % in term” column. 

GO Term GO ID GO  

Type 

Fisher's  

Exact 

DEGs 

# 

DEGs %  

in term 

neuron differentiation 30182 BP 6.98E-06 7 3.33 

cone photoresponse 
recovery 
 

36368 BP 6.88E-05 2 50.00 

rhodopsin kinase 
activity 
 

50254 MF 6.88E-05 2 50.00 

cell differentiation 30154 BP 1.06E-04 12 1.21 

G protein-coupled 
receptor kinase activity 
 

4703 MF 3.18E-04 2 25.00 

forebrain neuron 
development 
 

21884 BP 4.08E-04 2 22.22 

fructose 6-phosphate 
metabolic process 
 

6002 BP 5.09E-04 2 20.00 

DNA-binding 
transcription factor 
activity, RNA 
polymerase II-specific 
 

981 MF 6.49E-04 11 1.06 

response to light 
stimulus 
 

9416 BP 6.84E-04 4 3.42 
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transport vesicle 
membrane 
 

30658 CC 9.75E-04 3 5.26 

neuromuscular junction 31594 CC 1.02E-03 2 14.29 

DNA-binding 
transcription factor 
activity 
 

3700 MF 1.12E-03 11 0.99 

neuron development 48666 BP 1.13E-03 4 2.99 

ectodermal placode 
development 
 

71696 BP 1.18E-03 2 13.33 

fructose 1,6-
bisphosphate metabolic 
process 
 

30388 BP 1.34E-03 2 12.50 

response to radiation 9314 BP 1.52E-03 4 2.76 

central nervous system 
neuron development 
 

21954 BP 1.70E-03 2 11.11 

anterior/posterior 
pattern specification 
 

9952 BP 1.80E-03 4 2.63 

RNA polymerase II 
transcription regulatory 
region sequence-
specific DNA binding 
 

977 MF 2.22E-03 10 0.98 

spinal cord motor 
neuron differentiation 
 

21522 BP 2.32E-03 2 9.52 

regionalization 3002 BP 2.81E-03 5 1.76 

inner ear 
morphogenesis 
 

42472 BP 3.03E-03 2 8.33 

regulatory region 
nucleic acid binding 
 

1067 MF 3.12E-03 10 0.93 

transcription regulatory 
region sequence-
specific DNA binding 
 

976 MF 3.12E-03 10 0.93 
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cellular developmental 
process 
 

48869 BP 3.53E-03 12 0.81 

midbrain-hindbrain 
boundary development 
 

30917 BP 3.55E-03 2 7.69 

vesicle docking 
involved in exocytosis 
 

6904 BP 3.83E-03 2 7.41 

sequence-specific 
double-stranded DNA 
binding 
 

1990837 MF 3.95E-03 10 0.90 

protein dimerization 
activity 
 

46983 MF 4.32E-03 5 1.59 

double-stranded DNA 
binding 
 

3690 MF 5.17E-03 10 0.87 

forebrain development 30900 BP 5.35E-03 2 6.25 

transcription regulator 
activity 
 

140110 MF 5.67E-03 11 0.81 

sequence-specific DNA 
binding 
 

43565 MF 6.52E-03 10 0.84 

cell differentiation in 
spinal cord 
 

21515 BP 6.73E-03 2 5.56 

glucose metabolic 
process 
 

6006 BP 6.73E-03 2 5.56 

synaptic vesicle 
membrane 
 

30672 CC 7.48E-03 2 5.26 

exocytic vesicle 
membrane 
 

99501 CC 7.48E-03 2 5.26 

presynapse 98793 CC 7.48E-03 2 5.26 

phototransduction 7602 BP 7.48E-03 2 5.26 

photoreceptor activity 9881 MF 7.48E-03 2 5.26 
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cytoplasmic vesicle 
membrane 
 

30659 CC 7.86E-03 3 2.52 

retina development in 
camera-type eye 
 

60041 BP 8.23E-03 3 2.48 

vesicle membrane 12506 CC 8.41E-03 3 2.46 

exocytic process 140029 BP 8.67E-03 2 4.88 

regulation of 
neurogenesis 
 

50767 BP 9.39E-03 3 2.36 

alcohol transmembrane 
transporter activity 
 

15665 MF 1.02E-02 1 33.33 

retinol transmembrane 
transporter activity 
 

34632 MF 1.02E-02 1 33.33 

fructose 1,6-
bisphosphate 1-
phosphatase activity 
 

42132 MF 1.02E-02 1 33.33 

disaccharide 
biosynthetic process 
 

46351 BP 1.02E-02 1 33.33 

sucrose metabolic 
process 
 

5985 BP 1.02E-02 1 33.33 

sucrose biosynthetic 
process 
 

5986 BP 1.02E-02 1 33.33 

social behavior 35176 BP 1.02E-02 1 33.33 

biological process 
involved in intraspecies 
interaction between 
organisms 
 

51703 BP 1.02E-02 1 33.33 

regulation of Wnt 
signaling pathway, 
planar cell polarity 
pathway 
 

2000095 BP 1.02E-02 1 33.33 

thyroid hormone 
binding 

70324 MF 1.02E-02 1 33.33 
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optic cup 
morphogenesis 
involved in camera-type 
eye development 
 

