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ABSTRACT 

 

Calcium ions (Ca2+) are fundamental to the regulation of many cellular 

processes; however, the coordination of these signals during embryogenesis is not well 

understood.  Ryanodine receptors (RyR) are a family of important intracellular ion 

channels that are responsible for the release of Ca2+ and they regulate the cytosolic 

Ca2+ concentration.  Humans have three differentially expressed ryr genes (ryr1, ryr2 

and ryr3) and mutations can cause both skeletal and cardiac diseases.  Although the 

primary function of RyR is to mediate excitation-contraction coupling in muscle, they 

may also regulate Ca2+ signalling during developmental processes. 

 

The project has addressed the role of RyR during embryonic development, 

using the zebrafish as an in vivo vertebrate model.  Five zebrafish RyR genes (ryr1a, 

ryr1b, ryr2a, ryr2b and ryr3) were characterised and a comprehensive overview of 

their spatial and temporal expression in the embryo was determined.  At 24 hours post-

fertilisation (hpf), ryr1a, ryr1b and ryr3 are expressed in the skeletal muscle, ryr2a in 

specific neuronal populations and ryr2b in the cardiac muscle.  Semi-quantitative PCR 

data and wholemount in situ hybridisation revealed strong maternal expression of ryr3 

during the cleavage and blastula periods and into adulthood.  The early expression of 

the ryr3 gene suggests that this receptor functions during the initial stages of 

development; a role that has not been described previously.  The functional 

significance of RyR3 during early embryogenesis was investigated in a loss-of-
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function model using antisense morpholino oligonucleotides.  The ryr3 specific 

knockdown experiments appeared to affect the establishment of embryonic axis prior 

to the segmentation periods (before 10 hpf).  In addition, by 19 to 20 hpf ryr3 

morphants failed to exhibit spontaneous muscle contractions and displayed a defect in 

neuromuscular development. 

 

In conclusion, this study has characterised the ryr genes and provided an 

overview on their temporal and spatial expression.  The work provides evidence that 

ryr3 expression provides the Ca2+ vital for myofibrils organisation and that is required 

for the spontaneous movements during zebrafish embryonic development.  The 

knowledge of RyR tissue distribution in zebrafish has provided a strong foundation for 

loss-of-function studies aimed at addressing their role in development.  In the long 

term, the work will also facilitate more focused studies on disease. 
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1.1. General introduction 

 

Calcium ions (Ca2+) act as a ubiquitous intracellular messenger responsible for 

controlling many cellular processes throughout the life history of an organism.  There 

is accumulating evidence to support a fundamental role for Ca2+ signalling in 

development.  Orchestrated sequences of Ca2+ signals have been reported in many 

developmental processes; however, our knowledge of the underlying regulation and 

activation mechanism for these signals during embryogenesis is rather limited.  

Ryanodine receptors (RyR) are a family of important intracellular ion channels that 

regulate the concentration of cytosolic Ca2+ via the release of Ca2+.  The primary 

function of RyR is to mediate excitation-contraction coupling (ECC) during adult 

muscle contraction; however, the receptor may also implicated in the regulation of 

Ca2+ signalling during developmental processes. 

 

The central aim presented in this thesis is to understand the role of RyR during 

embryonic development using zebrafish as an in vivo vertebrate model.  This chapter 

presents the background information to the project, starting with a general description 

on the role of Ca2+ signalling in adult and during embryonic development.  This is 

followed by an introduction on the RyR family, as well as the current view on the role 

of the channels in adulthood and during embryonic development.  The use of zebrafish 

as a model system for vertebrate development is also discussed.  Finally, the specific 

aim and objectives of the project are presented. 
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1.2. Calcium signalling in adult 

 

Decades of research has revealed that Ca2+ is a powerful signalling molecule, 

acting as an intracellular messenger that regulates many cellular processes.  These 

processes range from localised events (e.g. exocytosis, mitosis) to global intracellular 

and intercellular events (e.g. muscle contraction, fertilisation) (Berridge et al., 1998; 

Berridge et al., 2000; Berridge et al., 2003).  Table 1-1 provides an overview of 

cellular processes that involved Ca2+ signals at localised, global intracellular and 

intercellular levels.  Ca2+ signalling during these events have been covered in other 

reviews and are therefore not the main focus in this thesis.  It should be noted, 

however, that despite an increased level of complexity in the Ca2+-regulated processes, 

the mechanisms that generate the Ca2+ signals remain unchanged.  Indeed, intracellular 

Ca2+ signalling in the form of elementary events, such as Ca2+ blips (Bootman et al., 

1997) or quarks (Lipp and Niggli, 1996), puffs (Yao et al., 1995) or sparks (Cheng et 

al., 1993) and intracellular waves (Lechleiter et al., 1991), remains the basis of all of 

the subsequent complex intercellular signalling events. 

 

Ca2+ is arguably at the heart of intracellular signalling.  Its importance as a 

universal signalling molecule in signal transduction has well been recognised and 

defined.  An overall picture of underlying the mechanism of Ca2+ homeostasis is 

emerging.  Ca2+ signals can be observed in many key processes during embryogenesis.  

With technological advancements as well as the availability of suitable developmental 



 

26 
 

models, it has focused researchers’ attention on understanding the significance and 

function of these signals (See Section 1.3). 

 

 

Table 1-1. A summary of Ca2+ dependent cellular processes that involved Ca2+ 

signals at localised, global intracellular and intercellular levels.  Different forms of 

Ca2+ signals are responsible for mediating a large range of physiological processes.  

Table modified from Berridge et al., 1998.  Reference: * Berridge, 2009. 

 

 

1.3. Calcium signalling in embryonic development 

 

Initial indirect evidence to suggest a role for Ca2+ in egg activation has 

provided researchers an early interest in the messenger during embryonic development 

(Heilbrunn and Wilbur, 1937; Yamamoto, 1954).  However, owing to the limitations 

in Ca2+ imaging technology, not much experimentation was conducted within the field 

Ca2+ signals regulated cellular processes 
Elementary (localised) Global (intracellular) Global (intercellular) 

Ca2+ blip & puffs / Ca2+ 
quark & sparks 

Ca2+ transients / Ca2+ 
oscillations / Ca2+ waves Ca2+ waves 

Growth-cone migration, 
mitochondrial metabolism, 

exocytosis*, smooth 
muscle relaxation, mitosis, 
neuronal synaptic plasticity 

(release of 
neurotransmitter) 

Fertilisation, smooth muscle 
contraction, skeletal and 

cardiac muscle contraction, 
liver metabolism, gene 

transcription, cell 
proliferation, 

differentiation*, apoptosis* 

Aggregation*, ciliary 
beating, glial cell function, 
bile flow, fluid secretion*, 

aldosterone secretion*, 
smooth muscle induced 
nitric oxide synthesis in 

endothelium 
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at that time following on the early discovery of Ca2+ involvement in development and 

as a result, the focus passed away virtually unnoticed.  Over the past 40 years, the field 

has expanded rapidly due to the ability to directly visualise dynamic changes in 

cytosolic Ca2+ ([Ca2+]i) and modulate intracellular and extracellular Ca2+ levels.  This 

was achieved through the development of Ca2+ reporters (Shimomura et al., 1962), 

buffers (Adams et al., 1988; Adams et al., 1989) and ionophores (Reed and Lardy, 

1972), as well as improvements in Ca2+ imaging methodologies, tools and techniques 

(Grynkiewicz et al., 1985; Miyawaki et al., 1997; Fan et al., 1999).  With the 

technological advancements in the field of Ca2+ signalling and the availability of 

suitable developmental models (e.g. Xenopus laevis, zebrafish etc), studies of Ca2+ 

signals in embryogenesis was vastly facilitated, which ultimately would led to a better 

understanding of the function and significance of the signal. 

 

Although there is a great diversity in animals, vertebrate development is a 

common and gradual process by which a single cell develops into a multi-cellular 

organism through an increase in cell number, differentiation, pattern formation and 

morphogenesis, as well as net growth.  Importantly, most animals do proceed through 

a common series of early developmental events, including fertilisation, cleavage, 

blastula, gastrulation, neurulation, somitogenesis and organogenesis, leading to the 

speculation that these processes could be under similar regulatory or control pathways 

(Webb and Miller, 2003b). 
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Ca2+ signals have been reported from primary cultures of individual embryonic 

cells (Ferrari et al., 1996), explants of embryonic tissues (Wallingford et al., 2001; 

Leclerc et al., 2003) and developing embryos in various animal species, including 

Drosophila melanogaster (fruit fly), mouse, medaka, Xenopus laevis and zebrafish 

(Reinhard et al., 1995; Ferrari and Spitzer, 1999; Jaffe, 1999; Swann and Parrington, 

1999; Créton et al., 2000; Leclerc et al., 2000).  A variety of Ca2+ signals, in the form 

of intercellular pulses and waves have been consistently visualised in many 

developmental stages that are common to most animals, including fertilisation, 

cleavage, blastula, gastrula, somitogenesis and organogenesis and it has been proposed 

that these signals may have a crucial role in pattern-forming events early development 

(Jaffe, 1999; Slusarski and Pelegri, 2007; Webb and Miller, 2006a; Webb and Miller, 

2006b; Whitaker, 2008).  In addition, these studies have also shown that the signalling 

patterns and mechanism that generate them share a degree of similarity, which 

indicates that the regulation could be common between animal species (Webb and 

Miller, 2003b).  Indeed, Webb and Miller have suggested that in zebrafish, the nature 

of embryonic Ca2+ signalling reflects the cellular complexity of the developing 

embryos, with intracellular signalling observed during early cleavage giving way to 

intercellular signalling during late blastula and beyond (Webb and Miller, 2003b).  

These observations support the use of zebrafish as an in vivo model to study Ca2+ 

signalling in vertebrate development (See Section 1.6).  Details regarding zebrafish 

development are described further in the following sections and Section 1.5. 
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1.3.1. Calcium signalling in zebrafish embryonic development 

 

During embryonic development, Ca2+ signals are found to associate with major 

phases of pattern formation (e.g. determination of the body axes, primary germ layers 

definition, coordinated cellular movement etc) and the emergence of rudimentary 

organ systems.  The developing embryo employs different forms of Ca2+ signals to 

convey information within individual cells (intracellular) and across significant 

distances between connected cells (intercellular).  These signals target a variety of 

Ca2+ sensitive elements, which in turn trigger key developmental events.  Indeed, the 

generation of a complex three-dimensional embryonic structure demands a greater 

increase in intercellular communications to coordinate developmental activities. 

 

Like many other animals, Ca2+ signals have been reported in various key stages 

of development in zebrafish, from the initiation of fertilisation (Whitaker and Swann, 

1993; Lee et al., 1999) throughout the subsequent cleavage (Chang and Meng, 1995; 

Webb et al., 1997), blastula (Reinhard et al., 1995; Créton et al., 1998), gastrula 

(Créton et al., 1998; Gilland et al., 1999) and segmentation period (Créton et al., 1998; 

Webb and Miller, 2000).  Figure 1-1 provides an overview of Ca2+ signals observed 

during these key developmental stages in zebrafish development. 
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Figure 1-1. 
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Figure 1-1. Ca2+ signals observed during the key developmental stages of 

zebrafish embryogenesis.  The images (a – f) represent levels of free intracellular 

Ca2+ in a range of low (light orange) to high (dark orange) within the zebrafish embryo 

at the six stages in development.  The pseudocolour images (a’ – f’) represent 

accumulated f-aequorin luminescence flux in photons per pixel in a range of low (~1, 

blue) to high (~25, red) to indicate levels of intracellular free Ca2+ within the embryo 

at the respective stages of development.  The Ca2+ signal was observed to transit from 

intracellular (a and b), to localised intercellular (c), to pan-embryonic intercellular (d) 

and reverted back to localised intercellular events (e and f).  Briefly, the first transition 

from intracellular to localised intercellular signal occurs as cell size decreases and cell 

numbers increase, while the second transition from localised intercellular to pan-

embryonic signal accompanies a period of mass coordinated cell movement that 

markedly rearranges the embryonic structure.  This is then followed by the last 

transition from pan-embryonic back to localised intercellular signal during the 

formation of various individual organs and tissues.  (a’) Images of the embryo at the 

animal pole (AP) view to illustrate a single intracellular global Ca2+ activation wave 

transversing the whole embryo at fertilisation stage.  (b’) Sequential images of the 

embryo at the facial view to illustrate an intracellular Ca2+ transients during the first 

cell division cycle at cleavage stage.  (c’).  Sequential images of an oblong staged (3.7 

hpf) embryo viewed from the AP to illustrate the localised Ca2+ signals occurring in 

groups of interconnected enveloping cell layer (EVL) cells within the blastoderm at 

blastula stage.  (d’) Luminescence (top), corresponding brightfield (middle) and the 

superimposed (bottom) images of a laterally orientated shield staged (6 hpf) zebrafish 

embryo to illustrate a localised ventral marginal Ca2+ signal around the blastoderm 

margin during the early-gastrula stage.  (d’’) Sequential images of a ~75% epiboly (8 

hpf) zebrafish embryo at the vegetal pole (VP) view to illustrate a pan-embryonic 

intercellular Ca2+ wave propagating around the blastoderm margin at mid-gastrula 

stage.  (e’) Images of a five- (top) and a six- (below) somites staged embryo at the 

dorsal view to illustrate the localised stochastic intercellular Ca2+ signals in the formed 

somites and notochord during early somitogenesis at early segmentation stage.  (f’) 

Image of a laterally orientated 18 hpf zebrafish embryo to illustrate the localised 
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intercellular Ca2+ signals occurred in the developing somites during somitogenesis at 

late segmentation stage.  Images (a – f, d’’ and f’), (a’), (b’), (c’), (d’) and (e’) were 

adopted from Webb and Miller, 2003b; Lee et al., 1999; Webb et al., 2008; Webb and 

Miller, 2006b; Webb and Miller, 2000 and Leung et al., 2009, respectively.  hpf, hours 

post fertilisation. 

 

 

1.3.1.1. Calcium signalling in fertilisation and zygotic period 

 

Ca2+ signals are observed in the form of a relatively simple global intracellular 

propagating wave during the fertilisation and zygotic periods (Lee et al., 1999; Webb 

and Miller, 2000; Webb and Miller, 2003b) (Figure 1-1 (a) and (a’)).  These Ca2+ 

transients are the most studied and best understood aspect of the signals that control 

the onset of early development, including the activation of fertilisation, ooplasmic 

segregation (Webb and Miller, 2000) and other early zygotic processes (i.e. cell-cycle 

transition, breakdown of nuclear envelope, chromosome segregation, formation of 

cleavage furrow at the onset of cytokinesis; Whitaker, 2008). 

 

1.3.1.2. Calcium signalling in cleavage period 

 

During the cleavage period of early development, Ca2+ signals are observed to 

transit from the global intracellular propagating wave into localised intracellular 

propagating wave in zebrafish (Chang and Meng, 1995; Webb et al., 1997; Créton et 

al., 1998; Webb et al., 2008) (Figure 1-1 (b) and (b’)).  It was reported that these 
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localised elevations of intracellular Ca2+ transients accompany embryonic cytokinesis 

(i.e. the positioning, propagation, deepening and apposition of the cleavage furrows; 

Webb et al., 1997; Webb et al., 2008).  It has also been demonstrated that intracellular 

Ca2+ release via inositol-1,4,5-trisphosphate receptors (IP3R) from the endoplasmic 

reticulum (ER) is responsible for the generation of furrow positioning, propagation 

and deepening Ca2+ transients, as well as early cell division (Lee et al., 2003; Lee et al., 

2006; Ashworth et al., 2007). 

 

1.3.1.3. Calcium signalling in blastula period 

 

During the blastula period, there is an apparent transition of Ca2+ signals from 

exclusively intracellular signals to more complex localised intercellular signals 

(Reinhard et al., 1995; Créton et al., 1998; Webb and Miller, 2006b) (Figure 1-1 (c) 

and (c’)).  This resulting increase in the degree of intercellular communication is likely 

to caused by an increasing requirement for coordinated cellular activities within the 

embryo, as four major developmental events occur during the blastula period, 

including (1) enveloping cell layer (EVL) formation, (2) mid-blastula transition, (3) 

yolk syncytical layer (YSL) formation and (4) commencement of epiboly (See Figure 

1-4 for a description on zebrafish anatomy).  Indeed, when Ma and colleagues re-

examined the Ca2+ dynamics during the blastula period of zebrafish development, they 

confirmed that these irregular localised Ca2+ transients are generated predominately in 

the superficial epithelial cells (Ma et al., 2009).  In addition, they have shown that at 

the start of the blastula period prior to mid-blastula transition (MBT; 2.75 hours post 
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fertilisation (hpf)), Ca2+ transients are generated homogeneously throughout the entire 

superficial epithelium.  After the MBT, the distribution of the Ca2+ transients becomes 

asymmetrical (dorsal-biased), this is then followed by a decrease in the total number of 

transients generated in the superficial epithelium. 

 

Reinhard and colleagues initially suggested that during this early blastula phase, 

the localised intercellular Ca2+ transients might be responsible for increasing the cell-

to-cell adhesion of the forming periderm and the differentiation of the superficial 

epithelial cells (Reinhard et al., 1995).  Recently, Ma and colleagues suggested that the 

two types of Ca2+ transients observed before and after MBT are responsible for the 

development and maintenance of the dorsal-ventral axis through the interaction 

between the Wnt/Ca2+ signalling and Wnt/β-catenin pathway (Ma et al., 2009).  In 

addition, there is a growing body of evidence suggesting that the Ca2+ transients 

observed in the superficial epithelial cells during the blastula period are generated via 

the phosphatidylinositol (PI) signalling pathway through IP3R (Reinhard et al., 1995; 

Slusarski et al., 1997; Westfall et al., 2003; Ma et al., 2009). 

 

1.3.1.4. Calcium signalling in gastrula period 

 

During the early gastrula period (before 75% epiboly), the Ca2+ transients are 

observed to be non-propagating localised intercellular signals, similar to those reported 

in the late blastula period (Créton et al., 1998; Gilland et al., 1999; Webb and Miller, 

2000; Webb and Miller, 2006b) (Figure 1-1 (d’)).  More extensive rhythmic series of 
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global, pan-embryonic propagating intercellular Ca2+ waves are observed during the 

later gastrula period (Gilland et al., 1999; Webb and Miller, 2000; Webb and Miller, 

2003a) (Figure 1-1 (d) and (d’’)).  The resulting switch to a pan-embryonic 

intercellular communication to increase the influence of the Ca2+ signals, reflect the 

more wide-ranging and dramatic morphological cell movements events that occur 

within the developing embryo during this period, these include (1) continuation of 

epiboly, (2) involution, (3) convergence and (4) extension.  All of these four types of 

cell movement contribute to the primary germ layers formation and establishment of 

body axes (Kimmel et al., 1995; See Figure 1-4). 

 

The observation of different intercellular Ca2+ signalling patterns during the 

gastrula period has well been documented; however, the purpose and the molecular 

mechanism behind the generation of these Ca2+ signals remains unresolved.  Recently, 

it has been suggested that the purpose of the signals is (1) required for cell-to-cell 

adhesion during the convergence process (Webb and Miller, 2006b), (2) involved in 

orchestrating the actin-based cytoskeletal network (microtubules and microfilaments) 

during the progression of the blastoderm and the YSL toward the vegetal pole after the 

embryonic shield formation (Webb and Miller, 2006b; Webb and Miller, 2007) and (3) 

coordinates the complex cellular rearrangements and reassignments during late epiboly 

(Webb and Miller, 2003a; Slusarski and Pelegri, 2007).  In addition, there are several 

proposed mechanisms for the generation of these Ca2+ signals observed during gastrula 

period.  Berridge and colleagues proposed that the mechanism for intercellular Ca2+ 

waves transmission is through propagation via gap junctions (Berridge et al., 2003), 
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which is supported by an increase in the permeability of gap junctions during gastrula 

period (Bozhkova and Voronov, 1997).  Sharma and colleagues suggested that the Fyn 

kinase, a src family protein tyrosine kinase, is an upstream trigger of Ca2+ waves that 

is associated with initiation of epiboly in zebrafish  (Sharma et al., 2005). 

 

Despite much speculation about the purpose and mechanism of these Ca2+ 

signals, it is still far from obtaining a definitive answer regarding the source and the 

purpose of these signals generated. 

 

1.3.1.5. Calcium signalling in segmentation period 

 

After a fundamental body plan has been established, segmentation begins and 

the embryonic Ca2+ signals take the form of more localised intercellular events; in 

addition, there is the reappearance of basic intracellular signalling events in single 

cells (Créton et al., 1998; Webb and Miller, 2000; Ashworth and Bolsover, 2002) 

(Figure 1-1 (e), (e’), (f) and (f’)).  This change in signalling patterns is likely to be due 

to the requirement to mediate signals at specific locations for the generation of defined 

structures within the embryo, as many major development events occur during the 

segmentation period, including the maturation of the nervous system, formation of the 

muscles, brain, eye, heart and various organ anlagen (See Figure 1-4). 

 

Ca2+ has been reported in a variety of developmental processes during the 

segmentation period (As discussed in Section 1.3.1.5.1 to 1.3.1.5.6 below). 
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1.3.1.5.1. Development of the nervous system 

 

There is much evidence to support the importance of Ca2+ in nervous system 

development, from neural induction to neuronal development.  (1) At the onset of 

neural induction, localised Ca2+ transients were observed in Xenopus laevis embryos 

(Leclerc et al., 2000).  It was suggested that the signal is required for the regulation of 

early neural gene expression and was generated from the activated L-type voltage-

operated channels (VOC) located on the plasma membrane (Leclerc et al., 2000; 

Leclerc et al., 2003).  (2) During the process of neural induction, a rhythmic series of 

Ca2+ waves was observed in the blastoderm and along the developing axis within the 

growing zebrafish embryo (Webb et al., 2005).  It was suggested that these Ca2+ 

transients serves multiple roles in the process of neural induction, including generating 

secretion gradients of morphogens; regulating and co-ordinating convergent extension; 

and establishing and reinforcing dorsoventral axis specification (Webb et al., 2005).  

In addition, it has been suggested that the propagating neuralising transients were 

intercellular Ca2+ signals generated from either or both intracellular and extracellular 

sources via gap junctions (Webb et al., 2005).  (3) Ashworth and Bolsover have 

observed Ca2+ signals produced by neuronal precursor cells in spinal cord of zebrafish 

embryos and provided direct evidence to show that repetitive intracellular Ca2+ signals 

may have a role in axon generation during early neuronal development (Ashworth and 

Bolsover, 2002). 
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1.3.1.5.2. Somitogenesis 

 

During the segmentation period, the paraxial mesoderm becomes divided and 

forms somites (metameric subunits; Kimmel et al., 1995).  Each pair of somites is 

formed symmetrically on either side of the notochord in an anterior to posterior 

direction within the presomitic mesoderm (Gossler and Hrabe de Angelis, 1998).  

Somitogenesis contains four sequential developmental stages: (1) formation and 

specification of paraxial mesoderm, (2) patterning of the paraxial mesoderm to 

establish segmental units, (3) formation of morphological boundaries between 

segmental units and (4) cellular differentiation within the formed somites (Brennan et 

al., 2002).  Figure 1-2 shows the process of somite formation in the trunk of zebrafish 

embryo at an anterior to posterior sequence.  For stage (1), Ca2+ signals, in the form of 

propagating waves are reported in the marginal, converging zone of the epibolising 

blastoderm in the developing zebrafish embryos, which is associated with the 

formation of the paraxial mesoderm (Gilland et al., 1999; Webb and Miller, 2003a); 

for stage (2), Ca2+ signals, in the form of highly localised intracellular waves are 

reported to propagate through blocks of anterior and presomitic mesoderm cells prior 

to the establishment of somitic boundaries, which have been suggested to contribute to 

the pre-patterning of the paraxial mesoderm and the establishment of segmental units 

(Brennan et al., 2002); for stage (3), Ca2+ signals, in the form of a series of stochastic 

(i.e. no regular or reproducible pattern) transients (also referred to as ‘forming somite 

signal’, FSS) are reported within the segmented paraxial mesoderm during early 

somitogenesis (the formation of first eight somite pairs; up to 13 hpf).  The majority of 
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the signals generated are at the medial or lateral somitic boundaries of forming somites 

(Webb and Miller, 2006a; Leung et al., 2009).  It has also been found that these FSS 

are required for governing the formation of normal morphological boundaries between 

segmental units (Leung et al., 2009).  In addition, Leung and colleagues have 

suggested that IP3R mediated Ca2+ release are responsible for the generation of the 

stochastic Ca2+ transients (Leung et al., 2009); for stage (4) intracellular Ca2+ signals 

are reported during the late segmentation stage of zebrafish development (Brennan et 

al., 2005).  Brennan and colleagues have proposed that these signals are required for 

the later development of slow muscle fibre formation (Brennan et al., 2005).  Indeed, 

they have shown that inhibition of these Ca2+ signals affects the myofibril organisation, 

leading to the speculation that the Ca2+ may act via the cytoskeleton to regulate 

myofibril organisation and the formation of the functional muscle units during 

development (Brennan et al., 2005).  In addition, they have also demonstrated that 

acetylcholine-generated intracellular Ca2+ release via a voltage-sensitive Ca2+ channels 

and RyR are responsible for the initial muscle contraction and embryonic movement 

(Brennan et al., 2005). 
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Figure 1-2. Zebrafish somitogenesis, a schematic representation of a zebrafish 

embryo during the formation of the first three somites.  (A) Lateral and (B) dorsal 

views of a zebrafish embryo at bud stage (10 hpf) prior to the onset of somitogenesis.  

(C – H) shows the details during the formation of the first three somites occurs in the 

area of the trunk represented by the white box shown in (B).  Figure reproduced from 

Webb and Miller, 2006a.  S1 to S3 are somites 1 to 3; Ant. and Pos. are anterior and 

posterior, respectively. 
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1.3.1.5.3. Brain development 

 

Ca2+ signals in the form of elevated Ca2+ levels are first observed in the 

presumptive forebrain, midbrain and hindbrain regions of developing zebrafish 

embryos (Créton et al., 1998).  This was later confirmed by Webb and Miller who 

showed that localised Ca2+ pulses are seen in both the presumptive hindbrain and site 

of future mid-hindbrain boundary (Webb and Miller, 2000).  It has been proposed by 

both groups that the signals are involved in the differentiation & regionalisation of the 

CNS. 

 

1.3.1.5.4. Eye development 

 

Créton and colleagues demonstrated the use of Ca2+ buffer to dampen transient 

rises in intracellular Ca2+ in the cells resulted in the formation of smaller eyes.  Indeed, 

localised Ca2+ pulse were reported in the developing eye of an 18 hpf zebrafish 

embryo (Webb and Miller, 2000).  It has also been proposed that these signals were 

generated through the voltage operated channels on the plasma membrane (Webb and 

Miller, 2003b). 

 

1.3.1.5.5. Heart development 
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Ca2+ spikes are observed in the developing heart (Créton et al., 1998) and are 

believed to have an important role in its early stages of development via a 

lysospingolipid signalling pathway (Kupperman et al., 2000).  In addition, Li and 

colleagues have shown that an elevation in [Ca2+]i is essential to drive cardiac 

myofibrillogenesis (Li et al., 2002). 