2072 BP 1.02E-02 1 33.33 

detection of light 
stimulus 
 

9583 BP 1.08E-02 2 4.35 

calcium ion binding 5509 MF 1.13E-02 6 1.08 

vesicle docking 48278 BP 1.17E-02 2 4.17 

regulation of nervous 
system development 
 

51960 BP 1.20E-02 3 2.16 

integral component of 
plasma membrane 
 

5887 CC 1.23E-02 7 0.95 

central nervous system 
neuron differentiation 
 

21953 BP 1.27E-02 2 4.00 

synapse 45202 CC 1.28E-02 4 1.51 

identical protein binding 42802 MF 1.34E-02 3 2.07 

retinol binding 19841 MF 1.36E-02 1 25.00 

epidermal cell fate 
specification 
 

9957 BP 1.36E-02 1 25.00 

disaccharide metabolic 
process 
 

5984 BP 1.36E-02 1 25.00 

mammillary body 
development 
 

21767 BP 1.36E-02 1 25.00 

bile acid binding 32052 MF 1.36E-02 1 25.00 

intrinsic component of 
plasma membrane 
 

31226 CC 1.41E-02 7 0.93 

organelle localization by 
membrane tethering 
 

140056 BP 1.47E-02 2 3.70 

membrane docking 22406 BP 1.47E-02 2 3.70 
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regulation of cell 
development 
 

60284 BP 1.60E-02 3 1.94 

regulation of cellular 
macromolecule 
biosynthetic process 
 

2000112 BP 1.61E-02 13 0.65 

syntaxin binding 19905 MF 1.63E-02 2 3.51 

regulation of 
macromolecule 
biosynthetic process 
 

10556 BP 1.64E-02 13 0.65 

pattern specification 
process 
 

7389 BP 1.64E-02 5 1.15 

somatic motor neuron 
differentiation 
 

21523 BP 1.70E-02 1 20.00 

E-box binding 70888 MF 1.70E-02 1 20.00 

cranial ganglion 
development 
 

61550 BP 1.70E-02 1 20.00 

cerebrospinal fluid 
circulation 
 

90660 BP 1.70E-02 1 20.00 

GABA-gated chloride 
ion channel activity 
 

22851 MF 1.70E-02 1 20.00 

synaptic transmission, 
GABAergic 
 

51932 BP 1.70E-02 1 20.00 

benzodiazepine 
receptor activity 
 

8503 MF 1.70E-02 1 20.00 

regulation of cellular 
biosynthetic process 
 

31326 BP 1.80E-02 13 0.64 

hexose metabolic 
process 
 

19318 BP 1.85E-02 2 3.28 

regulation of 
biosynthetic process 
 

9889 BP 1.91E-02 13 0.63 
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response to abiotic 
stimulus 
 

9628 BP 1.91E-02 4 1.34 

regulation of nucleic 
acid-templated 
transcription 
 

1903506 BP 1.93E-02 12 0.65 

regulation of 
transcription, DNA-
templated 
 

6355 BP 1.93E-02 12 0.65 

regulation of RNA 
biosynthetic process 
 

2001141 BP 1.94E-02 12 0.65 

cellular anatomical 
entity 
 

110165 CC 1.96E-02 49 0.39 

neurogenesis 22008 BP 2.03E-02 2 3.13 

6-phosphofructokinase 
activity 
 

3872 MF 2.04E-02 1 16.67 

6-phosphofructokinase 
complex 
 

5945 CC 2.04E-02 1 16.67 

glucose catabolic 
process 
 

6007 BP 2.04E-02 1 16.67 

glycolytic process 
through fructose-6-
phosphate 
 

61615 BP 2.04E-02 1 16.67 

glycolytic process 
through glucose-6-
phosphate 
 

61620 BP 2.04E-02 1 16.67 

canonical glycolysis 61621 BP 2.04E-02 1 16.67 

glucose catabolic 
process to pyruvate 
 

61718 BP 2.04E-02 1 16.67 

NADH regeneration 6735 BP 2.04E-02 1 16.67 

olfactory bulb 
development 
 

21772 BP 2.04E-02 1 16.67 
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peripheral nervous 
system neuron 
development 
 