 

1.3.1.5.6. Pronephros development 

 

Ca2+ involvement in the development of the pronephros (kidney in lower 

vertebrates) was based on indirect evidence from the identification of non-selective 

cation channels (polycystin) in renal tissue and Ca2+ sensitive cadherin protein 

(cadherin-17) during zebrafish development (Kim et al., 1999; Horsfield et al., 2002). 

 

In conclusion, Ca2+ is a ubiquitous intracellular messenger that is believed to 

regulate many key patterning and organs-forming events throughout development.  

Orchestrated sequences of Ca2+ signals have been visualised in many developmental 

stages, however, the precise molecular mechanisms involved in the activation and 

regulation of these Ca2+ signals remains to be established.  Information regarding the 

generation of Ca2+ signals will advance our understanding of the mechanisms and 

functional significance of this developmental messenger.  In the following section, 

possible mechanisms for raising the levels of Ca2+ in the cytoplasm ([Ca2+]i), i.e. the 

intracellular concentration of free Ca2+, during cellular developmental processes will 

be discussed. 
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1.4. Influx of calcium ions to increase intracellular calcium 

concentrations 

 

[Ca2+]i are extremely important for the modulation of a vast array of second 

messenger signalling pathways, which are required for cellular function and 

development.  Ca2+ influx into the cytosol is achieved via a 10,000 fold concentration 

gradient between the [Ca2+]i and the extracellular environment.  The low [Ca2+]i is 

maintained via active ion extrusion through specialised proteins in the cellular plasma 

membrane and in the membranes of internal organelles (e.g. ER, sarcoplasmic 

reticulum (SR), Golgi body and mitochondria), as well as storage of Ca2+ by buffering 

proteins (Michelangeli et al., 2005).  In particular, the ER/SR provides a large surface 

area for removal of [Ca2+]i and the reticulum does not function as a simple storage 

reservoir from which Ca2+ is released uniformly, but can release Ca2+ in a highly 

localised and controlled manner.  Indeed, when cells are stimulated by various 

agonists, such as growth factors and hormones, specialised Ca2+ release channels 

located on the plasma membrane and internal stores are activated.  Upon the opening 

of these Ca2+ release channels, Ca2+ are transiently released into the cytoplasm along 

their electrochemical gradient, causing an increase in [Ca2+]i, which can rise from a 

resting concentration of 0.1µM to 1µM or even 10µM (Créton et al., 1998).  As a 

consequence, in the case of development, a vast array of Ca2+-dependent regulators 

can be activated including calcineurin (Chang et al., 2004; Beis et al., 2005) and 

calmodulin-dependent protein kinase II (Rothschild et al., 2007; Rothschild et al., 

2009).  The activation of specific Ca2+-dependent proteins will determine which signal 
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transduction pathways are triggered and ultimately control changes in the cell 

physiology (Berridge et al., 1998). 

 

The studies of Ca2+ transients during zebrafish development (Section 1.3.1.1 to 

1.3.1.5) have suggested the signals can be generated either from an external or internal 

source.  These sources are either via extracellular (i.e. external; Section 1.4.1) or 

intracellular (i.e. internal; Section 1.4.2) Ca2+ release channels located in the plasma 

membranes or in the membranes of internal organelles, respectively.  Indeed, the 

distribution of extracellular and intracellular Ca2+ release channels provides a 

mechanism through which the temporal and spatial signalling of Ca2+ can be regulated.  

Table 1-2 provides a summary of the extracellular and intracellular Ca2+ release 

channels. 

 

 

 

Table 1-2. A summary of the extracellular and intracellular Ca2+ release 

channels.  References: * Catterall et al., 2003); ** Berridge et al., 2003; γ IUPHAR 

database, http://www.iuphar-db.org/DATABASE/FamilyMenuForward?familyId=71; 

# Mignen and Shuttleworth, 2000; δ Clapham et al., 2005; ^ Berridge, 2009; § Please 

refer to Sections 1.4.2.2.2 and 1.4.2.2.4; ε Calcraft et al., 2009 and Patel et al., 2010.  

Abbreviations: ECC – excitation contraction coupling, ER – endoplasmic reticulum, 

IP3R – inositol 1,4,5 trisphosphate receptors, NAADP – Nicotinic acid adenine 

dinucleotide phosphate, NMDAR – N-methyl-D-aspartate receptors, ROC – Receptor-

operated channels, RyR – Ryanodine receptors, SMOC – Second-messenger-operated 

channels, SR – sarcoplasmic reticulum, TPC - Two pore channels, TRP – Transient 

receptor potential, VOC – Voltage-operated channels. 

 

http://www.iuphar-db.org/DATABASE/FamilyMenuForward?familyId=71�
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Table 1-2. 

Sources Ca2+ 
channels Isoforms/Subtypes Cellular Functions 

Extra-
cellular 

VOC * 

Cav1.1, Cav1.2, Cav1.3, Cav1.4 (L-type) 
ECC, hormone release, transcription regulation, synaptic 

integration, neurotransmitter release from rods and bipolar 
cells * 

Cav2.1 (P/Q-type) Neurotransmitter release, dendritic Ca2+ transients * Cav2.2 (N-type) 
Cav2.3 (R-type) Repetitive firing * 

Cav3.1, Cav3.2, Cav3.3 (T-type) Pacemaking, repetitive firing * 

ROC ** 
NR1, NR2A, NR2B, NR2C, NR2D (NMDAR) 

Glutamate induced Ca2+ entry in neurons ** P2X1-7 (ATP receptor) 
nACh receptor 

SMOC ** 
CNGA1-4, CNGB1, CNGB3   

(cyclic nucleotide gated channels) γ Believed to be responsible for hormone-stimulated Ca2+ entry 
into cells ** 

IARC (arachidonate-regulated Ca2+ channel) # 

TRP δ 

TRPA1 
Control a variety of cellular processes (secretion and 

contraction, sensory transduction, vasorelaxation in vascular 
endothelium, vasodilation, pain sensation, cold 

sensation ,osmolarity sensing with thermal modulation etc.) δ 

TRPC1-7 (TRPC) 
TRPM1-8 (TRPM) 

TRPML1-3 (TRPML) 
TRPP 1-3 (TRPP) 
TRPV1-6 (TRPV) 

Intra-
cellular 

IP3R IP3R1, IP3R2, IP3R3 Fertilisation, contraction, cell metabolism, vesicle and fluid 
secretion and information processing in neuronal cells ^ 

RyR RyR1, RyR2, RyR3 Mainly for ECC in skeletal and cardiac muscle and 
neurotransmitter release § 

TPC ε TPC1, TPC2, TPC3 (NAADP receptors) Ca2+ release from lysosome-related acidic organelle to trigger 
further Ca2+ signals via ER/SR ε 
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1.4.1. Calcium entry from extracellular source 

 

This section provides a list of established Ca2+ entry mechanism for increasing 

[Ca2+]i externally via Ca2+ release from extracellular Ca2+ channels located on the 

plasma membrane. 

 

Ca2+ entry from the outside of the cell is driven by a large electrochemical 

gradient across the plasma membrane (Berridge et al., 2003).  Cells use this external 

source of signal by activating various entry channels with widely different properties.  

Key membrane-bound Ca2+ release channels responsible for extracellular Ca2+ entry 

across the plasma membrane include: voltage-operated channels (VOC), receptor-

operated channels (ROC), second-messenger-operated channels (SMOC) and transient 

receptor protein (TRP) ion channel family.  Please refer to Table 1-2 for more details 

about the extracellular Ca2+ release channels. 

 

1.4.2. Calcium entry from intracellular source 

 

This section describes the established Ca2+ entry mechanism for increasing 

[Ca2+]i internally via Ca2+ release from intracellular Ca2+ channels.  These channels 

include the inositol-1,4,5-trisphosphate receptors (IP3R), the ryanodine receptors (RyR) 

and the two-pore channels (TPC).  Please refer to Table 1-2 for more details about the 

extracellular Ca2+ release channels. 
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The principle internal source of Ca2+ is the ER/SR, as the system of 

endomembranes that plays a vital role in Ca2+ handling in eukaryotes (Berridge, 2002).  

There are two distinct families of intracellular Ca2+ release channels found in the 

membrane of this compartment, the IP3R and RyR.  In invertebrates (e.g. 

Caenorhabditis elegans and fruit fly), only one IP3R gene and one ryr gene are present 

whereas vertebrates have three genes from each family (Sorrentino et al., 2000).  This 

suggests that multiple genes have developed during vertebrate evolution, following the 

proposed two rounds of genome duplications that occurred in early vertebrate 

expansion (Holland et al., 1994).  Despite the significant evolution, there still remains 

a ~40% homology for IP3R and RyR at the amino acid level between C. elegans and 

other vertebrates, (Sorrentino et al., 2000).  In non-mammalian vertebrates (e.g. chick), 

two isoforms of RyR are present (Sutko et al., 1991).  Four isoforms of RyR have been 

reported in some teleosts (e.g. blue marlin and toadfish) (Franck et al., 1998), which 

may be explained by the proposed fish-specific genome duplication (Meyer and 

Schartl, 1999). 

 

Both IP3R and RyR are large tetrameric channels with a molecular weight of 

~1.2 MDa and ~2.2 MDa, respectively (Sorrentino et al., 2000).  The two families of 

ion channels are similar in structure, both have a large cytoplasmic N-terminal region 

comprise of four highly conserved MIR (Mannosyltransferase, IP3R and RyR) 

domains and two internal repeated RIH (RyR and IP3R Homology) domains, as well 

as a relatively small transmembrane (TM) C-terminal region (Ponting, 2000).  These 

two families of intracellular Ca2+ channels differ from those located on the plasma 
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membrane by their size and non-selective high conductance, cation transport 

properties, which allow for rapid release of Ca2+ into the cytoplasm (Zalk et al., 2007).  

Release of Ca2+ from ER via IP3R regulates many cellular functions, e.g. fertilisation, 

secretion, neuronal function (Berridge, 2009) and the release of Ca2+ from SR via RyR 

controls excitation-contraction coupling (ECC) during skeletal and cardiac muscle 

contraction (Takeshima et al., 1994b; Bers, 2002). 

 

Please refer to Section 1.4.2.1 for a general description on IP3R and a more 

detailed description on RyR (Section 1.4.2.2), as this is the main focus of the project. 

 

1.4.2.1. Inositol-1,4,5-trisphosphate receptors 

 

IP3Rs are predominantly found in the membrane of ER (Berridge et al., 1998).  

Upon IP3 binding, the IP3Rs are activated and lead to the release of Ca2+ from the 

internal store.  This IP3/Ca2+ pathway is often organised into characteristic spatial 

(elementary events and waves) and temporal (Ca2+ oscillations) signalling patterns to 

regulate cellular processes as diverse as fertilisation, differentiation, proliferation, 

contraction, cell metabolism and fluid secretion (Berridge, 2009). 

 

The subunits of IP3R are encoded by three genes, giving rise to the three 

subtypes of IP3R, each of which may be alternatively spliced.  The three vertebrate 

IP3R subtypes share a high degree (62-69%) of amino acid sequence homology with 

each other (Sorrentino et al., 2000).  In human, the IP3R subtypes are located on three 
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different chromosomes and alternative splicing variants have been reported for IP3R1 

(Patel et al., 1999).  IP3Rs are tetrameric complexes with an individual subunit 

molecular weight of ~300 kDa (Patel et al., 1999).  Each receptor subunit comprises of 

an N-terminal IP3 binding region, a regulatory domain and a C-terminal membrane 

spanning domain (Patel et al., 1999). 

 

1.4.2.2. Ryanodine receptors 

 

RyRs are a family of important ion channels responsible for the regulated 

release of Ca2+ from intracellular sources into the cytosol to increase [Ca2+]i (Sutko 

and Airey, 1996).  They are named after the insecticidal alkaloid ryanodine (Figure 

1-3), isolated from the ground stems of Ryania speciosa (a native plant of tropical 

America), to which they show nanomolar affinity (Fleischer et al., 1985).  RyR is 

highly enriched in skeletal and cardiac muscle, or more precisely, the regions of the 

junctional terminal cisternae on the SR membrane that interact with the plasma 

membrane/transverse-tubule system (Fleischer et al., 1985; Inui et al., 1988; Saito et 

al., 1988).  It has been almost 20 years since the three RyR isoforms were identified by 

cDNA cloning.  Three isoforms of the RyR (i.e. RyR1, RyR2 and RyR3) were first 

cloned from mammalian skeletal muscle (Takeshima et al., 1989), cardiac muscle 

(Marks et al., 1989), rabbit brain and a mink lung epithelial cell line (Hakamata et al., 

1992; Giannini et al., 1992), respectively.  Other RyR orthologues have been 

identified in invertebrates such as fruit fly (Takeshima et al., 1994a) and 

Hemicentrotus pulcherrimus (sea urchin, Shiwa et al., 2002), which appear to have 
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only one RyR.  In addition, similar RyR isoforms were identified in non-mammalian 

vertebrates, such as bullfrog and chick (Oyamada et al., 1994; Sutko et al., 1991), 

these organisms only express two isoforms, RyRα and RyRβ, that appear to be 

orthologues of the mammalian RyR1 and RyR3, respectively (Oyamada et al., 1994; 

Ottini et al., 1996).  Furthermore, four to five isoforms of RyR has been reported in 

some teleosts (e.g. blue marlin, toadfish, bichir and zebrafish; Franck et al., 1998; 

Hirata et al., 2007; Darbandi and Franck, 2009).  The presence of the RyR from 

invertebrates to vertebrates suggests that this ion channel might have an important role 

in mediating intracellular Ca2+ signals required for development, in addition to its well 

established role in ECC. 

 

 
 

Figure 1-3. Structure of ryanodine. 

 

 

The three mammalian isoforms of the RyR are encoded by three distinct genes 

(RyR type 1 (ryr1), RyR type 2 (ryr2) and RyR type 3 (ryr3) and the protein products 

share ~70% peptide sequence homology (Rossi and Sorrentino, 2002).  The three ryr 
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gene products show differential expression: RyR1 is pre-dominantly expressed in 

skeletal muscle and at lower level in smooth muscle, testis, adrenal gland, spleen and 

ovary (Takeshima et al., 1989; Zalk et al., 2007).  RyR2 is most abundant in the 

cardiac muscle (myocardium), lung and somata of most neurons (Marks et al., 1989; 

Nakai et al., 1990; Kuwajima et al., 1992; Zalk et al., 2007) and at lower levels in the 

stomach, thymus, adrenal gland and ovaries (Giannini et al., 1995).  RyR3 is found to 

be expressed at a relatively low level in the skeletal muscle, slow twitch skeletal 

muscle, smooth muscle of uterus, heart, testis, as well as several abdominal organs 

such as spleen, diaphragm (Hakamata et al., 1992; Ottini et al., 1996; Zalk et al., 

2007).  In addition, all the three RyR isoforms are expressed in the mammalian brain: 

RyR1 is enriched in the cerebellum (Purkinje cells), RyR2 is predominantly expressed 

in the hippocampus (dentate gyrus) and RyR3 is expressed in the basal ganglia and 

olfactory bulbs (Giannini et al., 1995; Furuichi et al., 1994; Balschun et al., 1999).  

Furthermore, it has been reported that all the three RyR presented in smooth muscle 

cells and neurons (Neylon et al., 1995; Zalk et al., 2007). 

 

In humans, these three genes are located on separate chromosomes: ryr1, ryr2 

and ryr3 gene are on chromosome 19, 1 and 15, spanning 104, 102 and 103 exons, 

respectively (Table 1-3).  In addition, it has been identified that mutations in ryr1 are 

the cause of several debilitating human skeletal myopathies (central core disease 

OMIM no.117,000, malignant hyperthermia OMIM no. 145,600, multi mini-core 

disease OMIM no.602,771 and nemaline rod myopathy OMIM no. 161,800), while 

mutations in ryr2 cause exercise-induced sudden cardiac death (catecholaminergic 
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polymorphic ventricular tachycardia OMIM no.604,772 and arrhythmogenic right 

ventricular dysplasia type 2 OMIM no.600,996) (Hamilton, 2005).  Table 1-3 provides 

the tissue distribution data and associated human diseases for the three mammalian 

isoforms of the RyR. 

 

In summary, invertebrates have one RyR, non-mammalian vertebrates have 

two RyRs, mammalian vertebrates have three RyRs and teleosts contain four to five 

RyRs, which indicated the significance of this ion channel throughout the animal 

kingdom, despite a more clear evolutionary relationship for RyR remain to be 

established.  In the next section, the structure, function and modulation of the RyR will 

be covered.  This is followed by the current view on the role of RyR during embryonic 

development. 

 

 

 

Table 1-3. Summary of RyR tissue expressions and associated human diseases.  

References: 1 Ensembl Database for human RyR1 to RyR3 (http://www.ensembl.org/ 

Homo_sapiens/Gene/Family/Genes?family=ENSFM00250000000332);  2 Takeshima 

et al., 1989; 3 Marks et al., 1989; 4 Ottini et al., 1996; 5 Oyamada et al., 1994; 6 Fujii et 

al., 1991; 7 Shuaib et al., 1987; 8 Monnier et al., 2000; 9 Guis et al., 2004; 10 NCBI 

OMIM database (http://www.ncbi.nlm.nih.gov/omim); 11 Priori et al., 2001; 12 Tiso et 

al., 2001; * Please refer to text for detail. 

 

http://www.ensembl.org/Homo_sapiens/Gene/Family/Genes?family=ENSFM00250000000332�
http://www.ensembl.org/Homo_sapiens/Gene/Family/Genes?family=ENSFM00250000000332�
http://www.ncbi.nlm.nih.gov/omim�
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Table 1-3. 

 

Ryanodine Receptors 
Isoforms Splice 

variants 1 
Genome 
location 1 

Number 
of exons 1 Mammalian expressions Species Associated human 

diseases 

RyR1 3* Chromosome 
19: 43.62m 105-106 

Mainly in skeletal muscle 2, 
cerebrum and cerebellum, also in 

adrenal gland, ovary, smooth 
muscle, spleen and testis at low 

levels * 

Mammalian 
vertebrates, 

non-mammalian 
vertebrates 

(RyRα) 4,5 and 
invertebrates 

Malignant hyperthermia 6, 
Central core disease 7,8, 

Multi-minicore disease 9, 
Nemaline rod myopathy 10 

RyR2 3 Chromosome 
1: 235.27m 105 

Mainly in cardiac muscle 3, brain 
(hippocampus, cerebrum and 

cerebellum), lung and somata of 
most neurons and also in adrenal 

gland, ovary, smooth muscle, 
stomach and thymus at low levels * 

Vertebrates 

Catecholaminergic 
polymorphic ventricular 

tachycardia 11, 
Arrhythmogenic right 
ventricular dysplasia 12 

RyR3 4 Chromosome 
15: 31.39m 103-105 

Many tissues at low levels *: 
brain (basal ganglia, cerebrum, 
cerebellum and olfactory bulb), 

diaphragm, heart, neuron, 
skeletal muscle, slow twitch 

skeletal muscle, smooth muscle, 
spleen and testis 

Mammalian 
vertebrates, 

non-mammalian 
vertebrates 

(RyRβ) 4,5 and 
invertebrates 

No information 
associated 

to date 
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1.4.2.2.1. Structure of ryanodine receptors 

 

Before RyR cDNA cloning in the late 1980s, there was evidence for the 

existence of a ryanodine-sensitive Ca2+ release channel in the junctional terminal 

cisternae of SR, however its structure, molecular mass and subunit composition was 

completely unknown.  Since then, cDNA cloning of the RyR has been performed for 

all the three RyR isoforms (Section 1.4.2.2).  From the deduced amino acid sequence 

provided by cDNA cloning, the molecular weight of these channels was revealed and 

the functional channel appeared to be a homotetramer comprised of four RyR 

monomeric subunits (Lai et al., 1989).  Indeed, cloning of the RyR cDNA has 

revolutionised the study of RyR, as it has enabled the functional expression of the 

channel and site-directed mutagenesis to identify specific domains required for its 

mode of action. 

 

Functional RyR consists of a cluster of four identical monomers (each with a 

molecular mass of ~565 kDa), assembled into a homo-tetrameric Ca2+ release channel 

complex that orientates as a square around a central pore, making it the largest (~2.2 

MDa) and the most structurally complex ion channel known.  Each monomeric RyR 

subunit comprises of a large N-terminal cytoplasmic domain (~ 4/5 of the protein), a 

luminal domain and TM spanning domains near the C-terminus (Hamilton, 2005).  

The large N-terminal cytoplasmic domains of RyR are responsible for modulating the 

gating of the channel pore located in the C terminus (Zalk et al., 2007).  Furthermore, 

the N terminus forms a large cytosolic scaffold, which interacts with regulatory 



 

55 
 

proteins to create a macromolecular signalling complex (See Section 1.4.2.2.3 on 

modulation; Zalk et al., 2007).  However, the RyR TM and pore-forming region 

topology remain partially unresolved due to a lack of structural evidence, although 4 to 

12 transmembrane domains have been predicted (Takeshima et al., 1989; Zorzato et 

al., 1990; Du et al., 2002).  Du and colleagues conducted a prediction analysis of the 

RyR membrane topology from the primary amino acid sequence and showed that the 

TM domains are clustered at the C-terminal of the channel (Du et al., 2002).  This 

finding is supported by the experiment conducted by Bhat and colleagues, where they 

have expressed a truncated RyR construct containing 1,030 C-terminal amino acids 

and formed a Ca2+ sensitive channel (Bhat et al., 1997).  Based on Du and colleagues’ 

topological model, it was proposed that the C-terminus of RyR contains 6 to 8 TM (i.e. 

M4a/M4b, M5, M6, M7a/M7b, M8 and M10) segments with M9 (pore-segment) 

inserted between M8 and M10 as a selectivity filter that comprises the pore-forming 

region, allowing Ca2+ to transverse the membrane (Du et al., 2002).  This model 

proposed by Du and colleagues is analogous to tetrameric potassium channels and it 

still remains as the current topological model. 

 

Due to the lack of structural information for the RyR, the structure and 

function relationship of the receptors could only be hypothesised according to the 

peptides sequence of specific protein domains.  Over the past 10 years, several studies 

have attempted to elucidate the structure of this giant macromolecular signalling 

complex and address this gap in the knowledge base.  Initially, the use of single-

particle electron cryo-microscopy (cryo-EM) managed to produce a resolution (~30Å) 
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that allows researchers to observe the organised RyR in highly structured arrays in the 

muscle cells (Radermacher et al., 1992).  With the improvements in cryo-specimen 

preparation, image processing, instrumentation and three-dimension reconstruction 

techniques, there has been a major breakthrough in cryo-EM, which has allowed the 

production of high resolution reconstructions of RyR1 (at 9.6Å; Ludtke et al., 2005).  

RyR are found to have a mushroom shape with 4-fold symmetry (Ludtke et al., 2005) 

containing a large N-terminal cytoplasmic assembly (280 X 280 X 120Å) connected to 

the transmembrane (TM) region by a stalk-like structure (Hamilton and Serysheva, 

2009).  The corners of the cytoplasmic assembly are interconnected to form a 

continuous network between the central rim and the cytoplasmic stalk-like structure 

via several bridging densities (Hamilton and Serysheva, 2009).  The TM region (120 X 

120 X 60Å) is rotated by ~40° with respect to the cytoplasmic region.  Recent studies 

have provided the best resolution (~10Å) structures of RyR1 to date (Ludtke et al., 

2005; Samsó et al., 2005), however it remains impossible to elucidate the number of 

TM helices based on the current level of resolution in the three-dimensional structure 

(Hamilton and Serysheva, 2009).  Therefore, breakthroughs in the resolution of RyR 

structure to gain further insight into its function remain as one of the future challenges. 

 

1.4.2.2.2. Established functions of ryanodine receptors in adulthood 

 

As discussed previously, RyR are membrane-bound intracellular Ca2+ release 

channels that modulate Ca2+ efflux from the internal stores into the cytoplasm to 

increase [Ca2+]i.  The receptors are important in several fundamental biological 
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processes, of which ECC in muscle is the most well defined to date (Bers, 2002).  

However, RyRs have also been implicated in other functions, such as the release of 

neurotransmitter (Mothet et al., 1998), synaptic plasticity (Futatsugi et al., 1999; in 

hippocampus (Hidalgo, 2005) and gene expression in neurons and skeletal muscle 

(Berridge et al., 1998; Carrasco et al., 2004). 

 

Among these described, RyR role in ECC is the best defined to date.  In adults, 

ECC is the physiological process that begins with neuron induced depolarisation of the 

muscle fibre membrane (excitation) and results in actin and myosin interaction within 

the cytosol (contraction) (Sandow, 1952).  A nerve-generated action potential 

produced within the sarcolemma is transmitted deep into the cell body along 

transverse-tubule membranes and this causes the opening of RyR and the rapid release 

of Ca2+ from the ryanodine-sensitive Ca2+ stores of the SR into the sarcoplasm 

(Takeshima et al., 1994b).  As a result, the cytosolic [Ca2+]i increases spontaneously 

and facilitates the binding of Ca2+ to troponin C, which in turn reveals the myosin-

binding site on the actin myofilaments, enabling cross bridge formation to occur, 

leading to muscle contraction (Huxley, 1969; Huxley, 1973). 

 

The activation of RyR in ECC differs according to the type of muscle in which 

it is located.  In skeletal muscle, the release of Ca2+ from skeletal SR occurs by the 

direct coupling (i.e. allosteric protein-protein interaction) of RyR with the L-type VOC 

(dihydropyridine receptors (DHPR); Cav1.1) within the Ca2+ release unit (Flucher and 

Franzini-Armstrong, 1996; Franzini-Armstrong, 2004).  DHPR are located at the 
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sarcolemma and transverse-tubule membrane and act as both voltage sensors and Ca2+ 

channels (Beam et al., 1992), to modulate RyR1 gating (Fill and Copello, 2002; 

Flucher and Franzini-Armstrong, 1996).  During skeletal muscle ECC, membrane 

depolarisation causes a conformational change in the Cav1.1 which is detected by the 

RyR, releasing Ca2+ from the SR via the depolarisation-induced Ca2+ release (DICR) 

mechanism (Sutko and Airey, 1996).  In cardiac muscle, the depolarisation of the 

sarcolemma in muscle fibres activates the L-type VOC, Cav1.2 to allow a small influx 

of extracellular Ca2+ to enter the cells (Bers, 2002).  The entry of Ca2+ in turn triggers 

the release of Ca2+ from cardiac RyR (i.e. RyR2) via a Ca2+-induced Ca2+ release 

(CICR) mechanism (Cheng et al., 1993; Bers, 2002).  CICR is an autocatalytic ligand-

dependent mechanism in which the action of cytoplasmic Ca2+ (i.e. the ligand) itself 

activates Ca2+ release from internal stores via RyR2 at a slower release rate, when 

compared with protein-mediated activation of RyR1 in skeletal muscle (Endo, 1977; 

Endo, 2009).  It has been shown that the Ca2+ spark (caused by a cluster of RyRs 

opening) is the elementary Ca2+ signalling event of ECC in cardiac muscle (Cheng et 

al., 1993). 

 

1.4.2.2.3. Modulation of ryanodine receptors 

 

Like the IP3Rs, the N-terminal cytoplasmic domain of the RyR serves as a 

large scaffold for protein-protein interactions.  A host of regulatory proteins and 

ligands can bind to and modulate the gating of the channel pore located in the C-

terminus, thus controlling the channel’s activity under physiological conditions.  These 
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regulatory proteins include calmodulin (CaM), phosphodiesterases (PDE4D3), kinases 

(protein kinase A and CaM kinase II), phosphatases (PP1 and PP2A), calstabin1 

(FK506 binding protein 12, FKBP12) and calstabin2 (FK506 binding protein 12.6, 

FKBP12.6), as well as other ligands such as Ca2+, Mg2+, ATP, cyclic ADP ribose and 

post-translational modifications (e.g. phosphorylation, oxidation, nitrosylation) (Zalk 

et al., 2007). 

 

CaM is a Ca2+ binding protein that binds to both RyR1 and RyR2 monomers.  

At nM [Ca2+], Ca2+ free CaM is a partial agonist to RyR1, whereas at higher [Ca2+], 

Ca2+ bound CaM function as an inhibitor (Tripathy et al., 1995).  In contrast to RyR1, 

CaM binding inhibits RyR2 at all concentrations (Meissner and Henderson, 1987); 

PDE4D3 associates with RyR through muscle A-kinase-anchoring protein to promote 

tight regulation of RyR2 phosphorylation (Lehnart et al., 2005); in general, kinase 

phosphorylation and phosphatase dephosphorylation lead to increase and decrease in 

RyR channel activity, respectively (Zalk et al., 2007).  Calstabin1 and calstabin2 are 

enzymes that stabilise the RyR1 and RyR3, and RyR2 in the closed-state confirmation, 

respectively (Brillantes et al., 1994a; Zalk et al., 2007).  Ca2+ itself is the native 

activator for CICR and all the three RyR show CICR activity (Endo, 1977; Endo, 

2009).  At very low concentrations (nM range) Ca2+ can activate RyR1, RyR2 and 

RyR3 (Bezprozvanny et al., 1991), whereas at higher concentrations (~1mM) it 

inhibits RyR1 to a higher extent than that of RyR2 and RyR3 (Fill and Copello, 2002).  

Cytosolic Mg2+ inhibits RyR activity, either by competing with Ca2+ or by binding to 

specific inhibition sites (Laver et al., 1997). 
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Furthermore, there are several pharmacological substances that regulate RyR 

channel-open probability, including caffeine, ryanodine, heparin etc (Xu et al., 1998).  

Caffeine is a typical purine alkaloid that is produced in a variety of plants (Ashihara 

and Crozier, 1999).  It is an effective activator, which increases both the RyR mean 

open time and open probability thereby controlling the release of intracellular Ca2+ and 

regulating the activity of RyR (Zalk et al., 2007).  Ryanodine is an alkaloid that binds 

to the channel with high affinity at low concentrations and locks the channel open in a 

subconducting state, whereas at higher concentrations it causes the channel to close 

and inhibit Ca2+ release (Sutko et al., 1985; Buck et al., 1992). 

 

1.4.2.2.4. Ryanodine receptors expressions and their roles during embryonic 

development 

 

As mentioned previously in section 1.4.2.2.2, RyR has been reported to be 

involved in several fundamental processes in mature systems, mostly notably is its 

function in muscle contraction.  However, over the last decade, there is accumulating 

evidence to show that RyR has a differential expression during development, it has 

been suggested that RyR are likely to possess a wider physiological function than 

solely in ECC.  Taken together with the technological advancements in the field of 

embryonic Ca2+ signalling, it is an exciting time to explore the role of RyR during 

embryonic development.  In this section, information regarding RyR early expression 

and current views on their role in embryonic development will be discussed, using 

both in vivo and in vitro examples from various species. 
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The potential role that RyR plays in development has been investigated for 

more than a decade.  There is evidence indicating RyRs are differentially expressed 

during embryonic development and linked to several aspects of development, 

particularly muscle development (Brennan et al., 2005).  The introduction of targeted 

gene knockout (KO) technology in the late 1980s has helped the generation of 

genetically engineered mouse models to enhance our understanding of the RyR 

channels and their roles.  RyR mouse lines include the RyR1-KO (Takeshima et al., 

1994b), RyR2-KO (Takeshima et al., 1998), RyR3-KO (Takeshima et al., 1996; 

Bertocchini et al., 1997) and a RyR1 and RyR3-double KO (Ikemoto et al., 1997; 

Barone et al., 1998) mice model.  In mice, RyR1 is expressed in the embryonic 

skeletal muscle (Rosemblit et al., 1999).  Homozygous RyR1 KO (skrrm1) mice have 

severe abnormalities in their skeletal muscle, including reduced muscular mass, 

impaired maturation of muscle fibres and a lack of ECC (Takeshima et al., 1994b).  In 

addition, these mice die at birth/perinatally (i.e. three months before to one month after 

birth) as a result of respiratory failure; RyR2 is expressed in the mice embryonic 

cardiac muscle (Rosemblit et al., 1999).  RyR2 KO mice are embryonic lethal and the 

cardiomyocytes show no SR Ca2+ release (Takeshima et al., 1998); RyR3 has a 

widespread expression in skeletal muscle during early development (Takeshima et al., 

1996; Bertocchini et al., 1997) and was found to decline with age (Rossi et al., 2001).  

RyR3-knockout mice are viable and fertile and appear to have no gross abnormalities 

in adult muscle function (Takeshima et al., 1996; Balschun et al., 1999).  These KO 

mice have a comparable muscular mass to the newborn wild-type and a seemingly 

normal ECC in mutant muscles.  However, their skeletal muscles showed a reduced 
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response to both electrical stimulation and caffeine during the first week after birth and 

a markedly lower amount of force was generated upon electrical stimulation in the 

skeletal muscle of the newborn RyR3 KO.  The impaired skeletal muscle function was 

only found in neonatal (i.e. one week to four weeks after birth) but not adult skeletal 

muscle of RyR3 KO mice (Bertocchini et al., 1997); in the RyR1 and RyR3 double 

KO mice, a more severe muscular degeneration phenotype was observed when 

compared to RyR1 KO mice (Ikemoto et al., 1997; Barone et al., 1998).  These 

include reduced muscular mass, de-organised myofibrils and less aligned cross-

striations, as well as signs of degeneration in muscle fibres.  Also, the skeletal muscles 

from the double KO mice show very poor capability for force generation. 

 

In light of these KO mice models, it provides an idea that RyR1 and RyR2 may 

have an important role in muscle development and maturation, while RyR3 may have 

a more substantial role in neonatal skeletal muscle early in development.  This idea is 

further supported by evidence obtained from Pisaniello and colleagues, who have 

shown that Ca2+ release from RyR is required for the differentiation of fetal myoblasts 

in vitro (Pisaniello et al., 2003). 

 

Studies from other invertebrate species have also shed light into the potential 

role that these receptors might play in development.  In invertebrates (e.g. C. elegans 

and fruit fly), one isoform of RyR is reported to be expressed.  In C. elegans, RyR is 

expressed in the embryonic muscle (Hamada et al., 2002) and it has been reported that 

RyR induced Ca2+ release is responsible for mediating periodic muscle contraction in 
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the male sexual organ, egg laying and embryogenesis (Garcia et al., 2001; Adachi and 

Kagawa, 2003).  In the fruit fly, RyR is expressed in the mesoderm of early embryos 

and in the hypodermal and visceral muscle of larvae in fruit fly, where RyR is required 

for proper muscle function and may be essential for ECC in the larval body wall 

muscles (Sullivan et al., 2000).  In non-mammalian vertebrates (e.g. chicken and 

Xenopus laevis), two isoform of RyR (i.e. RyRα and RyRβ) are expressed.  There is 

evidence suggesting that functional RyR are present in chicken skeletal and cardiac 

muscle early in embryonic development (Sutko et al., 1991; Dutro et al., 1993).  The 

RyRα null mutation (i.e. crooked neck dwarf) causes muscular dysgenesis, myofibril 

disarray and degeneration early in development, indicating that the RyR mediated 

intracellular Ca2+ signals might be essential for myofibrillogenesis (Airey et al., 1993a; 

Airey et al., 1993b).  Indeed, ryanodine treatment of cultured myocytes phenocopies 

the crooked neck dwarf mutant phenotype, further supporting the suggestion that the 

RyR contribute to myofibril assembly (Airey et al., 1993b).  In addition to its role in 

muscle, a recent study conducted in chick embryos has demonstrated a non-muscle 

role for RyRs.  It has been reported that RyR and other factors produce a left side 

enriched [Ca2+]i across the Hensen’s node to mediate its lateral identity.  In embryonic 

Xenopus laevis skeletal myocytes, Ca2+ transients generated from RyR play an 

important role in myofibrillogenesis and in the formation of somitic boundaries within 

the segmenting somite in vivo (Ferrari and Spitzer, 1999).  The duration, frequency 

and incidence of the Ca2+ transients observed in vivo closely match those of the 

cultured myocytes, further supporting its role in the establishment or maturation of the 

somitic furrow (Ferrari et al., 1996).  In addition, RyR dependent signals are required 
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during myofibrillogenesis for the assembly of the myosin thick filament (A band), 

actin thin filaments, titin and capZ (Ferrari et al., 1998; Li et al., 2004). 

 

Finally and of most relevance to the work presented in this thesis, a number of 

studies conducted in zebrafish have suggested a role for RyR mediated Ca2+ signals in 

embryogenesis.  The first study of RyRs in zebrafish came to light in 2001, when 

Koulen and colleagues demonstrated that the biophysical properties and 

pharmacological regulation of the zebrafish RyR is similar to other vertebrate species, 

including mammals (Koulen et al., 2001).  This provided the first evidence to support 

the potential use of zebrafish as a comparative model to study RyR.  In 2005, Brennan 

and colleagues revealed a role for RyR mediated Ca2+ signal in the myofibrils 

organisation of the zebrafish slow muscle fibres (Brennan et al., 2005).  More recently, 

Hirata and colleagues has suggested that there are five RyR in zebrafish based on 

radiation hybrid mapping (Hirata et al., 2007).  In addition, the group employed gene 

knockdown technology to target ryr1b gene in zebrafish and showed a slow swimming 

behaviour in response to tactile stimulation.  Analysis suggested that the resulting 

phenotype was due to weak contractions of trunk muscles as a result of impaired ECC, 

which indicates a defect in the muscle.  In 2008, Jurynec and colleagues showed both 

RyR and Selenoprotein N are required for the same cellular differentiation events (e.g. 

muscle pioneers and slow muscle fibre formation, as well as expression of muscle 

lineage genes) and normal Ca2+ fluxes in the embryo (Jurynec et al., 2008). 

 



 

65 
 

In summary, Ca2+ signals are known to be important in the control of 

embryogenesis, this is becoming increasingly matched by the number of reports 

revealing developmental roles for RyRs, most notably during muscle development.  

However, it remains unclear that (1) Which of these early Ca2+ signals generated are 

from the RyR? (2) What are these RyR mediated Ca2+ signals are for? (3) Which 

process/processes RyR regulate in early development and if this includes non-muscle 

related ones? (4) Which of these RyR isoform is/are responsible for the release of 

these Ca2+ signals?  These unanswered questions call for more extensive research into 

the role of RyR during development.  The zebrafish provides an excellent in vivo 

model system for addressing these questions.  In the next section, the zebrafish model 

is introduced and its benefits for the study of this family of important intracellular ion 

channel in vertebrate development are discussed in further detail (Section 1.5). 

 

1.5. Zebrafish as an in vivo vertebrate model for studying RyR 

during embryonic development 

 

All the experiments described in this thesis use zebrafish as an in vivo 

vertebrate model for studying development.  The zebrafish, Danio rerio, is a tropical 

freshwater fish that belongs to the family Cyprinidae of the order Cypriniformes which 

is native to the streams of south-eastern Himalayan region and the Ganges region in 

Eastern India (http://en.wikipedia.org/wiki/Zebrafish).  It was first described by 

Francis Buchanan-Hamilton in 1822 in a publication entitled ‘An account of the fishes 

http://en.wikipedia.org/wiki/Zebrafish�


 

66 
 

found in the river Ganges and its branches’ (Hamilton, 1822).  Zebrafish is so named 

because of its five uniform, pigmented, horizontal blue stripes on the side of the body, 

all of which extend to the end of the caudal fin.  Male zebrafish are torpedo-shaped 

with gold stripes between the blue stripes whereas female zebrafish have a relatively 

larger, white-coloured belly with silver stripes between the blue stripes.  Generally, the 

zebrafish has a life-span in captivity of around two to three years.  There are many 

characteristics that make this organism an ideal model system to study vertebrate 

development (to be discussed below).  Indeed, these advantages inspired George 

Streisinger to pioneer the use of zebrafish as an experimental model for developmental 

biology in the 1970s at the University of Oregon.  The use of the zebrafish in both 

biological and biomedical research has since rapidly expanded over time (and it is 

indeed still expanding), suggesting zebrafish is a popular model for researchers. 

 

Zebrafish is a small and robust fish that is readily available and easy to 

maintain.  Most importantly of all, it is a vertebrate and that makes it a valuable model 

for the study of vertebrate development.  Although there is a great diversity in animals, 

the early development of most animals proceeds through a common series of events 

that includes fertilisation, cleavage, blastula, gastrulation, neurulation, somitogenesis 

and organogenesis. 

 

The relatively small numbers of cells contributing to each organ or tissue in 

zebrafish has proved an advantage for the analysis of many developmental processes, 

including the formation of the brain, heart and nervous system.  Zebrafish embryos are 
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relatively permeable to small polar molecules added to the water, which helps with the 

application of pharmacological substances or drugs to study specific responses, as well 

as to study of the interaction between genes and environment.  In addition, zebrafish 

have a relatively short generation time and it reaches sexual maturity within three 

months.  It has a very high fecundity and breeds all year round.  A single pair of 

sexually matured zebrafish can produce more than one hundred synchronously 

developing embryos from each hatch.  The zebrafish embryos are born and develop 

externally (i.e. outside the mother), which makes manipulating the embryos easy.  

Furthermore, wild type zebrafish embryos are completely transparent for the first 26 

hours of development and chemical (i.e. PTU) can be applied to inhibit the 

pigmentation at later stages.  This gives zebrafish another major advantage over other 

organisms, not only does it allow researchers easy observation of living embryos with 

light microscopy; but also facilitates the monitoring of cell behaviour and direct 

visualisation of dynamic events in real time in vivo (e.g. cell migration and Ca2+ 

transients throughout the course of development; Fetcho and Bhatt, 2004; Ashworth, 

2004).  These advantages may explain why most of the Ca2+ live imaging was 

performed mainly in embryos from zebrafish and Xenopus laevis, as they offer greater 

potential for understanding the integration of Ca2+ transients with other developmental 

signalling networks.  The transparency of the zebrafish embryos also helps in the 

analysis of mutations, as changes in phenotype can be monitored at the cellular level 

within the living animal.  Furthermore, the transparency of embryos allows analytical 

techniques such as in situ hybridisation (ISH) and immunocytochemistry (ICC), to be 

performed on the whole embryo to obtain important spatial information. 
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Zebrafish mutants serve as animal models of human disorders (Bassett and 

Currie, 2003).  Individual cells can be visualised by the injection of vital dyes that 

label cell membranes or nuclei in the embryo allowing for the analysis of cell lineage, 

as well as facilitating the mutagenesis screening.  It was the ability to carry out large 

scale mutagenesis screens in zebrafish, similar to those used in fruit fly (Nusslein-

Volhard and Wieschaus, 1980) and C. elegans (Brenner, 1974) that revolutionised the 

use of this organism as a developmental model system.  Zebrafish is the only 

vertebrate system to date in which it has been possible to carry out such large scale 

mutant screens, this makes zebrafish an ideal system in which to analyse the role of 

specific gene products in regulating the cell behaviour that underlie development.  

Moreover, the sequencing of the zebrafish genome is almost completed, allowing the 

identification of new genes.  On the 10th of November 2010, the Sanger Institute has 

announced the release of the ninth assembly of the genome Zv9 assembly, which 

comprises a total sequence length of 1,412,464,843 base pairs in 4,560 scaffolds 

(http://www.sanger.ac.uk/Projects/D_rerio/Zv9_assembly_information.shtml).  Finally, 

another use of zebrafish embryos that has revolutionised the field of developmental 

biology is its ability to knockdown a gene of interest early in development by 

antisense morpholino oligonucleotides (MO; Section 5.1).  With aid of careful post-

injection analysis, the normal biological function of a gene can be revealed. 

 

Although zebrafish is a very robust model for studying gene functions in 

vertebrate development, embryos develop asynchrony at slightly different rates even at 

the optimal temperature at 28.5ºC (Kimmel et al., 1995).  Therefore, to ensure the 

http://www.sanger.ac.uk/Projects/D_rerio/Zv9_assembly_information.shtml�
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experimental reproducibility and to facilitate effective communication between 

researchers, as well as allowing for cross-species comparisons, a universal staging 

method must be in placed to serve as a tool to provide accuracy in developmental 

studies (Kimmel et al., 1995).  In which, staging by somite number provides a more 

accurate prediction on where the specific morphological features will appear in 

development than staging either by the morphological criteria or elapsed time after 

fertilisation alone.  Particularly, the staging series for zebrafish is very useful for this 

project especially when age matching wild type and loss-of-function embryos to assess 

gene functions upon specific knockdown (See Chapter 5).  Figure 1-4 shows the 

developmental stages and staging criteria of a zebrafish as described by Kimmel and 

colleagues (Kimmel et al., 1995). 

 

In summary, its rapid external development, simple anatomy, embryonic 

transparency, availability for forward and reverse genetics analysis, as well as the 

introduction of loss-of-function mutations, make zebrafish an excellent vertebrate 

model for studying embryonic development in vivo. 
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Figure 1-4. 
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Figure 1-4. The stages of zebrafish development.  The animal pole of the embryo 

was orientated to the top in the early stages (A - P).  The anterior was orientated to the 

top for embryo at the bud stage (Q) to 20-somite stage (V) and to the left for embryo at 

the prim 5 stage (W) to early larva stage (C’).  From shield stage (N) onwards, the left 

side of the embryo is shown.  All embryos shown were dechorionated.  hpf = hours 

post fertilisation at 28.5ºC.  Figures were adopted from Gomez de la Torre Canny et 

al., 2009; legends were modified from Kimmel et al., 1995 and the images were sorted 

according to the seven broad period of embryogenesis as described by Kimmel et al., 

1995 as follow: 

 

Zygote Period   (0 – 0.75 hpf)  Stages shown: A 

Cleavage Period (0.75 – 2.25 hpf) Stages shown: B, C, D, E, F 

Blastula Period (2.25 – 5.25 hpf) Stages shown: G, H, I, J, K, L 

Gastrula Period (5.25 – 10 hpf) Stages shown: L, M, N, O, P, Q 

Segmentation Period (10 – 24 hpf)  Stages shown: Q, R, S, T, U, V, W 

Pharyngula Period (24 – 48 hpf)  Stages shown: W, X, Y, Z 

Hatching Period (48 – 72 hpf)  Stages shown: Z, A’, B’  

Early Larva Period    Stages: C’ 
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A. 1-cell zygote (0.25 hpf).  Scale bar = 250µm.  B. 4-cell stage (1 hpf).  C. 8-cell 

stage (1.25 hpf).  D. 16-cell stage (1.5 hpf).  E. 32-cell stage (1.75 hpf).  F. 64-cell 

stage (2 hpf).  G. 256-cell stage (2.5 hpf).  This is the time when the outermost layer of 

blastomeres begins to thin out and forms the enveloping cell layer (EVL).  H. High 

stage (3.3 hpf).  I. Sphere stage (4 hpf).  J. Dome stage (4.3 hpf).  The arrowhead 

indicates the process of yolk cell doming.  Epiboly begins.  K. 30% epiboly stage (4.7 

hpf).  The process of yolk cell doming can clearly visible (arrowhead).  L. 50% 

epiboly stage (5.25 hpf).  The arrowhead shows the leading edge of the blastoderm.  M. 

Germ ring stage (5.7 hpf).  The formation of the germ ring (arrowhead), which takes 

the form of a thicken ring of cells that appears simultaneously around the blastoderm 

margin.  Two germ layered structure formed, inner hypoblast (the future endoderm 

and mesoderm) and outer epiblast (dosal epiblast: the future central nervous system 

and neural keel; ventral epiblast: the future epidermal cells to cover the forming 

embryo).  N. Shield stage (6 hpf).  The embryonic shield marking the future dorsal 

side is visible, as a thickening of the germ ring to the left (arrow).  The dorsoventral 

axis can first be distinguished morphologically.  D and V are dorsal and ventral, 

respectively.  O. 75% epiboly stage (8 hpf).  The arrow indicates the thin evacuation 

zone on the ventral side.  P. 90% epiboly stage (9 hpf).  The tail bud (arrow) starts to 

become visible.  Q. Bud stage (10 hpf).  The arrow shows the polster and the 

arrowhead shows the tail bud.  At this stage, the yolk disappears completely as epiboly 

ends and this marks the end of gastrulation.  Ant. and Pos. are anterior and posterior, 

respectively.  R. 2-somite stage (10.7 hpf).  Somites are the first segmented structures 

to form as the paraxial mesoderm becomes divided into metameric subunits.  The 

arrow indicates the posterior boundary of somite 2.  Somite 1 is developing a clear 

anterior boundary.  S. 5-somite stage (11.7 hpf).  Somite 1 is formed with a clear 

anterior boundary.  T. 10-somite stage (14 hpf).  The optic primordium has a 

prominent horizontal crease (arrow).  The midbrain rudiment lies dorsal and posterior 

to the optic primordium.  The segmental plate, developing paraxial mesoderm 

posterior to the somite row is clearly delineated.  U. 15-somite stage (16.5 hpf).  

Somites develop into a chevron shape.  The yolk shapes like a kidney bean.  The 

formation of yolk extension is visible.  The arrow shows the Kupffer’s vesicles.  V. 
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20-somite stage (19 hpf).  The arrow indicates the otic vesicle.  W. Prim 5 stage (24 

hpf).  The brain is prominently sculptured.  The length of the yolk extension just 

equals the greatest diameter of the yolk ball.  Scale bar = 250µm.  X. Prim 15 stage 

(30 hpf).  Melanophores extend from the level of hindbrain to about the end of the 

yolk ball.  Y. Prim 25 stage (36 hpf).  Pigment extends to almost the end of the tail.  

The arrow indicates the ventral horn of melanophores.  Z. Long pec stage (48 hpf).  

Pigment extends to almost the end of the tail.  A’. Pec fin stage (60 hpf).  B’. 

Protruding mouth stage (72 hpf).  C’. Early larva stage (120 hpf). 

 

 

1.6. Project aim and objectives 

 

The central aim of this project is to investigate the biological function of RyR 

during embryonic and larval development using zebrafish as a vertebrate model.  As 

defined previously, Ca2+ signalling is known to play a critical role throughout 

development.  Endogenous Ca2+ signals have been visualised at specific stages 

throughout embryogenesis (from fertilisation through patterning to morphogenesis and 

differentiation of various tissues types); however, the underlying regulation and 

activation mechanisms of Ca2+ dependent pathways in the embryo have not been 

complete revealed.  RyR is one of the major players in the Ca2+ signalling tool kit and 

is well known for its role in regulating Ca2+ entry into the cytosol. 

 

Despite the fact that there is supporting evidence that RyR contribute to 

development, precise information regarding the ryr genes as well as their relative 

expression in zebrafish embryogenesis is currently not well known.  Knowledge in this 
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area will greatly facilitate a more comprehensive understanding of the action of this 

Ca2+ release channel throughout development in vivo. 

 

In order to investigate the contribution of RyR channels in development, the 

project was divided into four objectives: 

 

The primary objective was to identify and characterise all the RyR paralogues 

that are present in the zebrafish genome by using a comparative bioinformatics 

approach (as described in Chapter 3).  This section includes a description of the 

evolutionary relationship of RyR and shared homology between the zebrafish and 

human RyRs. 

 

The second objective was to conduct a temporal and spatial description of the 

ryrs expression, this provided important ground work leading into the functional 

characterisation of RyR (as described in Chapter 4).  This chapter includes a 

description of the temporal gene expression pattern of the ryr family members in wild 

type zebrafish throughout development using semi-quantitative end-point PCR.  Also 

included is a detailed description of the spatial gene expression patterns of the ryr 

family members during the first 48 hpf in the wild type zebrafish using ISH analysis. 

 

In the light of results obtained in Chapter 3 and Chapter 4, Chapter 5 has tested 

the hypothesis that RyR has a functional role in development in vivo.  Specifically the 

work in this chapter investigates the consequences of ryr3 gene knockdown during 
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early embryogenesis, using specifically designed antisense MO that inhibit gene 

function by blocking mRNA translation. 

 

Finally, Chapter 6 describes the production and characterisation of isoform 

specific RyR antibodies (ISRA), to use as a tool to confirm the overlapping expression 

of RyR in zebrafish and monitor individual RyR proteins, work that would 

complement the study conducted in Chapter 5. 

 

In conclusion, this research is important because it will help us to understand 

the function of RyR in mediating embryonic Ca2+ signalling, which will pave the way 

for a more comprehensive understanding of the role of RyR during zebrafish early 

embryonic and larval development in comparison to other vertebrates and 

invertebrates systems. 
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CHAPTER 2 

2. MATERIALS AND METHODS 
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2.1. Materials 

2.1.1. Zebrafish (Danio rerio) 

 

Wild type (WT) zebrafish strains (Tuebingen and Tupfel long fin) were bred 

and raised in-house at the zebrafish facility of Queen Mary College, University of 

London, UK.  Smoothened (smo) mutants were received as a gift from Prof. Simon 

Hughes at the King’s College London, University of London, UK. 

 

2.1.2. Primers and oligonucleotides 

 

All the PCR primers used in this study were purchased from Eurofins MWG 

Operons, Germany.  Antisense morpholino oligonucleotides were purchased from 

Gene Tools LLC, USA. 

 

2.1.3. Antibodies 

 

The antibodies 34C, F59, MF20 and Znp1 developed by J. Airey/J. Sutko, F.E. 

Stockdale, D.A. Fischman and B. Trevarrow respectively, were obtained from 

Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by the University of Iowa, Department of Biology, Iowa City, IA 

52242.  Goat anti-mouse IgG Cy™5 linked secondary antibody was purchased from 
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Amersham, Buckinghamshire, UK.  Polyclonal goat anti-rabbit IgG HRP affinity 

isolated secondary antibody was purchased from Dako, USA.  Goat anti-rabbit IgG 

(H+L) Alexa Fluor® 488nm linked secondary antibody was purchased from Invitrogen, 

UK.  The goat anti-mouse IgG (H+L) HRP conjugated and goat anti-rabbit IgG (H+L) 

HRP conjugated secondary antibodies were obtained from Merck, Germany.  The AP 

conjugated anti-DIG antibody and AP conjugated anti-Fluorescein antibody were 

purchased from Roche Diagnostics, UK.  The goat anti-rabbit IgG (H+L) AP 

conjugated affinity purified secondary antibody was obtained from Vector Labs, USA. 

 

2.1.4. Chemicals and reagents 

 

All chemicals were purchased from Merck, Roche or Sigma-Aldrich.  

Acrylamide-Bis-acrylamide (37.5:1) stock solution, aprotinin, leupeptin, PMSF, 

TEMED and trypsin inhibitor were obtained from Sigma. 