48935 BP 2.04E-02 1 16.67 

olfactory placode 
development 
 

71698 BP 2.04E-02 1 16.67 

oligosaccharide 
biosynthetic process 
 

9312 BP 2.04E-02 1 16.67 

ligand-gated sodium 
channel activity 
 

15280 MF 2.04E-02 1 16.67 

DNA binding 3677 MF 2.13E-02 11 0.67 

RNA polymerase II cis-
regulatory region 
sequence-specific DNA 
binding 
 

978 MF 2.20E-02 7 0.85 

monosaccharide 
metabolic process 
 

5996 BP 2.27E-02 2 2.94 

nervous system 
process 
 

50877 BP 2.28E-02 4 1.27 

nuclear receptor activity 4879 MF 2.33E-02 2 2.90 

cis-regulatory region 
sequence-specific DNA 
binding 
 

987 MF 2.36E-02 7 0.83 

sclerotome 
development 
 

61056 BP 2.37E-02 1 14.29 

fructose-6-phosphate 
binding 
 

70095 MF 2.37E-02 1 14.29 

regulation of amyloid 
precursor protein 
biosynthetic process 
 

42984 BP 2.37E-02 1 14.29 

Wnt signaling pathway, 
planar cell polarity 
pathway 
 

60071 BP 2.37E-02 1 14.29 
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auditory receptor cell 
development 
 

60117 BP 2.37E-02 1 14.29 

cAMP biosynthetic 
process 
 

6171 BP 2.37E-02 1 14.29 

ligand-activated 
transcription factor 
activity 
 

98531 MF 2.40E-02 2 2.86 

regulation of 
transcription by RNA 
polymerase II 
 

6357 BP 2.41E-02 10 0.69 

sensory organ 
development 
 

7423 BP 2.44E-02 3 1.65 

detection of external 
stimulus 
 

9581 BP 2.46E-02 2 2.82 

detection of abiotic 
stimulus 
 

9582 BP 2.46E-02 2 2.82 

phosphoric ester 
hydrolase activity 
 

42578 MF 2.50E-02 4 1.23 

ganglion development 61548 BP 2.71E-02 1 12.50 

alpha-tubulin binding 43014 MF 2.71E-02 1 12.50 

SRP-dependent 
cotranslational protein 
targeting to membrane, 
translocation 
 

6616 BP 2.71E-02 1 12.50 

fourth ventricle 
development 
 

21592 BP 2.71E-02 1 12.50 

adenylate cyclase 
activity 
 

4016 MF 2.71E-02 1 12.50 

sarcomere 30017 CC 3.04E-02 1 11.11 

proteasome regulatory 
particle, base 
subcomplex 

8540 CC 3.04E-02 1 11.11 
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hexose catabolic 
process 
 

19320 BP 3.04E-02 1 11.11 

bile acid and bile salt 
transport 
 

15721 BP 3.04E-02 1 11.11 

dipeptidyl-peptidase 
activity 
 

8239 MF 3.04E-02 1 11.11 

otic vesicle 
morphogenesis 
 

71600 BP 3.04E-02 1 11.11 

fructose metabolic 
process 
 

6000 BP 3.04E-02 1 11.11 

regulation of 
establishment of planar 
polarity 
 

90175 BP 3.04E-02 1 11.11 

cell junction 30054 CC 3.06E-02 5 0.97 

cell-cell signaling 7267 BP 3.07E-02 3 1.51 

organophosphate 
metabolic process 
 

19637 BP 3.10E-02 5 0.97 

regulation of cell 
differentiation 
 

45595 BP 3.14E-02 4 1.15 

protein 
homodimerization 
activity 
 

42803 MF 3.14E-02 2 2.47 

regulation of RNA 
metabolic process 
 

51252 BP 3.18E-02 12 0.61 

multicellular organismal 
process 
 

32501 BP 3.20E-02 11 0.63 

segmentation 35282 BP 3.21E-02 2 2.44 

axon terminus 43679 CC 3.37E-02 1 10.00 

central nervous system 
morphogenesis 
 

21551 BP 3.37E-02 1 10.00 
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diencephalon 
development 
 

21536 BP 3.37E-02 1 10.00 

regulation of 
glycoprotein 
biosynthetic process 
 

10559 BP 3.37E-02 1 10.00 

regulation of 
glycoprotein metabolic 
process 
 

1903018 BP 3.37E-02 1 10.00 

detection of visible light 9584 BP 3.37E-02 1 10.00 

retinol metabolic 
process 
 

42572 BP 3.37E-02 1 10.00 

morphogenesis of 