 

myhz1 and nkx2.5 plasmid DNA were received as a gift from Dr Yaniv Hintis 

(Prof. Simon Hughes Lab).  cmlc2 and vmhc1 plasmid DNA were received as a gift 

from Ms Ana Filipa C. Simões (Prof. Roger Patient’s Lab).  BIOTAQ™ DNA 

polymerase dNTPs Mix, HyperLadder I and HyperLadder IV were obtained from 

Bioline, UK.  Precision Plus Protein™ Standards (Catalogue #161-0318 and #161-

0373) were obtained from Bio-Rad, UK.  Hybond™-N+ nitrocellulose membrane, 

Hybond™-P PVDF membrane and ECL™ Western Blotting Detection Reagents kit 

were obtained from GE Healthcare, UK.  TRIZOL® Reagent stock solution and 
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Cloned AMV First-Strand cDNA Synthesis Kit were obtained from Invitrogen, UK.  

E.Z.N.A.® RNA Probe Purification kit was purchased from Omega Bio-tek, USA.  

Access RT-PCR kit and DNase I was obtained from Promega, UK.  Restriction 

enzymes (BamHI, EcoRI, NotI, SacII, SalI, SpeI and SphI) were obtained from both 

NEB and Promega, UK.  DNeasy® Blood & Tissue kit, QIAprep Spin Miniprep kit 

and HiSpeed® Plasmid Maxi kit were purchased from Qiagen, UK.  BCIP solution, 

BM Purple, DIG-11-UTP, Fluorescein-12-UTP, Fast Red tablets, NBT solution, NTPs 

Mix, SP6 and T7 RNA Polymerases were purchased from Roche Diagnostics, UK. All 

other reagents used were of analytical grade.  All glassware was rinsed with DNase 

and RNase free water and dried before use. 
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2.2. Methods 

2.2.1. Maintenance of zebrafish 

 

Breeding WT Zebrafish (Danio rerio) were maintained in fish water (deionised 

water containing 0.3g/L marine salt) at 28.5ºC under a 14:10 hours light:dark regime, 

as described previously (Zimprich et al., 1998).  Embryos were collected by natural 

spawning and staged according to Kimmel and colleagues, which is given in the text 

as standard developmental time (hours post fertilisation; hpf) (Kimmel et al., 1995).  

Embryos over 24 hpf were raised in a final concentration of 0.003% PTU to inhibit the 

formation of melanophores (Karlsson et al., 2001). 

 

2.2.2. Bioinformatics – Gene identification and primers design 

 

Please refer to Section 3.2 for the identification of the five ryanodine receptors 

in zebrafish.  To design the PCR and WISH primers for detection (Table 2-2), the five 

zebrafish RyR were aligned using the ClustalW alignment program 

(http://align.genome.jp/).  Regions that contain both conserved region for RyR and 

variable regions to distinguish one from other isoforms were selected.  The chosen 

peptide regions of RyR was used for BLAST search against the zebrafish genome 

(NCBI nucleotide blast, ZFIN Ensembl) to confirm their identity.  The region was then 

correlated back to their respective genomic sequence for primer design.  All the 

primers used were designed to contain a minimum length of 20 bp with a Tm over 

http://align.genome.jp/�
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55ºC and GC content above 45% to increase specificity.  In addition, the amplified 

PCR product was designed to span at least one intron-exon boundary to avoid genomic 

DNA contamination during amplification.  Furthermore, in order to increase target 

specificity all WISH primers used for probe synthesis were designed to amplify a 

region of at least 1 kb. 

 

2.2.3. Phylogenetic analysis 

 

Protein sequences equivalent to the RIH_assoc and RR_TM4-6 domains 

(Section 3.4) in all the five zebrafish RyR protein sequences (RyR1a, RyR1b, partial 

RyR2a, RyR2b and RyR3; Section 3.2) and other well-characterised vertebrates RyR 

homologue sequences (Table 2-1 lists all the sources of the RyRs used for the 

phylogenetic analysis) were extracted from Ensembl and GenBank databases.  The 

RyR sequences were pre-aligned using the ClustalW alignment program to remove of 

any gaps generated within the sequences, followed by a multiple RyR sequence 

alignment using the online T-coffee multiple sequence alignment program available 

from the European Bioinformatics Institute webpage (http://www.ebi.ac.uk/Tools/t-

coffee/index.html) with the default parameters.  The output from the multiple sequence 

alignment result obtained from T-coffee was used subsequently as the template for the 

generation of a Guide Tree using the equal angle method available on the SplitsTree4 

program with its default parameters (http://www.splitstree.org/). 

 

 

http://www.splitstree.org/�
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RyRs Species Transcripts Peptides 
RyR1 Chimpanzee ENSPTRT00000020262 ENSPTRP00000018741 
RyR1 Human ENST00000359596 ENSP00000352608 
RyR1 Mouse ENSMUST00000032813 ENSMUSP00000032813 
RyR1 Pig NP_001001534 
RyR1 Rabbit P11716 

RyR1_(1) Stickleback ENSGACT00000017168 ENSGACP00000017134 
RyR1_(2) ENSGACT00000027379 ENSGACP00000027327 
RyR1_(1) Medaka ENSORLT00000008002 ENSORLP00000008001 
RyR1_(2) ENSORLT00000001305 ENSORLP00000001304 
RyR1_(1) Pufferfish ENSTRUT00000039120 ENSTRUP00000038980 
RyR1_(2) ENSTRUT00000043571 ENSTRUP00000043426 

RyR1a Zebrafish ENSDART00000036015 ENSDARP00000032856 
RyR1b AB247454 
RyR2 Chicken ENSGALT00000017582 ENSGALP00000017561 
RyR2 Chimpanzee ENSPTRT00000003929 ENSPTRP00000003630 
RyR2 Dog ENSCAFT00000015962 ENSCAFP00000014764 
RyR2 Human ENST00000360064 ENSP00000353174 
RyR2 Macaque ENSMMUT00000001512 ENSMMUP00000001423 
RyR2 Mouse ENSMUST00000021750 ENSMUSP00000021750 
RyR2 Rabbit P30957 
RyR2 Stickleback ENSGACT00000020252 ENSGACP00000020213 
RyR2 Pufferfish GeneScan 
RyR2a Zebrafish See Section 3.2.3 
RyR2b See Section 3.2.4 
RyR3 Chicken ENSGALT00000005352 ENSGALP00000005342 
RyR3 Chimpanzee ENSPTRT00000049180 ENSPTRP00000041923 
RyR3 Dog ENSCAFT00000012974 ENSCAFP00000012007 
RyR3 Horse ENSECAT00000016127 ENSECAP00000013008 
RyR3 Human ENST00000362047 ENSP00000354852 
RyR3 Mouse ENSMUST00000091818 ENSMUSP00000089426 

RyR3_(1) Stickleback ENSGACT00000008056 ENSGACP00000008037 
RyR3_(2) ENSGACT00000010590 ENSGACP00000010568 
RyR3_(1) Medaka ENSORLT00000022371 ENSORLP00000022370 
RyR3_(2) ENSORLT00000021133 ENSORLP00000021132 
RyR3_(1) Pufferfish ENSTRUT00000046340 ENSTRUP00000046185 
RyR3_(2) ENSTRUT00000036458 ENSTRUP00000036327 

RyR3 Zebrafish ENSDART00000046553 ENSDARP00000046552 
 

Table 2-1. The sources of ryanodine receptors used for the phylogenetic 

analysis. 
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2.2.4. Total RNA extraction from zebrafish 

 

A three month old zebrafish was anaesthetised with 0.4% (w/v) tricaine/MS222 

and the brain was dissected from the head and the body was dissociated from the head 

using a razor blade.  The brain and body tissue were immediately homogenised in 

TRIZOL® Reagent for total RNA extraction, following the manufacturer’s instructions.  

Total RNA was also isolated from nine different stages of zebrafish development: 4- to 

128-cell stage (1-2.25 hpf), 50%-epiboly stage (5.3 hpf), 100%-epiboly stage (10 hpf), 

3- to 6-somite stage (11-12 hpf), 18-somite stage (18 hpf), 24 hpf, 72 hpf, 144 hpf 

stages and a six month old zebrafish adult.  Briefly, about three hundreds of embryos 

aged at 1-2.25 hpf, 5.3 hpf, 10 hpf, 11-12 hpf, 18 hpf and about two hundreds of 

embryos aged at 24 hpf, 72 hpf and 144 hpf were individually collected and snap 

frozen in liquid nitrogen, followed by homogenisation in TRIZOL® Reagent for total 

RNA extraction (six month old zebrafish adult was anaesthetised and homogenised in 

TRIZOL® Reagent as described above).  A fraction of the isolated total RNA was 

analysed by agarose gel electrophoresis and spectrophotometry (Section 2.2.7).  The 

extracted total RNA was subjected to a 30 minutes treatment with DNase I at 37ºC 

prior to cDNA synthesis or storage at -80°C. 

 

2.2.5. Genomic DNA extraction from zebrafish 

 

Genomic DNA was isolated from a three month old zebrafish using DNeasy® 

Blood & Tissue kit following the manufacturer’s instructions.  Briefly, three different 
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three month old zebrafish adult were collected separately and the material chopped 

into 10mg cubes using a razor blade before overnight incubation in Protease K at 56ºC.  

Subsequent gDNA extraction procedures were followed according to the 

manufacturer’s handbook.  The extracted gDNA was used immediately for MO 

Sequencing PCRs (Section 2.2.15.1) or stored at -20°C until required. 

 

2.2.6. cDNA synthesis 

 

5µg of normalised total RNA (Section 2.2.4) was reverse transcribed using a 

Cloned AMV First-Strand cDNA Synthesis kit and random hexamers, according to the 

manufacturer’s instructions.  The synthesised cDNA was used immediately for semi-

quantitative end-point PCRs or stored at -20°C until required. 

 

2.2.7. Total RNA and cDNA quantification and purity 

 

The concentration and purity of the total RNA and cDNA prepared from total 

RNA extraction (Section 2.2.4) and cDNA synthesis (Section 2.2.6) were determined 

by spectrophotometric analysis.  The concentration of the total RNA and cDNA was 

accessed by measuring the absorbance at 260nm and comparing against deionised 

water as blank sample.  Briefly, 1 O.D unit at 260nm (A260) was equivalent to 40μg/ml 

of RNA and 50μg/ml of single-stranded cDNA; the purity of the cDNA or RNA was 

analysed by the absorbance ratio between 260nm and 280nm.  The ideal range 
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indicative of optimal purity for RNA and cDNA is an absorbance ratio between 1.9 - 

2.1 and 1.7 - 1.9, respectively. 

 

2.2.8. Semi-quantitative end-point PCRs 

 

Semi-quantitative end-point PCR was performed on cDNAs synthesised from 

different developmental stages (Section 2.2.6) using five sets of isoform-specific 

oligonucleotide primer pairs (Table 2-2 (A)) and BIOTAQ™ DNA polymerase.  

cDNA templates were normalised to the expression of β-actin and used in all PCR 

reactions.  ryr1b forward and reverse primers were used for PCR amplification as 

previously described (Hirata et al., 2007).  Briefly, each PCR reaction contains 1.5µg 

of template cDNA, 2µl of 10X NH4 Reaction Buffer, 1µl of MgCl2 (50mM), 1µl of 

dNTPs (10mM), 1.5µl of each primer (10µM), 1.5U Bio Taq DNA polymerase 

(BioLine) and diethylpyrocarbonate (DEPC) treated H2O made up to 25µl.  PCR 

amplification reactions were performed using a TECHNE TC-512 Thermocycler 

(Scientific Laboratory Supplies, UK), the reaction parameters are summarised in Table 

2-3. 
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Table 2-2. A summary of the PCR and WISH primers used in the semi-

quantitative end-point PCR reactions and RNA probes synthesis.  The table 

provides the nucleotide sequence of the isoform-specific PCR and WISH primer pairs 

for the five zebrafish ryr. 

 

 

 

Table 2-3. A summary of the parameters used in the semi-quantitative end 

point PCR reactions. 

 

 

 

Genes (A) PCR primers (5’ to 3’) (B) WISH primers (5’ to 3’) 

ryr1a FWD 
ryr1a REV 

AAAGATCATGCCCTCAGCATGC 
TTGGAATCTCCGCCTCCGAGTA 

ryr1b FWD 
ryr1b REV 

CCTCCTCCTGGTTATGCACCATGTTATGAG 
TCAATGTGGTTGTGATCAGTGGGAACGGGA 

ryr2a FWD 
ryr2a REV 

GAAGATGGCGAGAAGAAACCTG 
TGCAGCATCATTGTTGTCCGTTG 

ATGTCTGACGCCGGTGAACGAT 
CAGCACAAAGTGAACAGTGACGG 

ryr2b FWD 
ryr2b REV 

TCTAAATTCAGCCACCATGATGTGAGC 
TGTTGCTCTCATGTACTCGCCC 

ryr3 FWD 
ryr3 REV 

AAGGAAAAGAATGAGTCGGGC 
CACGCATCTTTTCTTTGGGA 

PCRs Denaturation Annealing Extension Cycles Final 
extension 

ryr1a 30 sec at 94ºC 30 sec at 60.6ºC 1 min at 72ºC 50X 10 mins at 72ºC 
ryr1b 30 sec at 94ºC 30 sec at 61ºC 1 min at 72ºC 50X 10 mins at 72ºC 
ryr2a 30 sec at 94ºC 30 sec at 60.6ºC 1 min at 72ºC 50X 10 mins at 72ºC 
ryr2b 30 sec at 94ºC 30 sec at 60.6ºC 1 min at 72ºC 50X 10 mins at 72ºC 
ryr3 30 sec at 94ºC 30 sec at 61ºC 1 min at 72ºC 50X 10 mins at 72ºC 
β-actin 30 sec at 94ºC 30 sec at 55ºC 1 min at 72ºC 35X 10 mins at 72ºC 
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2.2.9. Tissue-specific PCRs 

 

Total RNA isolated from the brain and body (without brain) of a three month 

old zebrafish were reverse transcribed as described in Section 2.2.4.  The cDNA 

samples were normalised to the expression of β-actin and used with PCR primers 

specific for ryr2a and ryr2b (Table 2-4).  The contents and parameters for the tissue-

specific PCR reaction are the same as listed in Section 2.2.8. 

 

 

Table 2-4. A summary of the PCR primers used for tissue specific PCR. 

 

 

2.2.10. Observation of live embryos and imaging 

2.2.10.1. Light microscopy 

 

Embryos were observed in fish tank water and hand dechorionated with #5 

watchmaker’s forceps.  A Leica MZ FLIII stereo dissecting microscope was used.  

Transmitted light images were taken on a Leica MZ FLIII stereo dissecting 

microscope fitted with a Leica DC300 camera using the Leica IM50 software.  For 

Genes Tissue-specific PCR primers (5’ to 3’) 
ryr2a FWD 
ryr2a REV 

GAAGATGGCGAGAAGAAACCTG 
TGCAGCATCATTGTTGTCCGTTG 

ryr2b FWD 
ryr2b REV 

TGGACTCGAGTACCAGATCACA 
GCATTCTGGAGCACTGCAAG 
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high power observations and photography, cryostat embryo sections were mounted 

using microscope slides and coverslips.  High power Images were taken on an 

Olympus IX81 inverted microscope fitted with a Leica DC300 camera using the Leica 

IM50 software. 

 

2.2.10.2. Confocal microscopy 

 

The yolk of the stained embryo was removed prior to flat mounting using 

microscope slide and coverslip in 100% glycerol, with the exception of those stained 

for heart tissue where the yolk sac was left intact.  Brightfield and fluorescent single or 

Z-stack images were collected using a X10, X20, X63 oil immersion or X100 water 

immersion objectives on a Zeiss LSM 510 microscope and LSM Image Examiner 

software.  LSM Image Browser (Version 4,2,0,121) software was used for image post-

processing such as preparing 3D projected cross-sections from the acquired Z-stacks 

of images.  For the observation of the Cy™5, Fast Red and Alexa Fluor® 488nm 

staining, argon lasers 633nm, 543nm and 488nm lines and LP 650, LP 560 and LP 

505-550 emission filters were used, respectively. 

 

2.2.11. Immunocytochemistry 

 

Wholemount immunocytochemistry (ICC) was conducted as described 

previously (Ashworth et al., 2001).  Briefly, embryos were fixed overnight at 4°C and 
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all subsequent steps were performed at room temperature (RT).  Embryos were 

incubated in blocking buffer (10% goat serum in phosphate buffer supplemented with 

0.8 % triton X100 (PBT)) prior to overnight primary antibody incubation in 1% (v/v) 

goat serum in phosphate buffered saline (PBS) supplemented with 0.8% triton X100 

(PBST).  Following this, embryos were incubated in secondary antibody made up in 

1% goat serum in PBT overnight or for 3 hours, followed by four 30 min washes in 

PBT and stored in 50% glycerol/50% PBS.  The primary and secondary antibodies 

used in the studies and their respective dilutions are summarised in Table 2-5.  

Brightfield and fluorescent single or Z-stack images were taken as described in 

Section 2.2.10.2. 

 

 

Table 2-5. A summary of the primary and secondary antibodies used for 

immunocytochemistry. 

 

 

Primary 
antibody Dilution Host Targets 

(in zebrafish) 
Secondary 
antibody Dilution 

34C 1:250 Mouse RyRs 

Goat anti-mouse 
IgG-Cy5 1:1000 

Goat anti-mouse 
HRP 1:5000 

F59 1:10 Mouse Slow Muscle 

Goat anti-mouse 
IgG-Cy5 1:1000 

Goat anti-mouse 
HRP 1:5000 

MF20 1:100 Mouse Heart (Atrium 
and Ventricle) 

Goat anti-mouse 
IgG-Cy5 1:1000 

Znp1 1:200 Mouse Spinal cord and 
motor neurons 

Goat anti-mouse 
IgG-Cy5 1:1000 
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2.2.12. Wholemount in situ hybridisation 

2.2.12.1. RNA probes synthesis 

 

WISH primers used for cloning partial ryrs are summarised in Table 2-2. (B).  

ryr1a, ryr1b, ryr2a, ryr2b and ryr3 sense and antisense digoxygenin (DIG) labelled 

RNA probes covering 1,405 bp, 1,361 bp, 1,313 bp, 1,266 bp and 1,549 bp, were 

generated.  Briefly, the synthesis involves linearising recombinant vector templates 

(pGEM-T Easy-ryrs) with an appropriate restriction enzyme, followed by 

phenol/chloroform purification and alcohol precipitation.  Figure 2-1 illustrates the 

principle of sense and antisense RNA probe synthesis using ryr1a as an example.  

Table 2-6 lists the restriction enzyme and RNA polymerase used for linearising the 

recombinant vector and synthesising the RNA probes.  0.5µg of the linear purified 

DNA was used for in vitro transcription reaction and the RNA probe generated was 

labelled with DIG-11-UTP.  A 20µl reaction was set up containing 1X Transcription 

Buffer (Invitrogen), 2µl DTT (0.1M), 2µl nucleotide mix (1mM GTP, 1mM ATP, 

1mM CTP, 0.65mM UTP and 0.35mM DIG-11-UTP), 50U placental ribonuclease 

inhibitor and 10U of RNA polymerase.  The mixture was incubated at 37ºC for 4 hours 

before the removal of the original DNA template by incubating with 2U of DNase at 

37ºC for 1 hour. 

 

DIG-labelled cardiac myosin light chain 2 (cmlc2; Yelon et al., 1999), 

myogenic Differentiation (myoD; Weinberg et al., 1996), NK2 transcription factor 

related 5 (nkx2.5; Lee et al., 1996), ventricular myosin heavy chain (vmhc; Yelon et 



 

92 
 

al., 1999) and fluorescein-11-UTP labelled fast skeletal muscle myosin heavy chain 1 

(myhz1; Xu et al., 2000), antisense probes were also prepared under the same approach 

and used as positive markers. 

 

 

 

 

Figure 2-1. An overall scheme for sense and antisense RNA probe synthesis 

using ryr1a as an example.  The insert (ryr1a; red) was cloned into the multiple 

cloning site (MCS) of the vector, pGEM-T Easy (blue) between the EcoR1 and SpeI 

sites.  Antisense riboprobe was generated by linearising at the 5’ end (with SacII) 

using the SP6 RNA polymerase, whereas sense riboprobe was generated by linearising 

at the 3’ end (with SpeI) using the T7 RNA polymerase.  The same principle applies to 

all the WISH probes synthesis; in the event that the insert is cloned in the opposite 

direction, the sense and antisense probes will be swapped. 
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Table 2-6. A summary of the appropriate restriction enzymes and the 

corresponding RNA Polymerases used in RNA probes synthesis. 

 

 

2.2.12.2. RNA probes purification 

 

WISH RNA probes were purified using the E.Z.N.A.® RNA Probe Purification 

kit following the manufacturer’s instructions.  Briefly, the RNA probes were adjusted 

to a final volume of 100µl with DEPC-treated water and subsequent RNA purification 

procedures were followed according to the manufacturer’s handbook.  The purified 

RNA probes were used immediately for WISH (Section 2.2.12.4) or stored at -20°C 

until required for WISH. 

 

RNA probes Label Sense Antisense Probe size 

ryr1a DIG SalI + T7 SacII + SP6 1,405 bp 
ryr1b DIG SalI + T7 SacII + SP6 1,361 bp 
ryr2a DIG SphI + SP6 SpeI + T7 1,313 bp 
ryr2b DIG SacII + SP6 SpeI + T7 1,266 bp 
ryr3 DIG SphI + SP6 SalI + T7 1,549 bp 
β-actin DIG SmaI + T3 BamH1 + T7 - 
myoD DIG - EcoRI + T7 - 
nkx2.5 DIG - NotI + T7 - 
cmlc2 DIG - NotI + T7 - 
vmhc1 Fluorescein - SalI + SP6 2.8 kb 
smyhc1 Fluorescein - BamHI + T7 - 
myhz1 DIG SalI + T7 SacII + SP6 1,405 bp 
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2.2.12.3. RNA Dot Blot 

 

RNA dot blots was performed according to the method of Huang (Huang et al., 

1998) to rapidly detect RNA using DIG-labelled RNA probes, as described below.  

WISH DIG-labelled RNA probes prepared as in Section 2.2.12.1 were diluted to 

approximately [0.16mg/ml] and spotted on a nitrocellulose membrane (Hybond™-N+ 

Membrane) pre-soaked in wash buffer (0.1M Tris-HCl pH 7.5 and 0.15M NaCl).  The 

membrane was dried at RT for 15 minutes and washed with wash buffer for 1 minute. 

The membrane was then incubated in blocking solution with gentle shaking for 30 

minutes, followed by incubation for 1 hour in 1:5000 dilution of AP conjugated anti-

DIG antibody.  The membrane was washed 3 times in wash buffer, equilibrated for 2 

minutes in detection buffer (0.1M Tris-HCl pH 9.5, 0.1M NaCl and 50mM MgCl2, 

0.1% Tween20) and incubated in BM purple solution until a detectable 

chemiluminescent signal developed.  Reaction was terminated by rinsing the 

membrane 3 times with deionised water. 

 

2.2.12.4. WISH 

 

In situ hybridisations and antibody labelling of whole-mounted zebrafish 

embryos were performed as described previously (Schulte-Merker et al., 1992).  For 

both procedures, zebrafish embryos aged under 17 hpf were pre-fixed in 4% 

paraformaldehyde (PFA)/PBS at 4ºC overnight or at RT for 2 hours and were hand 

dechorionated (embryos that aged more than 18 hpf were hand dechorionated before 
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PFA fixation), prior to two washes with 100% methanol and incubated at -20ºC for at 

least 30 minutes.  Embryos were rehydrated by undergoing a gradient of 5 minutes 

washes each with 75% methanol/PBS 0.1% Tween20 (PBT), 50% methanol/PBT and 

25% methanol/PBT, followed by 4X 5 minutes washes in PBT.  Embryos were then 

treated with 10µg/ml of Proteinase K/PBT for 1 to 20 minutes at RT depending on 

their stages.  The Proteinase K was washed off with PBT for 5 minutes and embryos 

were fixed in PFA for 20 minutes at RT (embryos at 50% epiboly stage were not 

treated with Protease K or refixed).  Embryos were then washed 5X 5 minutes with 

PBT and pre-hybridised in hybridisation mix (50% formamide, 5X SSC (0.75M NaCl 

and 75mM triNa citrate) at pH 5.0, 500µg/ml yeast RNA, 50µg/ml heparin, 0.1% 

Tween20) for 2 hours at 65ºC.  The mixture was replaced by fresh hybridisation mix 

containing DIG-labelled or fluorescein-labelled RNA probe at the appropriate dilution 

and incubated at 65ºC overnight.  The post hybridisation washes were carried out at 

65ºC.  The probe was washed off 3X 10 minutes in 25% formamide in 2X SSC, 10 

minutes in 2X SSC, 3X 20 minutes in 0.2X SSC at 65ºC and 4X 5 minutes in PBT at 

RT.  Embryos were incubated in maleic acid buffer (0.1M Maleic acid pH 7.5 and 

0.15M NaCl) containing 2% blocking reagent (Roche; MAB) at RT for a minimum of 

1 hour.  Immunostaining was carried out by replacing the above solution with the 

1:5000 MAB diluted AP conjugated anti-DIG antibody or 1:4000 MAB diluted AP 

conjugated anti-fluorescein antibody at 4ºC overnight.  The embryos were washed 8X 

15 minutes with PBT, 3X 5 minutes detection buffer (0.1M Tris-HCl pH 9.5, 0.1M 

NaCl and 50mM MgCl2 and 0.1% Tween20) at RT.  The AP substrates used for colour 

development included BM purple, Fast Red tablets and NBT/BCIP.  The specificity of 
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the signal was confirmed by staining aged-matched embryos with the respective sense 

probes (except for cmlc2, myoD, nkx2.5 and myhz1).  To stop the colour reaction when 

it reached a satisfactory level, embryos were washed 3X 5 minutes in PBT and refixed 

in 4% PFA for 2 hours at RT.  The fixative was washed off in 3X 5 minutes PBT and 

the embryos were equilibrated in clearing agent (70% Glycerol) and photographed as 

described in Section 2.2.10.1. 

 

2.2.12.5. Double staining 

 

For double-immunostaining labelling, the embryo was initially developed 

using BM Purple or NBT/BCIP, followed by antibody labelling using a 1:10 dilution 

of F59 and 1:5000 dilution of a goat anti-mouse HRP conjugated secondary antibody 

carried out as described in the Zebrafish Book (Westerfield, 1995).  Colour 

development by HRP was activated by the addition of 0.01% v/v DAB and 6% v/v 

H2O2.  Reaction was terminated by the addition of PBS and fixed overnight in 4% 

PFA at 4ºC.  Transmitted light images were acquired as described in Section 2.2.10.1. 

 

For double-fluorescent labelling, the embryo was initially developed using Fast 

Red, followed by antibody labelling using a 1:10 dilution of F59 and 1:1000 dilution 

of a goat anti-mouse Cy5 linked secondary carried out as described in the Zebrafish 

Book (Westerfield, 1995), except that the acetone cracking step was omitted as it was 

found to dissolve the Fast Red staining.  Brightfield and fluorescent single or Z-stack 

images were collected as described in Section 2.2.10.2. 
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2.2.13. Cryostat sectioning 

 

The WISH stained or double stained embryos were fixed in 4% PFA for 20 

minutes and washed 5 times in PBS.  Cleaned embryos were then embedded in cubes 

made from 1.5% low melting agarose (Sigma, UK) supplemented with 5% sucrose.  