embryonic epithelium 
 

16331 BP 3.37E-02 1 10.00 

lysophospholipase 
activity 
 

4622 MF 3.37E-02 1 10.00 

purine-containing 
compound metabolic 
process 
 

72521 BP 3.39E-02 3 1.45 

phosphate-containing 
compound metabolic 
process 
 

6796 BP 3.54E-02 9 0.68 

regulation of cation 
transmembrane 
transport 
 

1904062 BP 3.66E-02 2 2.27 

skeletal myofibril 
assembly 
 

14866 BP 3.71E-02 1 9.09 

proteasome assembly 43248 BP 3.71E-02 1 9.09 

monosaccharide 
catabolic process 
 

46365 BP 3.71E-02 1 9.09 

phosphofructokinase 
activity 
 

8443 MF 3.71E-02 1 9.09 
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neuron projection 
terminus 
 

44306 CC 3.71E-02 1 9.09 

hindbrain 
morphogenesis 
 

21575 BP 3.71E-02 1 9.09 

otic vesicle formation 30916 BP 3.71E-02 1 9.09 

cilium or flagellum-
dependent cell motility 
 

1539 BP 3.71E-02 1 9.09 

cilium-dependent cell 
motility 
 

60285 BP 3.71E-02 1 9.09 

voltage-gated sodium 
channel activity 
 

5248 MF 3.71E-02 1 9.09 

hormone transport 9914 BP 3.71E-02 1 9.09 

dendrite membrane 32590 CC 3.71E-02 1 9.09 

inhibitory extracellular 
ligand-gated ion 
channel activity 
 

5237 MF 3.71E-02 1 9.09 

negative regulation of 
inflammatory response 
 

50728 BP 3.71E-02 1 9.09 

glutathione peroxidase 
activity 
 

4602 MF 3.71E-02 1 9.09 

phosphorus metabolic 
process 
 

6793 BP 3.82E-02 9 0.67 

regulation of 
nucleobase-containing 
compound metabolic 
process 
 

19219 BP 3.85E-02 12 0.59 

carbohydrate 
phosphatase activity 
 

19203 MF 4.04E-02 1 8.33 

sugar-phosphatase 
activity 
 

50308 MF 4.04E-02 1 8.33 
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gamma-aminobutyric 
acid signaling pathway 
 

7214 BP 4.04E-02 1 8.33 

secretory granule 
membrane 
 

30667 CC 4.04E-02 1 8.33 

glycerophospholipid 
catabolic process 
 

46475 BP 4.04E-02 1 8.33 

signaling 23052 BP 4.23E-02 3 1.33 

regulation of transport 51049 BP 4.29E-02 4 1.04 

ventral spinal cord 
interneuron 
differentiation 
 

21514 BP 4.37E-02 1 7.69 

determination of 
pancreatic left/right 
asymmetry 
 

35469 BP 4.37E-02 1 7.69 

isoprenoid binding 19840 MF 4.37E-02 1 7.69 

retinoid binding 5501 MF 4.37E-02 1 7.69 

NAD metabolic process 19674 BP 4.37E-02 1 7.69 

NADH metabolic 
process 
 

6734 BP 4.37E-02 1 7.69 

axon regeneration 31103 BP 4.37E-02 1 7.69 

regulation of 
postsynaptic membrane 
potential 
 

60078 BP 4.37E-02 1 7.69 

ligand-gated anion 
channel activity 
 

99095 MF 4.37E-02 1 7.69 

pronephric glomerulus 
morphogenesis 
 

35775 BP 4.37E-02 1 7.69 

glomerulus 
morphogenesis 
 

72102 BP 4.37E-02 1 7.69 
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cAMP metabolic 
process 
 

46058 BP 4.37E-02 1 7.69 

tube morphogenesis 35239 BP 4.65E-02 3 1.28 

PDZ domain binding 30165 MF 4.69E-02 1 7.14 

regulation of potassium 
ion transmembrane 
transport 
 

1901379 BP 4.69E-02 1 7.14 

neuron projection 
fasciculation 
 

106030 BP 4.69E-02 1 7.14 

habenula development 21986 BP 4.69E-02 1 7.14 

generation of neurons 48699 BP 4.69E-02 1 7.14 

axonal fasciculation 7413 BP 4.69E-02 1 7.14 

otolith morphogenesis 32474 BP 4.69E-02 1 7.14 

semicircular canal 
morphogenesis 
 

48752 BP 4.69E-02 1 7.14 

phosphatidate 
phosphatase activity 
 

8195 MF 4.69E-02 1 7.14 

SNARE binding 149 MF 4.86E-02 2 1.94 

molecular_function 3674 MF 4.89E-02 50 0.38 

 