The cubes were equilibrated in 30% sucrose/PBS solution at 4ºC overnight, followed 

by fixation with Tissue Tek (Sakura Finetek, USA) in liquid nitrogen.  The frozen 

cubes were sectioned under a LEICA CM3050S cryostat at -30ºC.  The sections were 

prepared at 0.16 to 0.2µm.  Transmitted light images of sections were taken as 

described by 2.2.10.1. 

 

2.2.14. DNA sequencing 

 

Sequencing of both recombinant plasmid DNAs templates for RNA probe 

synthesis (Section 2.2.12.1) and gel purified PCR products for morpholino 

oligonucleotides design (Section 2.2.15.1) was carried out by the Eurofins MWG 

Operon, Germany. 
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2.2.15. Application of Morpholino Oligonucleotides (MO) 

2.2.15.1. Design of MO and sequence confirmation 

 

Based on the sequence information described in Section 3.2.5, potential regions 

from ryr3 were initially selected for targeting MO.  The targeted regions were 

compared against the sequence available on the zebrafish genomic databases (Zv7 

Ensembl assembly and NCBI GenBank database).  The antisense MO sequences were 

suggested by Gene Tools LLC custom MO design services.  Please refer to Section 5.2 

for more information regarding the MO design. 

 

The proposed zebrafish ryr MO target sequences were confirmed by direct 

DNA sequencing of the PCR amplified products to screen for database sequencing 

errors or single nucleotide polymorphisms, before finalising the ryr antisense MO 

sequence.  Briefly, genomic DNA isolated from three different three months old 

zebrafish adult (Section 2.2.5) was used as a template for PCR amplification.  PCR 

primers used for the amplification of the potential regions are summarised in Table 2-7.  

The resulting PCR product was gel purified using a QIAquick Gel Extraction kit 

(Qiagen, UK).  The purified PCR product was DNA sequenced (Section 2.2.14) to 

confirm the MO target sequence.  The final sequences of antisense MO used in this 

study is summarised in Table 2-8. 
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Table 2-7. A summary of the PCR primers used for amplifying the ryr3 region 

to validate MO design. 

 

 

 

Table 2-8. A summary of the final antisense MO sequences used in the ryr3 

knockdown experiments. 

 

 

2.2.15.2. Injection volume and quantity of MO 

 

1 to 5ng of MO was microinjected per embryo in a volume of 905pl under 3X 

magnification on a Nikon SM2800 dissecting microscope.  The injection volume of 

MO per embryo was calculated according to the formula: 4
3
𝜋(𝑟)3, where r is the radius 

of the droplet, determined with the aid of a graticule placed in the eyepiece of the 

microscope. 

Genes PCR sequencing primers (5’ to 3’) 
ryr3 TB FWD 
ryr3 TB REV 

GCGCTATGCTAATATCGGCAGG 
AATCCCCATTCACGCGAGTTCAC 

ryr3 SB FWD 
ryr3 SB REV 

CTTCTCTAGACCAAGGGTTGAG 
CACTATTGGCATGGTAAATGCTC 

Genes Antisense MO sequence (5’ to 3’) 
ryr3 TB CATCTTCCCCTTCACCTTCGGCCAT 
ryr3 SB ACATACTGTGGACGGAGAGAAACAG 

Standard Control (Gene Tools) CCTCTTACCTCAGTTACAATTTATA 
Zebrafish p53 (Gene Tools) GCGCCATTGCTTTGCAAGAATTG 
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2.2.15.3. Preparations of MO stock solution 

 

MO stock solution were prepared by dissolving lyophilised MO powder in 

Danieau solution (58mM NaCl, 0.7mM KCl, 0.4mM MgSO4, 0.6mM Ca(NO3)2, 5mM 

HEPES, pH 7.6; Danieau solution is a buffer solution for MO), according to the Gene 

Tools LLC instructions.  Working MO solution was prepared by diluting the MO 

storage stock solution with Danieau solution. 

 

2.2.15.4. Injection setup for MO 

 

Filamented borosilicate glass capillaries (Harvard Apparatus, Holliston, MA; 

GC100F-10) were pulled on a magnetic micropipette puller Model PD-5 (Narishige 

Scientific Instrument Lab, Japan) fitted with a heated filament Model PD-5H (settings: 

Heat 15.00, Magnet Sub 3.00, Magnet Main 10.00).  The needle was back-loaded with 

injection mixture using a microloader tip (Eppendorf, Hamburg, Germany).  The tip of 

the needle was clipped using a Dumont #5 forceps under 5X magnification on a Nikon 

SM2800 stereo dissecting microscope.  A PICOSPRITZER® III micro-injector with 

foot pedal (Parker Instrumentation, USA) was used to reproducibly inject equal 

amount of the solution into the embryo with an incoming pressure of 40 psi and 

adjusted injection time to deliver 905pl of solution with each pulse. 
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2.2.15.5. Verification of the efficacy of splice blocking MO by RT-PCR 

 

Total RNA was isolated from the WT, 4ng control MO injected and 2ng p53 

MO and 2ng ryr3 splice blocking (SB) MO co-injected 24 hpf zebrafish embryos.  All 

total RNA extracted (Section 2.2.4) were normalised to 1.5µg and used subsequently 

for PCR amplification using the Access RT-PCR kit and specific primers (Table 2-9) 

for checking ryr3 splicing.  RT-PCR amplification reaction parameters are 

summarised in Table 2-10. 

 

 

Table 2-9. A summary of the PCR primers used for confirming the splicing of 

ryr3 by SB MO. 

 

 

 

Table 2-10. A summary of the parameters used in the ryr3 SB MO splicing 

PCR reaction. 

 

Genes PCR sequencing primers (5’ to 3’) 
ryr3 Exon2 FWD (Ex2F) CCATTCAGAAGGAGAATCGC 
ryr3 Exon3 REV (Ex3R) CGACTGCTCCAACACAAAGTT 
ryr3 Intron2 FWD (I2F) CTTCTCTAGACCAAGGGTTGAG 

PCR Denaturation Annealing Extension Cycles Final 
extension 

ryr3 SB 30 sec at 94ºC 30 sec at 62.5ºC 30 sec at 72ºC 25X 10 min at 72ºC 



 

102 
 

2.2.15.6. Microinjection of MO 

 

Zebrafish embryos were collected by natural spawning and washed in embryo 

medium (13.7mM NaCl, 0.54mM KCl, 25.2mM Na2HPO4, 44.1mM KH2PO4, 1.3mM 

CaCl2 , 1mM MgSO4, 10mM HEPES, 4–5 drops / l Methylene Blue, pH 7.2).  

Injections were performed as described previously (Nüsslein-Volhard and Dahm, 

2002).  Briefly, up to 50 two- to four-cell embryos were aligned in a petri dish against 

a microscope slide and the excess fish water was aspirated with a plastic Pasteur 

pipette.  To avoid dehydration, embryos were transferred into embryo medium within 

10 to 15 minutes of injection.  Standard control MO (randomised sequence available 

from Gene Tools LLC) was used as a negative control.  Zebrafish p53 MO was used 

for co-injection with other antisense MO.  After microinjection, the embryos were 

transferred to a fresh petri dish containing embryo medium and incubated at 28.5ºC to 

assess their subsequent development.  Transmitted light images were acquired as 

described in Section 2.2.10.1. 

 

2.2.15.7. Statistics 

 

All the values from the analysis are reported as means ± standard error of the 

mean.  One way analysis of variance (ANOVA) was performed to test for significance 

in somite numbers to determine the age of the embryo, significance was assigned if the 

P-value was <0.05.  Chi-square test was performed to test for significance in 
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movement analysis to determine the effects upon gene knockdown in embryos, 

significance was assigned if the P-value was <0.05. 

 

2.2.15.8. Immunocytochemistry 

 

Please refer to Section 2.2.11 for ICC details. 

 

2.2.16. Generation of Isoform-Specific RyR Antibodies (ISRA) 

2.2.16.1. Design of ISRA 

 

Isoform-specific RyR peptide regions for RyR1a, RyR1b, RyR2a, RyR2b and 

RyR3 were initially selected based on the sequences information described in Section 

3.2.  The selection for isoform specific RyR peptides sequences were finalised based 

on immunogenicity information supplied by Cambridge Research Biochemicals, UK.  

Please refer to Section 6.2 for further details regarding the design.  All peptides were 

synthesised in house by Cambridge Research Biochemicals (CRB), UK.  Table 2-11 

summarises all the five zebrafish RyR sequences used for the generation of the 

respective peptides. 

 

 

 

 



 

104 
 

 

Table 2-11. A summary of the synthetic peptides used for raising the isoform-

specific RyR antibodies as specific antigens. 

 

 

2.2.16.2. Antibody production 

 

The immunisations for all five ISRA Projects (HOUD-1 to HOUD-5) were 

carried out using isoform specific RyR peptides designed previously, following 

immunisation schedules (immunisations and bleed cycles) proposed by CRB.  Please 

refer to Appendix 1 for all five immunisation schedules. 

 

2.2.16.3. Antigen direct ELISA 

 

Isoform specific RyR peptides prepared as in Section 2.2.16.1 were dissolved 

in DMSO and diluted to 4µg/ml in 100µl coating buffer (45mM NaHCO3 and 6mM 

Na2CO3) in a Maxisorp 96-well flat-bottomed plates (Sigma) and incubated overnight 

at 4ºC.  The non-specific binding site was blocked by blocking reagent (Sterile water 

containing 1% alkaline-soluble casein and 0.05% Tween20 20%) for 1 hour with gentle 

Proteins Sequence of synthetic peptides (residue no.) 
RyR1a CKEEGAEVKEQEEPAD-amide (1874-1889) 
RyR1b [C]-Ahx-KHDFEGV-amide (830-836) 
RyR2a [C]-PGVEEPPEEDEMTKN-amide (contig NA_1397) 
RyR2b [C]-LVDGDEGRVLWSSLRQDSP-amide (1761-1779) 
RyR3 [C]-RKITDINEVIAEDQRAK-amide (1293-1309) 
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shaking, followed by 3 times washes with PBST.  The antigen was incubated with 

ISRA harvest bleeds at several different dilutions for 1 hour with gentle shaking and 

washed again 3 times with PBST, prior to incubation in 1:3500 dilution of goat anti-

rabbit HRP conjugated secondary antibody for 1 hour.  The antigen-antibody complex 

was washed 3 times in PBT and 2 times in PBS before colour development was 

initiated with the addition of 100µl of TMB (Sigma) for 15 minutes and terminated 

with the addition 100µl of 2M H2SO4.  Absorbance was read at 450nm.  The pre-

immune bleeds of ISRA were used as controls to monitor non-specific background 

activities. 

 

2.2.16.4. Peptide Dot Blot 

 

Isoform specific RyR peptides prepared in Section 2.2.16.1 were diluted to 

1mM in sterile water and spotted on a pre-cut nitrocellulose membrane (BioTrace™ 

NT Pure Nitrocellulose Blotting Membrane; Pall Corporation).  The membrane strips 

were air dried at RT for 30 minutes and washed twice with PBS for 15 minutes.  The 

membrane strips were blocked in 5% dried skimmed-milk powder supplemented 

PBST with gentle shaking for 1 hour, followed by overnight incubation with 1:1000 

diluted ISRA bleeds (Table 2-12) in 1% dried skimmed-milk powder supplemented 

PBST at 4ºC.  The membrane was washed 3 times in 1% skimmed-milk supplemented 

PBST for 15 minutes, incubated in 1:1000 dilution of goat anti-rabbit IgG (H+L) AP 

secondary affinity purified secondary antibody for 2 hours.  The strips were then 
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washed twice in PBST for 15 minutes, equilibrated in detection buffer and incubated 

in BM purple solution until a detectable chemiluminescent signal developed. 

 

 

Table 2-12. A summary of the ISRA bleeds used for peptide dot blot analysis. 

 

 

2.2.16.5. Immunocytochemistry 

 

Briefly, wholemount ICC was conducted as described previously in Section 

2.2.11.  The primary and secondary antibodies used and their respective dilutions are 

summarised in Table 2-13.  Brightfield and fluorescent single or Z-stack images were 

collected as described in Section 2.2.10.2. 

 

 

ISRA 
Pre-Immune 

Bleed 
(7/Dec/09) 

Test Bleed 
#1 

(21/Dec/09) 

Test Bleed 
#2 

(4/Jan/10) 

Production 
Bleed 

(18/Jan/10) 

Harvest 
Bleed 

(1/Feb/10) 

RyR1a 
Rabbit# 4362 Rabbit # 4362 Rabbit # 4362 Rabbit # 4362 Rabbit # 4362 

Rabbit# 4363 Rabbit# 4363 Rabbit# 4363 Rabbit# 4363 Rabbit# 4363 

RyR1b 
Rabbit# 4364 Rabbit# 4364 Rabbit# 4364 Rabbit# 4364 Rabbit# 4364 

Rabbit# 4365 Rabbit# 4365 Rabbit# 4365 Rabbit# 4365 Rabbit# 4365 

RyR2a 
Rabbit# 4366 Rabbit# 4366 Rabbit# 4366 Rabbit# 4366 Rabbit# 4366 

Rabbit# 4367 Rabbit# 4367 Rabbit# 4367 Rabbit# 4367 Rabbit# 4367 

RyR2b 
Rabbit# 4368 Rabbit# 4368 Rabbit# 4368 N/A (Infection) Rabbit# 4368 

Rabbit# 4369 Rabbit# 4369 Rabbit# 4369 Rabbit# 4369 Rabbit# 4369 

RyR3 
Rabbit# 4370 Rabbit# 4370 Rabbit# 4370 Rabbit# 4370 Rabbit# 4370 

Rabbit# 4371 Rabbit# 4371 Rabbit# 4371 Rabbit# 4371 Rabbit# 4371 
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Table 2-13. A summary of the primary and secondary antibodies used in the 

ICC experiments. 

 

 

2.2.16.6. Isolation of zebrafish microsomal membranes 

 

The isolation of microsomal membranes was performed using a combination of 

the modified methods of Maruyama and MacLennan (Maruyama and MacLennan, 

1988) and the Zebrafish Book (Westerfield, 1995).  Sarcoplasmic reticulum vesicles 

were prepared from zebrafish.  Briefly, skeletal muscles were dissected from a three 

month old zebrafish by removing the skin layer.  Skeletal muscle were isolated from 

the bone with a razor blade, followed by two rinses in ice-cold Ringer’s solution 

(116mM NaCl, 2.9mM KCl, 1.8mM CaCl2 and 5mM HEPES).  The tissues were then 

homogenised in 1ml ice-cold Ringer’s solution supplemented with 5mM EDTA and a 

ISRA Bleed 
type Dilution Expected 

target 
Secondary 
antibody Dilution 

RyR1a Harvest 
Bleed 

1:100, 
 

1:500 
 

and 
 

1:1000 

Slow muscle 

Goat anti-rabbit 
Alexa Fluor 488 1:1000 

Goat anti-rabbit 
HRP 1:500 

RyR1b Harvest 
Bleed 

Fast and slow 
muscle 

Goat anti-rabbit 
Alexa Fluor 488 1:1000 

Goat anti-rabbit 
HRP 1:500 

RyR2a Harvest 
Bleed Neuronal Goat anti-rabbit 

HRP 1:500 

RyR2b Harvest 
Bleed Heart Goat anti-rabbit 

HRP 1:500 

RyR3 Harvest 
Bleed Fast muscle Goat anti-rabbit 

HRP 1:500 
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cocktail of protease inhibitors (30µg/ml aprotinin, 25µg/ml leupeptin, 50µg/ml trypsin 

inhibitor and 1mM PMSF) for 30 seconds using a homogeniser.  The cells were then 

harvested by centrifugation at 4,000g for 15 minutes at 4ºC.  The resulting pellet was 

re-suspended gently in 0.8ml pre-chilled (on ice) hypotonic solution (10mM Tris, 

50μM MgCl2, pH to 7.5 with HCl).  The re-suspended cells were incubated on ice for 

10 minutes prior to the addition of a further dose of protease inhibitors (as above) and 

1U of DNase I, followed by further homogenisation with a hand held Teflon-Potter-

Elvehjem homogeniser for 30 strokes on ice.  The homogenate was then diluted with 

an equal volume of homogenate dilution buffer (0.5M sucrose, 6mM 2-

mercaptoethanol, 40μM CaCl2, 300mM KCl and 10mM Tris-HCl at pH 7.5).  The 

nuclei and mitochondria fraction was removed by centrifugation at 10,000g for 20 

minutes at 4ºC and the resulting supernatant was made up to a final concentration 

containing 0.6M KCl.  The KCl diluted mixture was ultracentrifuged at 100,000g for 

60 minutes at 4ºC in order to obtain microsomal pellet.  The resulting pellet was re-

suspended in 200µl of sonication buffer (Ringer’s solution supplemented with 20mM 

Tris-HCl at pH 7.5, 1mM EDTA, 1mM EGTA, 10mM KCl, 1mM DTT, 1U of DNase 

I and the above protease inhibitors) and sonicated in the Sonics Vibra Cell for 2 

minutes (30 seconds ON and 30 seconds OFF with 40% AMP).  The microsomal 

fraction was centrifuged again at 12,000g for 1 hour at 4ºC and the pellet was then re-

suspended in 30µl of suspension buffer (0.25M sucrose, 0.15M KCl, 3mM 2-

mercaptoethanol, 20μM CaCl2 and 10mM Tris, pH 7.5).  The isolated vesicles were 

stored at -80ºC until used. 
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2.2.16.7. SDS-PAGE, immunoblotting and immunostaining 

 

SDS-PAGE was performed according to the method of Laemmli (Laemmli, 

1970) to resolve the microsomal membranes using a Bio-Rad Mini Protean III gel kit, 

as described below.  Briefly, 20ml of 7% resolving gel was prepared by mixing 9.5ml 

of deionised water with 5ml of 1.5M Tris-HCl pH 8.8, 2ml of 10% SDS and 3.5ml of 

40% w/v acrylamide/bis-acrylamide mixture.  Polymerisation was initiated upon the 

addition of 200μl of 10% w/v ammonium persulphate and 20μl of TEMED.  After 

which, the resolving gel solution was mixed thoroughly and applied to fill the space 

between two separated glass plates until it was within 1cm off the top.  Water 

saturated iso-butanol was then applied to level the top of the resolving gel.  After 45 

minutes, the polymerisation was completed and the water saturated iso-butanol was 

poured off, followed by 3 washes on top of the resolving gel with deionised water.  5% 

stacking gel was then prepared by mixing 5.25ml of deionised water with 2.5ml of 

0.5M Tris-HCl pH 6.8, 1ml of 10% SDS and 1.25ml of 40% w/v acrylamide/bis-

acrylamide mixture, polymerisation was initiated by the addition of 100μl of 10% w/v 

ammonium persulphate and 10μl of TEMED.  The stacking gel solution was mixed 

and loaded on top of the resolving gel in order to fill the space between the two glass 

plates up to the top and a sample comb was inserted immediately.  The gel was then 

left for another 45 minutes to allow complete polymerisation.  Following that, the 

sample comb was removed and the gel was immersed in the Mini Protean III gel tank 

containing running buffer (192mM glycine, 25mM Tris and 0.01% w/v SDS), the 

sample wells formed were carefully rinsed with running buffer using a syringe.  
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Fractions of zebrafish skeletal muscle extracts (Section 2.2.16.6) were mixed with 

SDS Sample Buffer made from 100μl of 2-mercaptoethanol, a few grains of 

bromophenol blue, 900μl of sample buffer (8% w/v SDS, 40% v/v glycerol, 250mM 

Tris, pH to 6.8 with HCl) to give a microsomal membrane concentration of 4 to 5μg.  

The crude were prepared by denaturation at 37ºC and 95ºC and the microsomal 

membrane samples were prepared by denaturation at 95ºC for 15 minutes.  10μl of the 

Precision Plus Protein™ Standards molecular weight markers and 10 to 30μl of each 

fractions prepared were loaded into the sample wells of the stacking gel and resolved 

at a constant voltage of 88V, 380mA for 2.5 hours, followed by 50V, 380mA for 4.5 

hours.  After that, the resolution of the samples was halted, the two glass plates 

holding the SDS-PAGE gel were separated and the stacking gel was removed.  The 

resolved protein samples were then transferred onto a Hybond-P PVDF membrane by 

a cassette of compressed ‘sandwich’ of pads, foam sponge support, chromatography 

paper, SDS-PAGE gel and transfer membrane, as shown in Figure 2-2.  The prepared 

‘sandwich’ was then immersed vertically into a tank filled with transfer buffer (0.05% 

w/v SDS, 20% v/v methanol, 25mM Tris and 190mM glycine) in the orientation such 

that current could passed at right angles to the gel and to the membrane, as indicated 

by the diagram; the proteins were transferred onto the membrane for 12 hours at a 

voltage of 120V, 390mA at 4ºC (Towbin et al., 1979; Gershoni et al., 1985). 

 

The transferred membrane was then incubated with Ponceau S solution (0.1% 

w/v Ponceau-S, 0.1% w/v TCA and 1% v/v glacial acetic acid) for 10 minutes, 

followed by washing with deionised water in order to reveal red bands of transferred 
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proteins.  After that, the membrane was blocked in 5% w/v dried skimmed milk 

powder supplemented TBS (500mM NaCl, 20mM Tris, pH to 7.5 with HCl) for 1 hour 

at RT.  The blocking solution was removed and the membrane was washed in TTBS 

(500mM NaCl, 20mM Tris, 0.05% v/v Tween20, pH to 7.5 with HCl) for 10 minutes.  

The membrane was probed with 1:250 dilution of primary antibody (34C) in 1% dried 

skimmed-milk powder supplemented TTBS overnight on a 4ºC shaker.  The 

membrane was then washed for 30 minutes on a shaker with 6 changes of TTBS, 

followed by incubation with 1:3000 1% dried skimmed-milk powder supplemented 

TTBS dilution of goat anti-mouse HRP conjugated secondary antibody for 2 hours on 

a shaker.  The membrane was then washed for 30 minutes on a shaker with 6 changes 

of TTBS, followed by 10 minutes washes with 2 changes of TBS prior to the 

development of chemiluminescent with ECL™ Western Blotting Detection Reagents 

kit, according to the manufacturer’s instructions (Figure 2-3).  The light emission was 

detected by exposing the membrane to the Kodak BioMax MR film for varying 

lengths of time.  The film was developed using a X-Ograph developing machine 

(Compact X2). 

 

 

 

Figure 2-2. A diagrammatic representation of the immunoblotting ‘sandwich’.  

The SDS-PAGE gel to be blotted is placed on top of a buffer saturated foam sponge 

that is supported by a pad underneath.  The nitrocellulose sheet is placed on top of the 

gel, followed by another buffer saturated foam sponge and a pad.  The ‘sandwich’ is 

then placed between parallel electrodes in a tank that is filled with buffer to allow an 

electric current to pass through. 
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Figure 2-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2-3. 

 

 

 

 

 

 

 

 

 

 
Figure 2-3. A diagrammatic representation of enhanced chemiluminescence.  

This is a light emitting reaction used for the detection of the RyR through conjugated 

to a HRP secondary antibody, where it reacts with hydrogen peroxide and emits 

chemiluminescence for detection. 
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CHAPTER 3 

3. RyR BIOINFORMATIC ANALYSIS 
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3.1. Introduction 

 

The ultimate goal of the project is to identify the role of RyR during 

development using zebrafish as a vertebrate in vivo model.  In order to achieve this 

goal, the primary objective of the study was to identify all the ryr genes within the 

zebrafish genome and to characterise them individually at a bioinformatics level (i.e. 

to uncover their coding transcripts and peptide sequences).  The next objective was to 

identify their evolutionary relationships against other known RyR in different species 

and compare their sequence homologies to comment on potential function.  In this 

chapter, the data presented demonstrate the existence of five ryr genes in zebrafish.  

The zebrafish RyR protein sequences show significant homology to their human 

counterparts, thus supporting the use of zebrafish as a model for the study.  Finally, the 

data reported here provides the basis for the RyR functional analysis described in 

subsequent chapters. 

 

Previous work, based on the zebrafish Zv6 genome assembly released in 2006, 

has identified a total of 14 different genomic contigs containing partial sequence 

similar to human RyR (Hirata et al., 2007).  Preliminary classification of RyR 

sequences by radiation hybrid mapping had suggested that there were at least 5 

different zebrafish genes: ryr1a, ryr1b, ryr2a, ryr2b and ryr3 (Hirata et al., 2007; 

Table 3-1).  Although these five zebrafish ryr genes had been partially documented, 

not all ryr full encoding transcripts and RyR proteins sequences had been identified.  

In addition, the evolutionary relationship between the zebrafish RyR sequences and 
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those in other species was not well understood (Section 1.4.2.2).  Therefore, the initial 

aim of the project was to identify and characterise all the zebrafish ryr genes and their 

gene products.  Briefly, several bioinformatics BLAST search approaches were used to 

identify the ryr genes and their proteins within the zebrafish genome.  Multiple 

sequence alignment programs were employed to align RyR from different species for 

both the construction of a phylogenetic tree to understand the evolutionary relationship 

between the RyR and the prediction of highly conserved structural domains between 

species. 

 

As stated previously the sequence information gathered in this study is 

important for subsequent work, this includes the design of isoform specific PCR 

primers and mRNA probes in ryr expression analysis (Chapter 4), the design of 

antisense morpholino oligonucleotides (MO) used in ryr gene knockdown studies and 

the exon-intron PCR primers for checking splicing efficacy (Chapter 5), as well as the 

design of synthetic peptides used in isoform-specific RyR antibodies (ISRA) 

production (Chapter 6).  Ultimately, this would boost our understanding of the 

biological function of RyR during development. 
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Table 3-1. Fourteen ryr genomic contigs were identified and five different ryr 

genes were suggested by preliminary classification.  Identification was performed 

by using blast search analysis against protein sequences of human RyR1, RyR2 and 

RyR3 in the zebrafish genomic database (Zv6 Ensemble).  Classification of these 

contigs based on radiation hybrid mapping suggested that there are five different 

zebrafish genes: ryr1a, ryr1b, ryr2a, ryr2b and ryr3 (Table modified from Hirata et al., 

2007). 

 

 

3.2. Identification of ryr in zebrafish 

 

In order to thoroughly characterise the five ryr suggested by Hirata and 

colleagues (Hirata et al., 2007) and resolve the incompleteness in the sequence data, 

protein tBLASTn searches were performed in zebrafish genome resources at Ensembl 

(http://mar2009.archive.ensembl.org/Danio_rerio/Info/ Index; Zv7 Ensembl assembly, 

Genes Linkage group Genomic contigs (Zv6 Ensembl) 

ryr1a 10 Zv6_LG10_scaffold1488_BX088525 
Zv6_LG10_scaffold1488_BX323802 

ryr1b 18 

Zv6_LG18_scaffold2701 
Zv6_LG18_scaffold2704 

Zv6_NA1631 
Zv6_LG10_scaffold1543 

ryr2a 12 Zv6_LG12_scaffold1783 
Zv6_NA172 

ryr2b 17 

Zv6_LG12_scaffold2517_BX323986 
Zv6_LG12_scaffold2525_BX005070 

Zv6_LG12_scaffold2444 
Zv6_LG12_scaffold2462 

Zv6_NA2171 
ryr3 20 Zv6_LG20_scaffold2945_BX682544 

http://mar2009.archive.ensembl.org/Danio_rerio/Info/%20Index�
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released in 13th July, 2007) and the NCBI GenBank database (http://www.ncbi.nlm.nih. 

gov/protein) using the respective human RyR family as a searching template 

(http://www.ensembl.org/Homosapiens/familyview?family=ENSF00000000736). Hits 

retrieved from BLAST searches were compared to the 3’-UTR sequence of the 

expressed cDNA sequence tag (EST) to identify the corresponding genomic region. 

 

3.2.1. Zebrafish ryr1a 

 

A protein tBLASTn search within the Ensembl zebrafish genomic assembly 

Zv7 with the use of human RyR1 protein coding sequences as a template, revealed the 

ryr1a gene (Entrez Gene ID: LOC798565; Gene ID: ENSDART00000036015; Protein 

ID: ENSDARP00000032856) coding for RyR1a in the zebrafish genome, which is 

found to be located on chromosome 10 at location 29,760,054-29,891,428.  The 

zebrafish ryr1a coding transcript contains 15,195 bp from 108 exons and encodes for 

5,064 amino acids RyR1a (Table 3-2).  Fragments of RyR1a obtained from the 

Ensembl database were used to re-BLAST (BLASTP) against both the NCBI and 

ZFIN databases to further confirm its identity. 

 

3.2.2. Zebrafish ryr1b 

 

A NCBI CoreNucleotide search within the zebrafish genome with the use of 

protein coding sequences of human RyR1 as a template, revealed the ryr1b gene 

http://www.ncbi.nlm.nih.gov/protein�
http://www.ncbi.nlm.nih.gov/protein�
http://www.ensembl.org/Homosapiens/familyview?family=ENSF00000000736�
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(Nucleotide Accession number: AB247454) coding for RyR1b in the zebrafish 

genome, which is located on chromosome 18 at location 35,171,158-35,270,423, as 

suggested by Hirata and colleagues based on Zv6 genomic assembly (Hirata et al., 

2007).  The ryr1b obtained from BLAST search is indeed the same as the one 

identified by Hirata and colleagues in 2007.  The zebrafish ryr1b transcript contains 

15,231 bp from 100 exons and encodes for 5,076 amino acids RyR1b (Table 3-2). 

 

3.2.3. Zebrafish ryr2a 

 

Initially, it was assumed that there is only a single ryr2 gene in the zebrafish, as 

in other cases for teleost species, however, data from Hirata and colleagues suggested 

that there are two zebrafish ryr2 genes (Hirata et al., 2007).  Thus, a more sensitive 

search approach for the ryr2a was conducted within the zebrafish genome.  An initial 

NCBI CoreNucleotide search within the zebrafish genome using the protein coding 

sequences of human RyR2 as a template, revealed five ryr2a like scaffolding 

sequences from the list of BLAST results with relatively lower blast hits scores.  These 

five genomic contigs (NA_1034, NA_1216, NA_3083, NA_1397 and NA_1713) are 

different from those two identified by Hirata and colleagues from the Zv6 Ensembl 

assembly (Hirata et al., 2007), but the translated partial RyR2a sequence using the 

SHOWORF program (http://mobyle.pasteur.fr/cgi-bin/portal.py?form=showorf), show 

significant sequence similarity to the human RyR2 (Table 3-2).  To date, the partial 

zebrafish ryr2a transcript contains 8,302 bp and encodes for 2,829 amino acids RyR2a 

(Table 3-2).  There is no particular chromosome assigned to the ryr2a based on current 

http://mobyle.pasteur.fr/cgi-bin/portal.py?form=showorf�
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sequencing data, due to the fact that the ryr2a were regarded as scaffold protein 

fragmented sequences within the genome, although it was found that the NA_1216 

genomic contig is located on chromosome 12 based on the Ensembl database.  Please 

refer to Appendix 2 for both the mRNA coding transcripts and proteins sequences for 

zebrafish ryanodine receptor 2a. 

 

3.2.4. Zebrafish ryr2b 

 

From bioinformatics BLAST searches on both the zebrafish Ensembl Zv7 

genomic assembly and the NCBI GenBank databases, it was revealed that there were 

no fully annotated ryr2b gene sequence in the zebrafish, but only a partial ryr2b 

(Entrez Gene ID: LOC568506 on chromosome 17:18.7m) sequence fragment 

encoding 805 residues was identified from the Ensembl assembly through the use of 

human RyR2 as a template.  And it was initially predicted that the encoding protein 

sequence from this partial transcript should share conserved symmetry to that of the 

human RyR2, however, it was found not to be the case.  As a result, more careful 

investigative work was performed in order to reveal the ryr2b gene.  With the use of a 

protein alignment approach, ClustalW algorithms (http://align.genome.jp/), it found 

out that the partial gene was reverse transcribed (i.e. appears on the reverse 3’ to 5’ 

strand) and the genomic region of 19.98 kb that encodes 805 amino acids was located 

at the C-terminus end and shows high peptide identity to that of the human RyR2.  In 

order to locate the missing part of the RyR2b peptide, the Genscan feature available on 

Ensembl Zv7 assembly was employed to reveal an extra 1,014 amino acids, giving a 

http://align.genome.jp/�
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total of 1,819 amino acids from the C-terminal end.  To further the search for the 

missing portion of the RyR2 peptide at the N-terminus, a genomic region of 107,783 

bp spanning the C-terminal end of ryr2b gene to the start of the next neighbouring 

gene, [actn2, Ensembl Gene ID: ENSDARG00000071090], was reverse 

complemented using the REQSEV program (http://bioweb.pasteur.fr/seqanal/inter 

faces/revseq.html).  This was followed by a pairwise BLAST alignment using the 

Gasterosteus aculeatus (stickleback) RyR2 peptide sequence available from the NCBI 

website (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi).  Based on the 

sequence alignment result, the full length zebrafish RyR2b peptide was first 

constructed with reference to the Takifugu rubripes (pufferfish) and stickleback RyR2 

peptide sequences using the gene predictions program, Genewise (http://www.ebi. 

ac.uk/Wise2/) and the complete zebrafish RyR2b peptide was finalised by the 

alignment of the translated genomic region using the SHOWORF program 

(http://mobyle.pasteur.fr/cgi-bin/portal.py?form=showorf).  The zebrafish ryr2b is 

located on chromosome 17 at location 18,697,215-18,804,998, which has a coding 

transcript containing 14,748 bp from 103 exons and encodes for 4,916 amino acids 

RyR2b (Table 3-2).  Please refer to Appendix 3 for both the full length mRNA coding 

transcripts and proteins sequences for zebrafish ryanodine receptor 2b. 

 

3.2.5. Zebrafish ryr3 

 

A protein tBLASTn search within the Ensembl zebrafish genomic assembly 

Zv7 with the use of human RyR3 protein coding sequences as a template, revealed a 

http://bioweb.pasteur.fr/seqanal/interfaces/revseq.html�
http://bioweb.pasteur.fr/seqanal/interfaces/revseq.html�
http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi�
http://www.ebi.ac.uk/Wise2/�
http://www.ebi.ac.uk/Wise2/�
http://mobyle.pasteur.fr/cgi-bin/portal.py?form=showorf�
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single ryr3 gene (Gene ID: ENSDARG00000042531; Protein ID: ENSDARP 

00000046552) coding for RyR3 in the zebrafish genome, which is found to be located 

on chromosome 20 at location 38,108,170-38,237,179.  The zebrafish ryr3 coding 

transcript contains 15,122 bp and encodes for 4,870 amino acids RyR3.  However, it 

was later discovered in the NCBI updated database (Version: XM_001922078.1 

GI:189533244) that the zebrafish ryr3 contains 15,122 bp from 98 exons encodes for 

4,863 amino acids (Table 3-2).  Although the two zebrafish RyR3 (from assembly Zv7 

and NCBI) share 95% similarity at the peptide level, there are more significant 

differences in the nucleotide sequences.  The variability in the nucleotide sequences is 

relevant to the interpretation of the functional characterisation experiments that used 

antisense MO designed to the earlier ryr3 sequence (See Section 5.5.1). 
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Table 3-2. A summary for the five ryr paralogues identified in zebrafish.  The column labelled as Identity (1) shows the level 

of peptide similarities (as a percentage) relative to the respective human RyR peptide, whereas the column labelled as Identity (2) 

shows the respective level of peptide similarities (as a percentage) relative to the zebrafish RyR3 peptide. 

References:   # BLAT result; γ ClustalW Alignment Score; * based on the partial RyR2a peptide 

Abbreviations:  bp: base pairs ; aa: amino acids 

 

Zebrafish Ryanodine Receptors 
Gene 
name 

Protein 
name Genome location Exons Transcript 

(bp) 
Protein 

(aa) 
Identity 

(1)γ 
Identity 

(2)γ 

ryr1a RyR1a Chromosome 10: 29.76m 108 15,195 5,064 76% 65% 

ryr1b RyR1b Chromosome 18: 36.78m 100# 15,231 5,076 76% 65% 

ryr2a RyR2a Scaffold Proteins 
(5 genomic contigs) N/A 8,302 (to date)  2,829 (to date) 82%* 65% 

ryr2b RyR2b Chromosome 17: 18.69m 103 14,748 4,916 63% 55% 

ryr3 RyR3 Chromosome 20: 38.11m 98 15,122 4863 77% 100% 
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3.3. The five zebrafish RyR paralogues show significant 

orthologous relationship to other vertebrate species 

 

Phylogenetics is the study of the evolutionary relationships of a gene among 

other different organisms.  This is also frequently used for addressing enquiries 

concerning the orthologous relationships between genes (i.e. which gene of a genome 

is the orthologue of a well-characterised gene in another genome), which would help 

with inferring the function of the gene of interest (Allaby and Woodwark, 2004).  In 

this study, a phylogenetic analytical approach was employed to establish the 

orthologous relationships between the ryr genes in zebrafish and those from other 

species.  The study was aimed to conduct a more comprehensive analysis with a better 

alignment score on a fair basis by including all five zebrafish ryr and 32 well-

characterised ryr from other different vertebrates.  Additionally, an experimental 

control (i.e. outgroup) was introduced to help demonstrate the ryanodine receptors 

identified in zebrafish are definitive RyR isoforms.  Specifically, an outgroup is a 

group of sequences that is distantly related to the sequence of interest (De la Torre-

Bárcena et al., 2009) and the IP3Rs make a good control group for examining their 

position in the phylogeny of RyR, due to the fact that these two distinct families of 

intracellular Ca2+ ion channels are genetically related to each other (Sorrentino et al., 

2000). 
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Protein sequences equivalent to the two functional domains (RIH_assoc and 

RR_TM4-6 domains) in all the five zebrafish RyR protein sequences (RyR1a, RyR1b, 

partial RyR2a, RyR2b and RyR3) and other well-characterised vertebrates RyR 

homologue sequences (Table 2-1) were selected, in order to provide a significant 

similarity (at least 50%) for the alignment scoring criteria.  The RyR domains were 

pre-aligned in the ClustalW program to eliminate any gaps generated within the 

sequences, to improve the accuracy of the multiple sequence alignment (Golubchik et 

al., 2007).  The T-coffee program was specifically chosen to carry out the multiple 

sequence alignment, because it allows the combination of results obtained with other 

alignment methods (i.e. Clustal alignment in this case) to produce a new global 

alignment with the best agreement (Notredame et al., 2000).  The rooted phylogenetic 

tree was constructed using the SplitsTree4 program, based on the multiple sequence 

alignment from T-coffee, as described in Section 2.2.3.  The results of the survey for 

RyR homologues in the genome of zebrafish are reported here (Figure 3-1).  The 

phylogenetic tree identifies three major monophyletic clades corresponding to RyR1, 

RyR2 and RyR3 subfamilies and the analysis confirms that all five zebrafish RyR 

identified cluster within the RyR1, RyR2 and RyR3 clades, respectively, suggesting 

that all five ryanodine receptors identified in zebrafish are definitive RyR.  In 

particular, the ryr1 gene in teleosts has undergone a gene duplication event resulting in 

two distinct genes.  The zebrafish ryr1a and ryr1b clustered with those from other 

teleost species, Gasterosteus aculeatus (stickleback), Oryzias latipes (medaka) and 

Takifugu rubripes (pufferfish).  It is also notable that most teleosts appear to have two 

ryr3 genes; however, only a single gene has been reported in zebrafish (Brennan et al., 
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2005; Hirata et al., 2007; Darbandi and Franck, 2009; Section 3.2.5) and it was shown 

to have a closer homology to other teleost species than to other vertebrates, including 

mammals.  The two ryr2 genes identified in zebrafish currently appear to be the only 

species in which this gene is duplicated.  Both the zebrafish RyR2a and RyR2b 

paralogues were found to cluster with those orthologous receptors from other teleost 

species, as in the case of RyR1a and RyR1b genes.  As expected, phylogenetic 

analysis revealed that the human IP3Rs (selected as the outgroup) appear to have 

diverged separately from the RyR and form their own clade.  The ryr identified in 

zebrafish segregated into their respective RyR groupings, which provide strong 

evidence to support the predicted sequence has been correctly identified.  To further 

support the idea that the ryr identified in zebrafish were definitive RyR isoforms and 

were not due to phylogenetic tree construction program variations.  Other clustering 

methods such as maximum likelihood and neighbour-joining were also employed for 

the construction of the phylogenetic trees for RyR, based on the 50% gaps removed 

full length RyR multiple sequences alignment (Figure 3-2).  In which, the maximum 

likelihood method is the most statistically robust amongst them, which would often 

generate the most optimal tree (McCormack et al., 2009).  The findings concurred 

with the phylogenetic tree found with the above named approach (Section 2.2.3), 

indicative of consistency in the analysis. 
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Figure 3-1. 
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Figure 3-1. Phylogenetic tree of the zebrafish RyR family.  The phylogenetic tree 

displays a representation of evolutionary relationships between the zebrafish RyR 

paralogues and cloned full-length RyR orthologues of other well-characterised species.  

The phylogenetic tree was constructed based on the T-coffee multiple sequence 

alignment using the equal angled method available on the SplitsTree4 software.  

Branch length of the tree is proportional to evolutionary distance.  With the aid of the 

well-characterised RyR isoforms and routing the tree using human inositol 1,4,5-

trisphosphate receptors (IP3R) as designated outgroup, it is clear that all the zebrafish 

RyR identified are definitive members of the ryanodine receptor clades, being related 

to their respective amniotes counterparts. 

 

 

 

Figure 3-2. Phylogenetic tree of the zebrafish RyR family using the (A) 

maximum likelihood and (B) neighbour-joining clustering methods.  Both 

phylogenetic trees display a representation of evolutionary relationships between the 

zebrafish RyR paralogues and cloned full-length RyR orthologues of other well-

characterised species.  Branch length of the tree is proportional to evolutionary 

distance.  The family of human IP3R was used as designated outgroup to route the tree, 

it is clear that fish and amniotes RyR cluster together, demonstrating that all the 

zebrafish RyR identified are definitive members of the ryanodine receptor clades.  

Importantly, the findings were consistent with the phylogenetic tree described in 

Figure 3-1. 
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Figure 3-2. 
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3.4. The five zebrafish RyRs show conserved structural 

domains to other vertebrate species 

 

The molecular structure of the RyR protein has been explored extensively, in 

part to understand how the receptor is regulated.  Briefly, RyR is very large 

intracellular Ca2+ ion channel that contains approximately 5,000 amino acids in length 

with a molecular mass of ~565 kDa.  The receptor has an extensive N-terminal 

cytoplasmic domain containing many regulatory binding sites that modulate the gating 

of the channel pore located in the C-terminus. Studies performed (mainly in 

mammalian species) have shown that N-terminus cytoplamic domain of RyR interacts 

with a host of regulatory proteins, such as calstabin and calmodulin.  Physiological 

modulators of RyR function include ATP, Ca2+, Mg2+, cyclic ADP ribose, 

posttranslational modifications (e.g. phosphorylation, oxidation) and pharmacological 

substances (e.g. ryanodine, caffeine) (Please refer to Chapter 1.4.2.2 for further 

information).  The main objective of this study aimed to establish whether the 

regulatory control of the RyR in zebrafish might be similar to their mammalian 

counterparts (including humans) through the identification of conserved protein 

domains.  In addition to identifying the conserved domains, the comparison of regions 

that are unique to each receptor subtype was crucial in designing isoform specific PCR 

primers, mRNA probes, antisense MO and synthetic peptides, as described previously 

in Section 3.1. 
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Sequence homology analysis revealed that the presence of several well-

characterised conserved domains within all the five zebrafish RyR may contribute to 

similar receptor regulation (Figure 3-3).  MIR (Mannosyltransferase, IP3R and RyR 

[pfam02815]) and RIH (RyR and IP3R Homology [pfam01365]) domains were 

identified within the N-terminal of all five zebrafish RyR.  The MIR and RIH domains 

are common to all the members of the intracellular Ca2+-release channel superfamily 

(Ponting, 2000; Sorrentino et al., 2000).  The MIR domain has been suggested to have 

a ligand transferase function and the RIH domain may form a binding site for IP3 in 

combination with the MIR domain; however, very little is known regarding their role 

in receptor regulation to date (Ponting, 2000).  All of the zebrafish RyRs contain three 

SPRY domains (Dictyostelium discoideum dual-specificity kinase (SPla) and RyR 

[pfam00622]), which have been proposed to interact with the voltage gated channels 

(Ponting et al., 1997; Cui et al., 2008; Tae et al., 2009).  Each zebrafish RyR also 

contains four copies of the RyR domains (RyR repeated domain [pfam02026]), a 

sequence unique to these channels with unknown function to date (Otsu et al., 1990).  

In addition, zebrafish RyR contain the eukaryotic RIH_assoc (RyR and IP3R 

Homology associated [pfam08454]) domain, which currently has no known function 

(Ponting, 2000).  Furthermore, EF-hand motifs may have a functional significance in 

activation of the channel by Ca2+ themselves.  Five putative Ca2+ binding motifs, EF1 

to EF5 (Fessenden et al., 2004), have been identified within the RyR1 and are 

predicted to be the major Ca2+ regulatory sites (Xiong et al., 2006).  Putative EF-hand 

motif towards the C-terminal of the receptor was identified and appears to be 

conserved throughout all zebrafish and human RyR isoforms. 
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Figure 3-3. Diagrammatic representation of the five zebrafish RyR peptide 

sequences relative to the human counterparts.  The figure shows the three human 

RyRs at the top and the five zebrafish RyRs below.  Sequence equivalent to MIR and 

RIH domains are present in all the five zebrafish RyRs.  Three SPRY domains, four 

copies of the RyR repeated domain, a single copy of the RIH associated domain and a 

putative EF hand domain were also identified within the zebrafish RyR, with an 

exception for RyR2a, where the missing peptide sequence equivalent to the SPRY and 

RyR repeated domains are currently unavailable.  Transmembrane domains (TM 4-6) 

and putative pore forming region (TM 8-10) were also present in all zebrafish RyRs.  

Please refer to text for full description of these domains. 

 

 

Also, it has been reported that the RyR pore determines the conductance and 

ion selectivity (i.e. the activity) of the channel (Ramachandran et al., 2009); however, 

the structure of the TM and pore forming region is still unresolved.  There are eight 

proposed TM sequences, of which the last six are suggested to form the Ca2+ release 

channel (Du et al., 2002).  According to both the Zorzato model (which identified 
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twelve TM sequences (M’, M’’ and M1-10)) and Du model, M9 is proposed to act as 

the selectivity filter and lies between M8 and M10 which are outer and inner pore 

helices (Zorzato et al., 1990; Du et al., 2002).  All five zebrafish RyR contain 

RR_TM4-6 domains (RyR TM 4-6 [pfam06459]).  Sequence homology comparison in 

the core pore forming region and TM domains lining the pore region (i.e. M8 and M10) 

at both peptide level (Figure 3-4) and nucleotide level (Figure 3-5) revealed that all 

five zebrafish RyR sequences are highly conserved among other vertebrate species.  

Indeed, the importance of these highly conserved residues in the pore region has been 

signified by single point mutation studies, which shown to be affecting channel 

functions, such as caffeine-induced Ca2+ release, high affinity ryanodine binding and 

single channel conductance and modulation (Zhao et al., 1999; Gao et al., 2000).  

Thus, the high degree of conservatory within the pore-forming region across zebrafish 

and other vertebrates RyR implies that these channels also function as intracellular 

Ca2+ release channels. 

 

 

Figure 3-4. RyR pore-forming region at the peptide level.  Multiple alignments 

of the pore and transmembrane regions (M8, M10) of 38 RyR homologues.  Letters A 

and B indicate regions that are not shown in the alignment.  Bar graph indicates the 

number of different amino acids among the different isoforms at the indicated residues. 

 

Figure 3-5. RyR pore-forming region at the nucleotide level.  Multiple 

alignments of the pore and transmembrane regions (M8, M10) of 37 RyR homologues.  

Conserved nucleotides across ryrs were highlighted in yellow.  Letters A and B 

indicate regions that are not shown in the alignment.  Bar graph indicates the number 

of different nucleotides among the different isoforms in the pore forming region. 
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Figure 3-4. 

                            M8          Pore            M10 
 

RyR1 Chimpanzees...... QLVMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1 Human............ QLVMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1 Mouse............ QLVMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1 Pig.............. QLVMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(1) Medaka........ QLMMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(2) Medaka........ ----------------------  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(1) Pufferfish.... QLMMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(2) Pufferfish.... QLMMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(1) Stickleback... QLMMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1(2) Stickleback... QLMMTLGLLAVVVYLYTVVAFI  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1a Zebrafish....... QLMMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR1b Zebrafish....... QLLMTVGLLAVVVYLYTVVAFN  GGGIGD  RVVFDITFFFFVIVILLAIIQGLII 

RyR2 Chicken.......... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Chimpanzees...... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Dog.............. QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Human............ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Macaque.......... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Mouse............ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Rabbit........... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2 Pufferfish....... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RMIFDITFFFFVIVILLAIIQGLII 

RyR2 Stickleback...... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2a Zebrafish....... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR2b Zebrafish....... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIIFDITFFFFVIVILLAIIQGLII 

RyR3 Bat.............. QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Chicken.......... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Chimpanzees...... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Dog.............. QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Horse............ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Human............ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Mouse............ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3 Rabbit........... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RIVFDITFFFFVIVILLAIIQGLII 

RyR3(1) Medaka........ QLVLTVGLLAVVVYLYSVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3(2) Medaka........ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3(1) Pufferfish.... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3(2) Pufferfish.... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3(1) Stickleback... QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3(2) Stickleback... QLMLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 

RyR3 Zebrafish........ QLVLTVGLLAVVVYLYTVVAFN  GGGIGD  RILFDITFFFFVIVILLAIIQGLII 
 

     A         B 

 

 
 

 

 

Key: 

Amino acids highlighted in yellow = conserved residues across RyR species. 
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Figure 3-5. 
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3.5. Discussion 

 

Five ryr genes and their respective gene products were successfully identified 

and characterised in the zebrafish genome using bioinformatics approaches.  The 

thorough sequence searches analysis conducted in this study was the first to provide 

convincing evidence to support the preliminary classification of ryr genes suggested by 

Hirata and colleagues (Hirata et al., 2007).  However, despite most of the ryr genes and 

proteins sequence characterisation were almost completed, more investigative work is 

still required for zebrafish ryr2a.  Thus, for future experiments, it would be ideal to: 

 

1. Carry out more sensitive blast searches in the forthcoming zebrafish Zv10 

genome assembly, as one would expect the un-allocated scaffolds would 

decrease significantly (from 11,623 in Zv8 assembly reduced to 4,560 in Zv9 

assembly; http://www.sanger.ac.uk/Projects/D_rerio/Zv9_assembly_information. 

shtml), as short fragments of scaffolds are easily missed by blast searches due to 

not obvious scoring (i.e. low hits score) and are often interpreted as insignificant 

homology. 

Outcome: This would allow the complete characterisation of ryr2a sequence and 

its gene product, which will boost the confidence of using their sequence for 

subsequent functional studies. 

2. Clone the zebrafish ryr2a by PCR using specific primers to amplify across the 

genomic contigs to bridge the unknown regions (Figure 3-6) 

Outcome: As above. 

http://www.sanger.ac.uk/Projects/D_rerio/Zv9_assembly_information.shtml�
http://www.sanger.ac.uk/Projects/D_rerio/Zv9_assembly_information.shtml�
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Figure 3-6. Schematic representation of zebrafish RyR2a with predicted 

fragment sizes.  ryr2a specific forward (Fwd) and reverse (Rev) primers could be 

designed to amplify across the genomic contigs to bridge the unknown regions. 

 

 

Also, this study has demonstrated that the five ryr genes identified in zebrafish 

clustered to their respective gene families, confirming that all these five ryanodine 

receptors identified are definitive RyR, based on careful examination on their position in 

the phylogeny.  Furthermore, the five RyR identified in zebrafish contain many of the 

well-characterised structural domains and the highly conserved pore forming region 

found in other vertebrates.  This finding strongly suggests that these channels function 

and regulation are similar to those in other vertebrates, in spite of the fact that teleosts 

appeared to have undergone the proposed fish-specific genome duplication event (Meyer 

and Schartl, 1999; Meyer and Van de Peer, 2005).  Indeed, a study using single channel 

recordings have demonstrated that the biophysical properties and pharmacological 

regulation of the zebrafish RyR1 are similar to other vertebrate species, including 

mammals (Koulen et al., 2001). 
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The zebrafish RyR1a and RyR1b were found to cluster with other teleosts 

orthologues (stickleback, medaka and pufferfish), indicating that the ryr1 gene in 

zebrafish has undergone a local or single genomic duplication event occurred at the base 

of the ray-finned lineage (proposed fish-specific genome duplication), which resulted in 

two distinct genes to encode for RyR1 proteins (Hirata et al., 2007; Darbandi and Franck, 

2009).  Force and colleagues suggested that the ryr1 gene duplication in teleosts were 

purposed for sub-functionalisation, the functional specialisation of RyR1a and RyR1b 

paralogues found in slow twitch and fast twitch muscle fibres of teleosts (Force et al., 

1999; Hirata et al., 2007).  Indeed, wholemount mRNA in situ hybridisation data reveals 

a differential expression of ryr1 genes within the skeletal muscle of the developing 

zebrafish embryo, which reinforces the idea of sub-functionalisation (See Section 4.5); 

two ryr2 genes were identified in zebrafish, which is currently the only species a 

genomic duplication for this receptor had been reported.  The RyR2a and RyR2b in 

zebrafish were observed to cluster with other RyR2 orthologues from other teleosts.  

This suggests that ryr2 gene function may well have diverged to take on different 

functional roles at different location within the zebrafish (i.e. sub-functionalisation of 

duplicated genes), similar to those duplicated ryr1 genes in teleost fish.  Wholemount 

mRNA in situ hybridisation data reveals a differential expression of ryr2 genes in the 

central nervous system and the heart of the developing zebrafish embryo, which once 

again supports the idea of sub-functionalisation (See Section 4.6 and Section 4.7); most 

teleost species appears to have duplicated ryr3 genes, however, there is only one single 

ryr3 gene being reported in zebrafish (Brennan et al., 2005; Hirata et al., 2007; Darbandi 

and Franck, 2009).  The single RyR3 was shown to have a closer homology to other 
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teleosts than to vertebrates.  The apparent absence of RyR3 duplicates in the zebrafish 

genome could be explained by a gene loss following the proposed fish-specific genome 

duplication event (Brunet et al., 2006), e.g. the nuclear receptor gene ff1c in zebrafish 

(Kuo et al., 2005).  Overall, the evolutionary development of five ryr isoforms in 

zebrafish might be required for even further differentiation of intracellular Ca2+ release 

characteristics according to the needs of individual muscles or other cell types. 

 

In summary, this study has provided a comprehensive overview of the five 

zebrafish ryr genes and their respective structure based on their protein sequences.  The 

phylogenetic analysis demonstrates that all zebrafish RyR identified are definitive 

members of the ryanodine receptor clades, being related to their respective amniotes 

counterparts.  The presence of the highly conserved structural domains within the 

zebrafish RyR protein sequences indicates that the mechanisms for the regulation of 

intracellular Ca2+ signalling are likely to be preserved across vertebrate species, which 

gives further support for zebrafish as a comparable model to study the function of RyR.  

To conclude, a picture of the structural and biophysical properties of the zebrafish RyR 

family of ion channels is emerging.  The structural information has provided valuable 

assets for designing isoform specific PCR primers, antisense MO and synthetic peptides 

for subsequent studies and the identifications of conserved domains among the RyR in 

zebrafish paralogues shed light into its potential function.  Taken together, this will 

facilitate the interpretation work to elucidate the role of this giant homo-tetrameric 

ligand-gated intracellular Ca2+ release channel during development in vivo. 
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CHAPTER 4 

4. EXPRESSION ANALYSIS OF RyR 
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4.1. Introduction 

 

Understanding the function of RyR in early development remains the ultimate 

goal of this project.  In the previous chapter, a comprehensive overview of the five 

zebrafish ryr genes and the structure of their respective gene products were reported.  In 

this chapter, the temporal and spatial expression of ryr genes during zebrafish 

development is addressed.  An increased understanding of when and where the ryr genes 

are expressed during zebrafish embryogenesis will help the interpretation of work in 

later chapters that examines the function of RyR in development. 

 

The expression of RyR is well described in adults.  In mammals, the three RyR 

show differential expression, with RyR1 is pre-dominantly found in skeletal muscle, 

RyR2 in cardiac muscle and RyR3 at a relatively low level in various tissues (Table 1-3).  

RyR1 and RyR2 are responsible for DICR and CICR during ECC in skeletal and cardiac 

muscle contraction (Section 1.4.2.2.2).  RyR3 is believed to be responsible for 

amplifying the Ca2+ signal released from RyR1 via CICR and is likely to have a more 

substantial role to play in neonatal muscle (Section 1.4.2.2.4).  More recently, the 

expression of RyR during development has been reported in various species and it has 

been implicated particularly in muscle related developmental processes (Section 

1.4.2.2.4).  Zebrafish make an excellent model for the study of vertebrate development 

(Section 1.5), the biophysical properties of the RyR are comparable to those in 

mammalian tissues (Koulen et al., 2001); however, information regarding the ryr genes 

expression to date is very limiting.  Over the past five years, there were only a few 
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numbers of studies focused on the developmental expressions of ryr genes in zebrafish 

(as summarised in Table 4-1).  Therefore, a thorough examination on the spatial and 

temporal expression pattern of ryr genes during zebrafish embryonic development is 

required, since the information regarding the precise location of ryr expression might 

shed light into their function. 

 

The primary objective in this part of the project was to obtain information 

regarding the temporal and spatial expression pattern of ryr genes during zebrafish 

embryonic development.  However, owing to the fact that there were no isoform-specific 

RyR antibodies (ISRA) available to distinguish the protein expression between RyR 

isoforms (will be discussed in Chapter 6), the only method that could provide the spatial 

distribution information for each individual receptor was to look at their mRNA 

expression through the use of ryr gene specific riboprobes in wholemount in situ 

hybridisation (WISH).  In particular, it is worth to mention that WISH is a very useful 

technique in zebrafish for obtaining the spatial information of a gene, because of 

embryos transparency and the ability of performed in the whole organism in vivo, 

making it an attractive model for this study in this respect. 
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Table 4-1. Developmental expressions of the ryr genes reported in zebrafish to 

date.  References: (1) Jurynec et al., 2008; (2) Hirata et al., 2007; (3) Brennan et al., 

2005; (4) (http://zfin.org/cgi-bin/webdriver?MIval=aa-fxallfigures.apg&OID=ZDB-

PUB-051025-1&fxallfig_probe_zdb_id=ZDB-EST-090218-73). 

 

 

Antibodies (34C, F59 and MF20), together with other well-established research 

techniques like PCR, WISH, immunocytochemistry (ICC) and immunohistochemistry 

(IHC), as well as double labelling methods were employed to provide a thorough 

comprehensive analysis on ryr gene expression in zebrafish development.  Briefly, semi-

quantitative end point PCR provides information regarding the relative levels of ryr 

Developmental 
Time (Stages) ryr1a ryr1b ryr3  

~11 hpf 
(4-somite) N/A N/A 

Developing somites, especially 
in adaxial slow muscle precursor 

cells(3) 
~12 hpf 

(5 to 6-somite) N/A N/A Kupffer’s vesicle(1) 

14 hpf 
(10-somite) N/A N/A 

muscle pioneer and adaxial cells 
in newly formed somites; lateral 
somitic mesoderm (adaxial and 
paraxial cells) of more mature 

somites(3) 
16.5 hpf 

(15-somite) Adaxial cells(1) N/A Many tissues(1) 

24 hpf 

Pioneer slow 
muscle fibres 
& low level 
throughout 
somite(1) 

Slow muscle(2) 

Fast muscle(2) 

Somites(1); throughout the 
somitic mesoderm in both slow 
and fast muscle populations(3); 

hindbrain and neuron(4) 

32 hpf N/A N/A Throughout the myotome(3); 
hindbrain and neuron(4) 

48 hpf Slow muscle(2) Fast muscle(2) Habenula and telencephalon(4) 
120 hpf N/A N/A Habenula and telencephalon(4) 

http://zfin.org/cgi-bin/webdriver?MIval=aa-fxallfigures.apg&OID=ZDB-PUB-051025-1&fxallfig_probe_zdb_id=ZDB-EST-090218-73�
http://zfin.org/cgi-bin/webdriver?MIval=aa-fxallfigures.apg&OID=ZDB-PUB-051025-1&fxallfig_probe_zdb_id=ZDB-EST-090218-73�
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temporal expression; WISH provides the spatial information of the ryr genes whilst 

ICC/IHC gives details on RyR proteins localisation.  Taken together, these techniques 

provide the temporal and spatial expression information for the five zebrafish ryr genes, 

which would form the fundamental basis for the interpretation of each individual RyR 

function during embryonic development. 

 

4.2. Relative expression of the five ryr genes from early 

development through to adulthood 

 

The primary objective was to identify the relative levels of temporal expression 

of ryr during development. This information is crucial to address the spatial expression 

pattern of these genes, as it identifies the developmental time window and provides a 

starting point for more comprehensive studies (e.g. WISH/ICC). 

 

To identify the relative expression levels of all the five zebrafish ryr genes 

during development, semi-quantitative end-point PCR and isoform-specific PCR 

primers for ryr1a, ryr1b, ryr2a, ryr2b and ryr3 were used to address their temporal 

expression pattern (Figure 4-1).  A time course of ryrs relative expression was obtained 

from nine key stages of zebrafish development.  The series of these nine key stages for 

zebrafish development was designed based on those defined by Kimmel and colleagues, 

which highlights the changing spectrum of major developmental stages occurred during 

the first few days post fertilisation and categorises into the seven broad periods of 
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embryogenesis based on their morphologies (Kimmel et al., 1995).  These stages include: 

1-2 hpf (4- to 128-cell stage; cleavage period), 5.3 hpf (50%-epiboly stage; early 

gastrula period), 10 hpf (100%-epiboly stage; late gastrula period), 11-12 hpf (3- to 6-

somite stage; early segmentation), 18 hpf (18-somite stage; mid segmentation), 24 hpf 

(pharyngula period; late segmentation), 72 hpf (early larval), 144 hpf (late larval) 

embryos and the three-month-old (adult) stage (See Section 1.5). 

 

From the semi-quantitative end-point PCR results, ryr1a could be detected 

initially from 11-12 hpf through to adulthood, whereas ryr1b expression was evident 

from 18 hpf onwards.  Results also showed that levels of mRNA expression for both 

ryr1a and ryr1b were at the highest in 144 hpf and adult stages.  Strong maternal 

expression of ryr2a mRNA was first detected at 1-2 hpf.  After which, the level of ryr2a 

mRNA expression only became detectable from 18 hpf and was followed by an increase 

through to adulthood.  The expression of ryr2b mRNA was detected from 18 hpf 

through to adulthood in spite of a relatively weak expression at 24 hpf and 144 hpf 

stages.  Finally, ryr3 mRNA was observed to be maternally expressed quite strongly at 

1-2 hpf, then very weakly from 5.3 hpf through to 18 hpf and after which the level of 

expression became much stronger through to adulthood. 
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Figure 4-1. Temporal expression pattern of the five zebrafish ryr throughout 

development to adulthood.  RyR temporal expression patterns in developing zebrafish 

embryos were detected by semi-quantitative end point PCR.  Total RNA isolated from 

different developmental stages, was reverse transcribed.  1.5 µg of cDNA synthesised 

from each time point was amplified with specific primers for ryr1a, ryr1b, ryr2a, ryr2b 

and ryr3.  It is notable from the PCR that both ryr2a and ryr3 shows a relative strong 

maternal expression.  β-actin was used as an internal control.  Numbers in the right 

panel indicate the size of the amplified PCR products.  Results are based on a 

representation of replicates from at least three experiments. 
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4.3. Wholemount in situ hybridisation optimisation 

 

Following the synthesis of the WISH sense and antisense riboprobes, a simple 

RNA dot blot analysis was performed to check for the DIG incorporation in these 

riboprobes, as well as to establish the ideal working concentrations for each probes to be 

used in WISH (Figure 4-2).  From the dot blot analysis, it demonstrated that these RNA 

probes were incorporated with DIG and were able to be identified by the AP conjugated 

anti-DIG antibody at a dilution of 1:800 and even up to a dilution at 1:1600 in some 

cases (i.e. ryr1b, ryr2a, myoD, vmhc and cmlc2).  A probe dilution of 1:400 (equivalent 

to a working concentration of 0.16 mg/ml) was generally applied in subsequent WISH 

experiments, based upon the fact that most probes produced a moderate detectable signal. 

 

 
 

Figure 4-2. RNA Dot Blot analysis for checking DIG incorporation amongst the 

antisense WISH probes prepared. 
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4.4. Maternal expression of ryr3 mRNA during early zebrafish 

development at 2-2.25 hpf 

 

Based on the temporal expression pattern reported in Section 4.2, it is evident 

that both ryr2a and ryr3 have a very early expression, which could implicate functional 

importance.  In order to confirm their maternal expression, WISH was performed to 

assess their temporal and spatial distribution within the early embryos.  Results showed 

that specific ryr3 mRNA maternal expression was detected in the dividing cells of 64- 

and 128-cell embryos (2-2.25 hpf) and at the yolk interface (Figure 4-3), which is 

consistent with the previous findings seen in the semi-quantitative end point PCR for 

ryr3 (Figure 4-1).  However, no specific ryr2a mRNA expression was detected in the 

equivalent time point by WISH using the ryr2a riboprobes (data not shown). 

 

Localisation of ryr mRNA expression was established using tissue specific 

markers and a combination of ICC and WISH.  In the following sections, ryr mRNA 

expression is described according to its embryonic location, specifically skeletal muscle 

(Section 4.5), brain and central nervous system (CNS; Section 4.6) and the heart 

(Section 4.7). 
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Figure 4-3. Maternal expression of ryr3 in the developing zebrafish embryo.  

Maternal expression of ryr3 mRNA was evident at 2 - 2.25 hpf within the dividing cells 

of 64- and 128-cell stage embryos, as well as the yolk interface (white arrows).  The 

specificity of the signal was compared by the ryr3 sense probe, which did not produce a 

detectable signal when applied to equally treated embryos.  Embryos are laterally 

orientated with animal pole to the top.  S and AS are sense and antisense, respectively. 

 

 

4.5. ryr1a, ryr1b and ryr3 mRNA are expressed exclusively in 

skeletal muscle during zebrafish segmentation period 

4.5.1. Immunocytochemistry analysis 

 

Several studies have suggested that the zebrafish ryr1a, ryr1b and ryr3 mRNA 

are expressed in both the slow and fast muscle fibres as well as the CNS of developing 

zebrafish during the segmentation stage (Table 4-1).  The following part of the study set 
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out to establish a more rigorous spatial expression pattern for each of the ryr1a, ryr1b 

and ryr3 isoforms within the skeletal muscle, using ICC (Section 4.5.1), WISH (Section 

4.5.2), mutant studies (Section 4.5.3) and double staining techniques (Section 4.5.4). 

 

In order to characterise the localisation of these RyR proteins within the skeletal 

muscles, 34C pan anti-RyR antibody targeting all RyR was used initially for 

wholemount ICC analysis.  The RyR expression was compared with F59 antibody (a 

known protein marker of slow myosin heavy chains) labelled 24 hpf and 48 hpf 

zebrafish.  Clusters of RyR proteins were observed in the somites of the zebrafish at 24 

hpf and 48 hpf (Figure 4-4).  However, these results only revealed that the RyR protein 

is expressed in the skeletal muscles of zebrafish at 24 hpf and 48 hpf, which of these 

RyR isoforms are expressed within the skeletal muscles remains unanswered.  Also, due 

to the fact that there is no ISRA available (will be discussed in Chapter 6), the best 

available method to obtain the spatial distribution information was by WISH with the 

use of ryr gene specific riboprobes. 

 

 

 

Figure 4-4. RyR protein expressions in skeletal muscles.  Clusters of RyR proteins 

are expressed in the developing skeletal muscle of the zebrafish embryo.  Embryos were 

fixed and stained at 24 hpf and 48 hpf for slow myosin heavy chains within the slow 

muscle fibres (F59; A-D) and ryanodine receptor proteins (34C; E-H).  Z-stack images 

(A, C, E and G) were taken using X10 objectives on a Zeiss 510 LSM confocal 

microscope.  3D projected cross-sections (B, D, F and H) were re-constructed from the 

acquired Z-stacks of images using the Zeiss LSM Image Browser software. 
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Figure 4-4. 

 
 

 

4.5.2. Wholemount in situ hybridisation analysis 

 

The spatial distribution pattern of zebrafish ryr mRNA within the skeletal muscle 

was examined during the first 24 hpf of development using WISH.  The expression of 

ryr in the skeletal muscle (ryr1a, ryr1b and ryr3) was compared to the myogenic 

determinant (myoD).  myoD is one of the earliest markers of myogenic commitment and 

has a key role in regulating muscle differentiation (Weinberg et al., 1996).  In 11 hpf (3-

somite stage) embryos, myoD was observed to express strongly in the adaxial cells 

adjacent to the notochord and very weakly in the lateral somitic cells (Weinberg et al., 

1996; Figure 4-5 (A)).  This level of myoD expression is clearly evident in 12 hpf (6-
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somite stage), 14 hpf (10-somite stage), 18 hpf (18-somite stage).  At 24 hpf, myoD is 

expressed throughout the myotome in both the slow and fast muscles (Weinberg et al., 

1996; Figure 4-5 (A)).  At 11 hpf, ryr1a showed a very low level of expression in the 

adaxial cells on either side of the notochord (Figure 4-5 (A)).  By 12 hpf stage, the levels 

of ryr1a expression in the adaxial cells become stronger and the expression is 

maintained in the adaxial cells population through to the 14 hpf embryos (Figure 4-5 

(A)).  At 18 hpf, ryr1a was detected throughout the somites.  After the slow muscle 

precursors (i.e. adaxial cells) lateral migration is completed, expression is clearly visible 

in the superficial layer of slow muscle at 24 hpf from the sectioned WISH stained 

embryos (Figure 4-5 (A) and (B)).  For ryr1b, expression could not be detected in the 11 

hpf stage embryos; however, at 12 hpf low levels of expression in the adaxial cells 

adjacent to the notochord were detected in the developing somites of 6-somite and 10-

somite embryos (Figure 4-5 (A)).  From 18 hpf, strong ryr1b expression is detected in 

the somites throughout development (Figure 4-5 (A)).  At 24 hpf, ryr1b expression was 

observed throughout the skeletal muscle with a similar pattern to myoD expression 

(Figure 4-5 (B)), suggestive of expression in both the slow and fast muscles.  ryr3 

mRNA specific expression was first detected in 2–2.25 hpf (Figure 4-3).  However, the 

WISH staining shows that specific ryr3 mRNA expression could only be detected at 24 

hpf stage (Figure 4-5 (A)) and was observed to be confined to the skeletal muscle with a 

transitory expression pattern (a very strong to the disappearance of ryr3 expression from 

the anterior to posterior somites) (Figure 4-5 (A)).  According to the sectioned WISH 

stained embryos, the distinctive expression pattern from myoD may suggest that ryr3 is 

maintained solely in the fast muscle (Figure 4-5 (B)). 
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Figure 4-5. Expression of ryr1a, ryr1b and ryr3 in the zebrafish skeletal muscle.  

(A) Expressions of zebrafish myoD, ryr1a, ryr1b and ryr3 were observed using 

wholemount in situ hybridisation.  Expression of ryr1a mRNA is detectable in the 

adaxial cells of 11 hpf (arrows), whereas ryr1b mRNA expression is present in cells 

adjacent to the notochord from 12 hpf.  Specific expression of ryr3 mRNA was only 

evident at 24 hpf, with the strongest staining observed in the anterior somites.  The 

specificity of the signal was compared by the respective ryr3 sense probe, which did not 

produce a detectable background signal when applied to equally treated embryos.  All 

embryos are orientated with anterior to the left.  (B) Cross sections of myoD (far left), 

ryr1a (left), ryr1b (right) and ryr3 (far right) in situ mRNA hybridisation stained 24 hpf 

zebrafish embryos. 
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Further experiments, mutant studies and double staining, were conducted to 

confirm ryr1a slow muscles expression, as well as to resolve ryr1b and ryr3 specific 

expressions within the skeletal muscles. 

 

4.5.3. smoothened mutant studies 

 

It is evident that there is ryr expression within the slow muscle fibres of 

zebrafish at 24 hpf.  To confirm the isoform(s) that is/are expressed in this muscle type, 

the introduction of a mutant that lacks slow muscle fibres would be ideal, since this will 

not only confirm that the ryr1a is expressed exclusively in the slow muscle, but also 

report any other ryr that are expressed in the fast muscle fibres.  In this particular 

experiment, the smoothened (smo) mutant was used for WISH analysis along with ryr1a, 

ryr1b and ryr3 riboprobes.  Zebrafish smo mutants have been reported to be deficient in 

the superficial slow muscle cells (Chen et al., 2001). 

 

 

Figure 4-6. 
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Figure 4-6. ryr1a mRNA is exclusively expressed in the slow muscle fibres and 

muscle pioneer cells of zebrafish.  Normal pattern of ryr1a, ryr1b and ryr3 mRNA 

expression were detected in 24 hpf smo+/+ and smo+/- embryos.  There was a complete 

lack of ryr1a mRNA expression in the 24 hpf smo-/- mutant, indicating that ryr1a are 

expressed in both the slow muscle fibres and muscle pioneers.  ryr1b and ryr3 mRNA 

expression were still evident in the 24 hpf smo-/- mutant, suggesting that they are both 

expressed in the fast muscle. 

 

 

In this experiment, ryr1a expression is observed to be exclusive to the slow 

muscle fibres and muscle pioneer cells, as supported by the complete absence of ryr1a 

WISH staining signal in the somites of the smo mutant (Figure 4-6).  It is also notable 

that ryr1b and ryr3 mRNA expression are both observed to be in the fast muscle fibres.  

However, it still remains unclear about their slow muscle fibres expressions.  Thus, 

further experiments using double staining techniques were employed to help to draw a 

conclusive statement about the ryr1b and ryr3 expression locations. 

 

4.5.4. Double staining analysis 

 

In order to resolve the expression issue for ryr1b and ryr3, F59 anti-slow muscle 

antibody was employed to double stain ryr1a, ryr1b and ryr3 WISH pre-labelled 24 hpf 

zebrafish embryos (Figure 4-7).  At 24 hpf, ryr1a is observed to be express exclusively 

in the slow muscle fibres of zebrafish.  It is also clear that ryr1b and ryr3 mRNA are 

expressed in the fast muscle fibres, however, it is still uncertain about their precise 

expression location in the slow muscle fibres according to the double labelled cryostat 
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sections.  This might due to the fact that the signal obtained from the WISH stain was 

overwhelmed by the brown colour as a result of the slow muscles labelling.  Thus, the 

technique to double label the zebrafish 24 hpf embryos with two fluorescence substrates 

using confocal microscopy was pursued.  The confocal images confirm that ryr1a 

mRNA is expressed exclusively in the slow muscle fibres and the muscle pioneer cells 

of zebrafish at 24 hpf.  ryr1b mRNA is observed to be expressed in both the fast and the 

slow muscle fibres.  ryr3 mRNA is observed to have adopted a similar expression 

pattern as the fast skeletal muscle myosin heavy chain (myhz1; Xu et al., 2000), which is 

expressed solely in the fast muscle fibres of zebrafish at 24 hpf (Figure 4-8).  

Furthermore, the ryr3 expression is observed to be confined to the fast muscle fibres 

throughout the myotome from the anterior to the posterior end at 24 hpf (Figure 4-9). 

 

 

Figure 4-7. 
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Figure 4-7. Double staining for ryr1a, ryr1b and ryr3 mRNA expression in 

skeletal muscle at 24 hpf zebrafish embryos.  Double labelling of zebrafish 24 hpf 

cross sections using an alkaline phosphatase substrate (i.e. BM Purple (purple) and BCIP 

(turquorise)) for myoD, ryr1a, ryr1b and ryr3 in situ hybridisation and the F59 antibody 

(brown) for immunostaining.  Expression of ryr1a mRNA is detectable in the outer 

mono layer of slow muscle, whereas ryr1b and ryr3 mRNA expression are both present 

in the deep, fast muscles. 

 

 

Figure 4-8. ryr1a, ryr1b and ryr3 are expressed specifically in different types of 

skeletal muscle at 24 hpf.  Double fluorescent labelling of 24 hpf zebrafish embryos 

using a fluorescence substrate (i.e. FastRed; red) for ryr1a, ryr1b, ryr3 and myhz1 in situ 

hybridisation and the F59 antibody (green) for immunostaining.  ryr1a mRNA 

expression merges with the F59 expression in the slow muscle fibres and the muscle 

pioneer cells.  ryr1b mRNA expression co-localised with the F59 expression indicating 

that its expression was in both slow and fast muscle fibres.  ryr3 mRNA expression do 

not merges with the F59 expression indicating that its expression was solely in the fast 

muscle fibres.  myhz1 is used as a fast muscle marker, where its mRNA expression is 

exclusive to the fast muscle fibres, as shown by the lack of co-localisation signal; Scale 

bars = 20µm, unless otherwise stated. 

 

 

Figure 4-9. ryr3 is solely expressed in the fast muscle fibres throughout the 

myotome at 24 hpf.  Double fluorescent labelling of 24 hpf zebrafish embryos using a 

fluorescence substrate (i.e. FastRed; red) for ryr3 in situ hybridisation and the F59 

antibody (green) for immunostaining.  ryr3 mRNA expression do not merges with the 

F59 expression throughout the whole myotome, indicating that its expression was solely 

in the fast muscle fibres; Scale bars = 20µm, unless otherwise stated. 
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Figure 4-8. 
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Figure 4-9. 
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4.5.5. Discussion – ryr1a, ryr1b and ryr3 expression in the skeletal muscle 

 

Reports of RyR receptor expression during development are largely confined 

to a period of development that coincides with the formation of muscle (Section 

1.4.2.2.4).  Surprisingly, ryr3 mRNA is reported to be maternally expressed in the 

dividing cells during the late cleavage and early blastula stage.  Although it has been 

reported that IP3R are required for early zebrafish development, RyR signalling were 

not required during the cleavage stage and into the early blastula stage based on a 

pharmacological study (Ashworth et al., 2007), the early appearance of ryr3 clearly 

raises the possibility that this receptor may have a functional significance during the 

early stages of development.  Indeed, this novel finding has provided an initiative to 

study the functional role of this particular gene in early zebrafish embryogenesis (See 

Chapter 5). 

 

The PCR data for ryr1a, ryr1b and most of the ryr3 was supported by WISH, 

with the exception of low level ryr3 mRNA expression between 5.3 hpf to 18 hpf.  

Both PCR and WISH shows that the ryr1a mRNA is expressed in the adaxial 

populations from 11 hpf throughout the segmentation period and is then refined to the 

slow muscles and muscle pioneers by 24 hpf whereas ryr1b mRNA is expressed in the 

adaxial populations from 12 hpf throughout segmentation period and then refined both 

the slow and fast muscles by 24 hpf.  WISH analysis shows that ryr3 is expressed very 

early at cleavage at 2-2.25 hpf and then exclusively in the fast muscle at 24 hpf. 

 



 

160 
 

 

Table 4-2. Final conclusion drawn from the results obtained from Section 

4.5.1 to 4.5.4.  The zebrafish ryr1a is expressed exclusively in the slow muscle fibres, 

ryr1b is in both the slow and the fast muscle fibres and ryr3 is only expressed in the 

fast muscle fibres. 

 

 

The study has provided a very detailed conclusive review on the temporal and 

spatial expression pattern for ryr genes that are expressed in the skeletal muscle (Table 

4-2).  This work has helped to resolve some of the current confusion in the literature: 

 

(1) Evidence from other groups suggests that ryr1a mRNA is confined either 

to slow muscle fibres (Hirata et al., 2007) or can be detected abundantly in 

pioneer slow muscles fibres and at much lower levels throughout the 

somite at 24 hpf (Jurynec et al., 2008).  In this study, there is conclusive 

evidence to show that ryr1a is exclusively expressed in the slow muscle 

(both slow muscle fibres and the muscle pioneers) at 24 hpf, which is 

consistent with the report from Hirata and colleagues (Hirata et al., 2007). 

 

RyR in 
skeletal 
muscle  

ICC 
 

(4.5.1) 

WISH & 
sectioning 

(4.5.2) 

(smo) 
studies 
(4.5.3) 

Double 
staining 
(4.5.4) 

Final 
conclusion 

- Slow Fast Slow Fast Slow Fast Slow Fast - 

ryr1a RyRs 
observed in 

skeletal 
muscles 

√ X √ X √ X Slow 
ryr1b ? √ ? √ √ √ Fast + Slow 
ryr3 ? √ ? √ X √ Fast  
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(2) ryr1b mRNA was reported to be confined to the fast muscle fibres at 24 hpf 

(Hirata et al., 2007), whereas in this current study, ryr1b mRNA is 

observed to be expressed in both the slow and fast muscle fibres.  The 

discrepancies in the results are better explained by: (a) the ryr1b WISH 

sequence used by Hirata and colleagues to target a more conserved C-

terminal region pore forming region show 82% and 77% sequence 

similarity to the equivalent ryr1a and ryr3 region (Hirata et al., 2007; 

Figure 4-10 and Appendix 4), suggesting that the ryr1b WISH probe could 

also detect ryr1a and/or ryr3; (b) the study conducted by Hirata and 

colleagues did not use a tissue specific marker (Hirata et al., 2007).  Since 

slow muscle only forms a single layer of fibres on the surface of the somite, 

it is very difficult to identify these cells when looking in cross section.  In 

order to improve the identification of the slow muscle, this study included a 

tissue specific expression marker that helped in the identification of ryr 

expression in these tissue sub-populations.  From the double staining, it 

was concluded that there is ryr1b is also expressed in slow muscle.  Much 

more interestingly is the fact that Schredelseker and colleagues recently 

shows significant expression of ryr1b in both the fast and slow muscles of 

zebrafish (Schredelseker et al., 2010).  However, the authors state that the 

localisation of ryr1b to slow muscle arises as a contamination issue because 

it is difficult to separate the superficial slow muscle layer from the fast 

muscle completely.  Overall, this study reveals that ryr1b may indeed be 

located in both the slow and fast developing skeletal muscle, based on the 
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probe used in this study, which targeted targets a different region of the 

ryr1b gene. 

 

 
 

Figure 4-10. Diagrammatic representation of the WISH probes locations for 

zebrafish RyR1a, RyR1b and RyR3.  The figure indicates all the WISH probes 

targeting locations within the respective zebrafish RyR sequences.  Please refer to 

Section 3.4 for full description of these domains; References: Brennan et al. (Brennan 

et al., 2005), Hirata et al. (Hirata et al., 2007). 

 

 

(3) There are conflictingly reports of ryr3 mRNA expression at various 

locations during zebrafish development, including adaxial cells, Kuppfer’s 

vesicles (aka Hensen’s node in chick), somitic mesoderm of slow and fast 

muscles, as well as in various part of the CNS (Table 4-1).  In this study, it 

has conclusively demonstrated that the ryr3 mRNA is only detectable in 2-

2.25 hpf embryo and confined to the fast muscle fibres at 24 hpf.  The ryr3 

mRNA expression appeared to be stronger in the anterior somites 
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compared to developing posterior somites at 24 hpf, which coincides with 

the more differentiated fast-muscles at the anterior end (Blagden et al., 

1997), further supporting its exclusive fast muscle expression.  In addition, 

there is no specific ryr3 signal being detected in the Kuppfer’s vesicles or 

adaxial cells at 12 hpf nor the hindbrain or neuron at 24 hpf embryos based 

on the ryr3 probes used in this study (Figure 4-5 and Appendix 5).  The 

discrepancies in the developmental appearance of ryr3 mRNA expression 

between the current and previous study (Brennan et al., 2005) may be 

explained in part by the target sequence previously used for ryr3 RNA 

probe synthesis ryr3 RNA in the laboratory (Figure 4-10).  The ryr3 clone 

(019-D04-2) used previously (Brennan et al., 2005) was targeted to a more 

conserved region of the C-terminus of the receptor (i.e. the pore-forming 

region), adjacent to the TM 4-6 domain and has high similarity to the ryr1a 

and ryr1b sequence, suggesting the possibility of cross-hybridising with 

ryr1 isoforms may have occurred. 

 

Based on the current temporal and spatial expression data for skeletal muscle, 

this study has provided the precise location of ryr1a, ryr1b and ryr3 in the skeletal 

muscle, as well as a timeline for their expression.  ryr1a is expressed exclusively in the 

slow muscle fibres and muscle pioneers, ryr1b in the fast, slow muscle fibres and 

muscle pioneers and ryr3 is expressed in the fast muscle fibres of zebrafish at 24 hpf 

(Figure 4-11).  The ryr1a appears at 11 hpf, 1-2 hpf prior to ryr1b mRNA expression, 

while ryr3 is exclusively expressed in the fast skeletal muscle at 24 hpf.  The relatively 
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early transcription of ryr1a mRNA in the slow muscle may reflect the fact that RyR1a 

receptor is required by these muscles prior to the fast skeletal muscle fibres.  It has 

been reported that the first skeletal muscles to become innervated by motor neurons 

and begin to contract at around 17 hpf are the slow muscle pioneers (Melançon et al., 

1997).  From 20 hpf onwards, clustered RyR can be detected in the skeletal muscle of 

somites (Brennan et al., 2005). 

 

 
 

Figure 4-11. Summary of the zebrafish ryr1a, ryr1b and ryr3 mRNA expression 

in the skeletal muscle at 24 hpf.  In this study, ryr1a is expressed exclusively in the 

slow muscle fibres and muscle pioneers.  ryr1b is expressed in both the fast and slow 

muscle fibres, including the muscle pioneers.  ryr3 is solely expressed in the fast 

muscle fibres.  Sp and N are spinal cord and notochord, respectively. 

 

 

Finally, for future temporal and spatial analysis experiments, it would be ideal 

to: 
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1. Run the semi-quantitative PCR on unfertilised eggs, using ryr2a and ryr3 

isoform specific PCR. 

Outcome: the study will help confirming the ryr2a and ryr3 early expression 

during 2 hpf is a maternal origin message and thus provide more information 

regarding their mRNA source. 

2. Establish the wholemount ICC/IHC conditions for ISRA (See Chapter 6). 

Outcome: the study will provide information regarding the location of the RyR 

protein expression in the skeletal muscle and allow direct comparison to the 

mRNA expression via double labelling techniques. 

 

4.6. ryr2a is expressed in the central nervous system during 

zebrafish embryonic development 

4.6.1. Wholemount in situ hybridisation analysis 

 

In mammals, RyR2 is known to be expressed at a relatively high level in the 

cardiac muscle (myocardium), lung and somata of most neurons (Table 1-3). In 

zebrafish, the ryr2a and ryr2b gene products identified show a high degree of 

sequence conservation with RyR2 orthologue from other species, including humans 

(Figure 3-1 to Figure 3-3); raising the possibility that the spatial expression of these 

genes in the zebrafish would be similar to that of the mammalian ones.  Therefore, the 

primary objective is to obtain the spatial expression data to aid the comparison of the 

zebrafish embryo with mammalian models (or other species) and predict whether the 
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function of the ryr2a gene product maybe similar or different to that in mammals.  

Neuronal expression of ryr2a, revealed by WISH (Section 4.6.1), was confirmed using 

a tissue-specific PCR (Section 4.6.2) and ICC was employed to examine protein 

expression (Section 4.6.3). 

 

ryr2a mRNA was detected at several sites in the developing prosencephalon 

(forebrain), mesencephalon (midbrain) and rhombencephalon (hindbrain) of the 

zebrafish embryo at 24 hpf and 48 hpf (Figure 4-12).  A lateral view of the 48 hpf 

zebrafish embryo shows ryr2a expression in all seven hindbrain rhombomeres, r1-r7 

(Figure 4-12 (A)).  In addition to that, ryr2a is observed to be expressed in the 

midbrain sites where it was thought to correspond with areas of early neuronal 

differentiation (Cheng et al., 2004).  The dorsal view clearly revealed two bilateral 

stripes of ryr2a expression lying dorsal to the eyes, which is thought to correspond to 

the developing midbrain (Figure 4-12 (B)).  These findings correlate to the tissue-

specific PCR results (Section 4.6.2), which implicate that ryr2a expression is specific 

in the brain during development.  However, the specific neuronal cell types that 

express ryr2a remain to be identified. 

 

4.6.2. ryr2a mRNA strongly expressed in the zebrafish adult brain 

 

To further support the expression of ryr2a within the CNS of the zebrafish, a 

tissue-specific expression profile was obtained from the brain and body (without brain) 

of a 3 months old zebrafish adult using semi-quantitative end-point PCR and isoform-
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specific primers for ryr2a and ryr2b (Figure 4-13).  It is evident that ryr2a is strongly 

expressed in the brain and a relative weak expression in the body (without brain) of the 

adult zebrafish, whereas there is no ryr2b mRNA detected in the brain but only in the 

body (without brain) of the adult zebrafish. 

 

 

 

Figure 4-12. Expression of ryr2a in the zebrafish central nervous system.  

Expression of zebrafish ryr2a mRNA was observed in various parts of the CNS 
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beginning at 24 hpf.  Expression of ryr2a was observed in all the seven hindbrain 

rhombomeres (rh1-rh7), with the strongest levels in the most anterior ones (arrowhead 

marks rh1).  Specific expressions were also observed within the forebrain and 

midbrain regions.  The specificity of the signal was compared by the ryr2a sense probe, 

which did not produce a detectable signal when applied to equally treated zebrafish 

embryos.  All embryos are orientated with anterior to the left.  (A) Lateral view of 

wholemount 48 hpf embryo, with anterior to the left.  (B) Dorsal view of flat mounted 

48 hpf eye-removed zebrafish embryo, with anterior to top.  Strong expression of 

ryr2a mRNA was also observed as bilateral stripes that lie in anterior to the eyes in the 

tegmentum region, as well as in the trigeminal ganglia additional to the seven 

hindbrain rhombomeres. 

 

 

 
 

Figure 4-13. ryr2a is strongly expressed in the brain of zebrafish adult.  ryr2 

temporal expression patterns in zebrafish adult were detected by semi-quantitative end 

point PCR.  Total RNA was isolated from the brain (BR) and the body (BO) of a three 

months old adult zebrafish without brain were reverse transcribed and amplified with 

specific primers for ryr2a and ryr2b.  ryr2a is observed to be strongly expressed in the 

zebrafish brain.  β-actin was used as an internal control.  Numbers in the right panel 

indicate the size of the amplified RT-PCR products. 
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4.6.3. Immunocytochemistry analysis 

 

Both WISH and the tissue-specific PCR results indicate that the zebrafish 

ryr2a mRNA is expressed in the CNS at 24 hpf.  The localisation of the RyR protein 

in the CNS region was examined using 34C pan anti-RyR antibody and ICC.  From 

the analysis, potential RyR proteins representing the ryr2a gene product in the 

rhombomeres (in the form of parallel bilateral stripes) were observed in the zebrafish 

brain at 48 hpf (Figure 4-14). 

 

 
 

Figure 4-14. RyR protein expression in the central nervous system.  (A) to (C) 

RyR protein is expressed as bilateral stripes in the brain (white arrows) of the 48 hpf 

zebrafish embryo. (D) Brightfield image of the anterior head of the 48 hpf zebrafish 

embryo with dorsal side uppermost.  Embryos were fixed and stained at 48 hpf for 
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ryanodine receptor proteins (34C; A-C).  Images presented were prepared from 

different positions of a Z-stack projection taken from a X20 objective on the Zeiss 510 

LSM confocal microscope.  Embryos are orientated with anterior to the right. 

 

 

4.6.4. Discussion – ryr2a expression in the central nervous system  

 

ryr2a mRNA was reported to be maternally expressed during the cleavage 

stage and the mid-segmentation stage (i.e. 18 hpf) in this study, however, this temporal 

expression is not detected by WISH at the equivalent stages.  ryr2a mRNA was not 

detectable by both PCR and WISH until 24 hpf, the significance of the early signal 

prior to 24 hpf remained to be determined.  Nevertheless, ryr2a mRNA has a specific 

expression in various part of the CNS at 24 hpf and 48 hpf, suggestive of a novel role 

in these areas during zebrafish embryogenesis. 

 

Studies from other mammalian system have revealed RyR expressions in the 

brain and RyR mediated Ca2+ signals have been implicated in several neuronal 

processes, e.g. neuronal differentiation and neurite outgrowth (Lee et al., 2005; Arie et 

al., 2009).  Lai and colleagues have reported that ryr2 mRNA and respective protein 

are specifically expressed in rat brain (dendrites, cell bodies, terminals of forebrain 

and hippocampus).  They have also suggested that RyR mediated CICR is a major 

Ca2+ signalling pathway in specific regions of mammalian brain with implicated 

fundamental role in neuronal Ca2+ homoeostasis (Lai et al., 1992).  In the developing 

mouse brain, a changing ryr mRNA expression pattern during the early postnatal 
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period (i.e. the time when neurons undergo structural and functional differentiation) 

has been reported (Mori et al., 2000).  In particular, ryr2 was initially found at low 

level in the diencephalon and brainstem and then became the major isoform in many 

brain regions (especially the cerebral cortex, cerebellum and hippocampus) over 

development through to adult.  As a result, they have suggested that the dynamic 

postnatal changes in RyR expression might correlate with neuronal differentiation and 

lead to the establishment of a functional CICR system in maturing neurons. 

 

This part of the study has provided a conclusive overview on the temporal and 

spatial expression pattern of the ryr2a gene and its expression correspond to the 

developmental time window of axon outgrowth and neuronal differentiation in 

zebrafish (Kimmel et al., 1995).  Through relating other studies to that of the zebrafish 

ryr2a, it may well implicate a functional role for this receptor in CNS development 

and specifically, the zebrafish will serve as a good model for the comparative study of 

RyR function during neuronal development in an intact embryo.  Finally, for future 

spatial analysis experiments, it would be ideal to: 

 

1. Double stain the ryr2a WISH pre-labelled 24 hpf and 48 hpf zebrafish embryos 

with specific anti-fluorescein labelled WISH neuronal markers (e.g. ywhag1, 

http://zfin.org/cgi-bin/webdriver?MIval=aa-markerview.apg&OID=ZDB-

GENE-011115-1; hlx-1 homeobox, Fjose et al., 1994) or neuronal antibodies 

(e.g. Ab1-dla labels spinal cord neurons; https://wiki.zfin.org/display/prot/ 

Zebrafish+Monoclonal+Antibodies) 

http://zfin.org/cgi-bin/webdriver?MIval=aa-markerview.apg&OID=ZDB-GENE-011115-1�
http://zfin.org/cgi-bin/webdriver?MIval=aa-markerview.apg&OID=ZDB-GENE-011115-1�
https://wiki.zfin.org/display/prot/Zebrafish+Monoclonal+Antibodies�
https://wiki.zfin.org/display/prot/Zebrafish+Monoclonal+Antibodies�
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Outcome: the study will determine the specific region and neuronal cells type 

that ryr2a are expressed in. 

2. Establish the wholemount ICC/IHC conditions for ISRA (See Chapter 6) 

Outcome: the study will provide more conclusive information regarding the 

location of the RyR expressions in the CNS. 

 

4.7. ryr2b is expressed exclusively in the heart during zebrafish 

embryonic development 

4.7.1. Wholemount in situ hybridisation analysis 

 

Results presented in the Chapter 3 revealed that there are two zebrafish ryr2 

genes, ryr2a and ryr2b.  In mammals RyR2 plays a major role in ECC during cardiac 

muscle contraction in adult.  In the previous section, data revealed that the zebrafish 

ryr2a is expressed exclusively in the CNS, therefore it appeared likely that the 

zebrafish ryr2b gene could be the cardiac RyR.  Tissue-specific PCR showed that the 

ryr2b is expressed exclusively in the body of adult zebrafish (Figure 4-13), providing 

an important clue that the zebrafish ryr2b and its gene products may associate with the 

heart tissue.  To meet the primary objective for this part of the study, WISH was 

employed to reveal ryr2b mRNA heart expression in embryogenesis (Section 4.7.1) 

and this was followed by comparative ICC staining with a pan anti-RyR antibody 

staining and an anti-atrium and ventricle antibody to reveal its protein expression 

(Section 4.7.2). 
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Zebrafish heart development and the differentiation of myocardial precursors 

has been well described (Stainier, 2001).  Briefly, the heart progenitor cells are 

distributed throughout the ventral and lateral regions of the embryo at 5 hpf just before 

gastrulation.  After involution, the myocardial precursors together with the endocardial 

precursors converge towards the embryonic axis and reach their destination at the level 

of the future hindbrain by ~12 hpf (5-somite stage).  By 15.5 hpf (13-somite stage), the 

myocardial precursors segregated into pre-ventricular and pre-atrial groups.  At 19.5 

hpf (21-somite stage), as anterior cells migrate medially, the horseshoe-shaped 

structure (form by posteriorly merging myocardial precursors at 19 hpf) transforms 

into a cone.  From 22 hpf (26-somite stage) onwards, the cone telescopes out to form a 

heart tube.  By 24 hpf, the tube lies along the anterioposterior axis and a heart beat can 

be detected in the embryos, revealing the presence of a functional ECC system in the 

cardiac muscle.  Next, distinct ventricular and atrial chambers are visible from 30 hpf 

and the heart undergoes looping morphogenesis at 36 hpf.  At 48 hpf, the functional 

valves are formed.  Figure 4-15 shows a diagrammatic representation of zebrafish 

heart formation. 

 

Figure 4-15. Zebrafish heart development.  A schematic representation of the heart 

development in zebrafish up to the first 36 hpf (i.e. the formation of the two 

chambered heart).  Please refer to text for further details.  Dorsally orientated images 

of nkx2.5 mRNA in situ hybridisation (ISH) expression at 14, 18, 20 and 24 hpf during 

zebrafish heart development (Figure 4-16 and Figure 4-17) were included to provide 

additional support to the figure.  Figure was modified from Stainier, 2001 and Rohr et 

al., 2006.  Dotted line represents the mid-line of the embryo.  Abbreviations: A, 

anterior; AP, animal pole; D, dorsal; P, posterior; VP, vegetal pole; L, left; R, right. 
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Figure 4-15. 
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The mRNA expression of ryr2b was compared to two well-characterised 

cardiac markers, nkx2.5 and cmlc2 (Chen and Fishman, 1996; Lee et al., 1996; Yelon 

et al., 1999) during zebrafish development up to 48 hpf stage (Figure 4-16).  nkx2.5 is 

a gene of a homeodomain transcription factor and is the earliest known marker of 

zebrafish precardiac mesoderm.  It is expressed in the differentiating myocardial cells 

from the initiation of somitogenesis, which is known to have a critical role in heart 

formation (Chen and Fishman, 1996; Lee et al., 1996).  Cardiac myosin light chain 2 

(cmlc2) is another marker of myocardial precursor cells that is expressed throughout 

heart fusion and heart tube assembly (Yelon et al., 1999).  From the WISH analysis, 

nkx2.5 but neither cmlc2 nor ryr2b mRNA expression was observed in the heart 

progenitor cells at 11-12 hpf (3-somite and 6-somite embryos).  However, by 14 hpf 

(10-somite stage) the bilateral expression of cmlc2 and ryr2b in the precardiac 

mesoderm (i.e. anterior lateral plate mesoderm) was also apparent.  As reported 

previously (Yelon et al., 1999), nkx2.5 expression extends beyond the anterior tip of 

the developing notochord and the most posterior nkx2.5 cells (nkx2.5+) do not express 

cmlc2 (cmlc2-).  ryr2b expression appears to be expressed in the region corresponding 

to cmlc2+ consistent with its appearance in cells that will contribute to the myocardium.  

By 18 hpf (18-somite stage), the bilateral cardiac primordial cells expressing nkx2.5, 

cmlc2 and ryr2b bend towards each other, make contact and begin to fuse (Figure 

4-17).  The posterior portions fuse initially followed by anterior portions to create a 

central lumen and cardiac cone by 20 hpf (22-somite stage).  At 24 hpf, the heart has 

developed into a linear tube with atrial and ventricular precursor cells and ryr2b 

expression appears to mirror that of cmlc2+cells, suggestive of its expression 
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throughout the heart from this stage.  A heart beat can be detected in zebrafish 

embryos from 24 hpf onwards, revealing the presence of a functional EC coupling 

system.  At 48 hpf, the two-chambered (atrium and ventricle) heart was formed and 

ryr2b expression again appears to mirror that of the cmlc2+cells, suggestive of its 

expression is maintained in both chambers throughout development. 

 

 

Figure 4-16. Expression of zebrafish ryr2b in the differentiating cardiac muscle.  

Expression of zebrafish nkx2.5, cmlc2, and ryr2b mRNA were detected by 

wholemount in situ hybridisation.  Expression of nkx2.5 was observed in myocardial 

precursors from 11 hpf embryos onwards, whereas cmlc2 and ryr2b was expressed in 

differentiating cardiac tissue in 14 hpf embryos onwards.  The specificity of the signal 

was compared by the ryr2b sense probe, which did not produce a detectable signal 

when applied to equally treated zebrafish embryos.  11, 12 and 14 hpf zebrafish 

embryos are dorsally orientated so that the anterior is to the top while the other 

embryos are laterally orientated with anterior to the left. 

 

 

Figure 4-17. Expression of zebrafish ryr2b during cardiac primordial cells 

fusion and heart tube formation.  Expression of ryr2b at 18 hpf embryo was 

observed in the bilateral cardiac primordial cells.  The bilateral cardiac primordial cells 

expressing ryr2b bend towards each other, make contact and begin to fuse at the 

posterior portions (arrows).  By 20 hpf, ryr2b are expressed throughout the heart at this 

stage when a central lumen and cardiac cone is forming.  By 24 hpf, ryr2b are 

expressed throughout the linear heart tube.  ryr2b heart expression was compared with 

well-established heart developmental markers, nkx2.5 and cmlc2.  Please refer to text 

for further details.  All embryos shown were dorsally orientated with anterior to the 

top. 
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Figure 4-16. 
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Figure 4-17. 

 
 

 

4.7.2. Immunocytochemistry analysis 

 

WISH results indicate that the zebrafish ryr2b mRNA is expressed in both the 

atrium and ventricle at 48 hpf.  To further characterise the location the ryr2b gene 

product expression within the developing heart, a wholemount ICC staining approach 

using 34C pan anti-RyR antibody was pursued.  The heart expressing RyR proteins 

were compared with monoclonal MF20 antibody (a known protein marker of the 
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atrium and ventricle; Bader et al., 1982) stained 48 hpf zebrafish embryo.  The cardiac 

RyR proteins were observed in both the atrium and ventricle of the zebrafish heart at 

48 hpf (Figure 4-18). 

 

 

 
 

Figure 4-18. RyR protein expression in the two-chambered zebrafish heart at 48 

hpf.  (A), (D) Brightfield images of anterior part of 48 hpf embryo with the yolk sac 

still intact dorsal side uppermost.  (E) RyR protein is expressed in the developing two-

chambered heart of the zebrafish embryo, white box.  (F) Enlargement of area 

represented in the white box (E) shows that the RyR can be detected in cardiac cells 

throughout both the atrium and ventricle of the zebrafish heart.  Embryos were fixed 

and stained at 48 hpf for ryanodine receptor proteins (34C; D-F) and sarcomeres in 

both the atrium and ventricle (MF20; A-C).  Images were taken using X10 (B, E) and 

X20 (C, F) objectives on Zeiss 510 LSM confocal microscope. 
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4.7.3. Discussion – ryr2b expression in the developing heart 

 

In this part of the study, ryr2b mRNA was expressed exclusively in the 

developing heart detectable in the precardiac mesoderm from 14 hpf (10-somite) 

onwards, then refined to the two-chambered (atrium and ventricle) heart by 48 hpf 

where its expression is believed to be maintained in both chambers throughout 

development. 

 

Studies in mammalian systems that have examined the expression of the ryr2 

gene and its product and RyR-mediated Ca2+ signals suggest that the receptor has a 

role in the early stages of cardiac muscle development: RyR2 KO mice display 

spontaneous rhythmic contractions of the heart at embryonic day 9 (E9), but by day 10 

(E10) the mutants cardiomyocytes show no SR Ca2+ release resulting in no heart beat, 

which lead to an embryonic lethal phenotype (Takeshima et al., 1998).  In rat, there is 

a dramatic increased requirement for RyR2 mediated CICR in contractile activation 

from prenatal stage (i.e. before birth) to postnatal stage (Pérez et al., 2005), suggesting 

that RyR2 mediated intracellular Ca2+ signalling is not essential before postnatal stage.  

Taken together, it appears that RyR2 does not contribute significantly to the onset of 

contractile activity at very early embryonic stages, but is important for the subsequent 

maturation and development of the heart in vivo.  However, there are also several 

evidences to support RyR2 significance in the very early stages of cardiac muscle 

development, such as ryr2 mRNA and RyR2 protein has been reported to be expressed 

in fetal cardiac muscle (Brillantes et al., 1994b; Gorza et al., 1997; Ramesh et al., 
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1995).  Also, a study conducted in neonatal rat cardiomyocytes has identified adult 

RyR like channels containing functional Ca2+ stores (Pérez et al., 2005), implicated a 

functional role very early in cardiac development in addition to ECC. 

 

Based on the findings from these studies, the ryr2b early expression observed 

during zebrafish heart morphogenesis may well suggest a functional role for this 

receptor prior to cardiac ECC, although its specific role in heart development remains 

to be determined.  Finally, for future spatial analysis and loss-of-function study 

experiments, it would be ideal to: 

 

1. Double stain the ryr2b WISH pre-labelled 24 hpf and 48 hpf zebrafish embryos 

with specific anti-fluorescein labelled WISH cardiac markers (e.g. nkx2.5, 

cmlc2, vmhc) or heart antibodies (e.g. MF20, S46). 

Outcome: the study will determine the specific region and cells type that ryr2b 

are expressed. 

2. Establish the wholemount ICC/IHC conditions for ISRA (See Chapter 6) 

Outcome: the study will provide information regarding the location of the RyR 

expressions in the heart. 

3. Establish the loss-of-function ryr2b model through injecting antisense 

morpholino oligonucleotides 

Outcome: the study should produce developmental clue towards ryr2b during 

zebrafish heart development. 
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4.8. Chapter Summary 

 

To summarise, this part of the study has provided a comprehensive overview of 

the developmental expression of all the five zebrafish ryr genes.  Differential temporal 

expression pattern of ryr was detected throughout development, from the early time 

points up to the adult stage.  This work has provided the first direct visual evidence for 

ryr3 mRNA maternal expression at the cleavage to blastula period, suggesting that the 

ryr3 gene might have a novel early developmental role that is required for zebrafish 

embryogenesis.  In addition, ryr1a, ryr1b and ryr3 are expressed sequentially in the 

skeletal muscle, whereas ryr2a and ryr2b are present exclusively in the CNS and 

developing heart tissues, respectively.  These data lead to an interesting idea that there 

could be a novel role for these receptors in the formation of the skeletal muscle, CNS 

and heart during zebrafish embryogenesis.  This descriptive analysis provides the 

fundamental groundwork for further detailed functional analysis to examine the 

specific role of different RyR isoforms during development in vivo. 

 

Based on this analysis, the maternal expression of ryr3 in zebrafish has 

implicated a novel role in early development.  This important finding has provided an 

initiative to study the functional significance of this early expressing gene prior to the 

others in zebrafish development (See Chapter 5). 
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CHAPTER 5 

5. FUNCTIONAL CHARACTERISATION 

OF RyR3 
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5.1. Introduction 

 

The central aim of the project is to investigate the biological function of RyR 

during embryonic development in vivo.  In the previous chapter, the temporal and 

spatial expression of ryr genes during zebrafish development was established.  This 

work has helped to build a platform to identify the functional role of RyR in 

development.  One of the most striking results was the ryr3 mRNA early expression in 

the embryo from cleavage stage onwards, strongly suggestive of a very early and 

potentially novel developmental function for the receptor.  This piece of evidence has 

provided a very exciting initiative to study the functional significance of this early ryr3 

gene expression during zebrafish development.  Evidence from other studies supports 

the idea that ryr3 play a role in muscle differentiation (summarised in Section 

1.4.2.2.4); however, receptor function during very early embryogenesis has not been 

proposed.  A previous study in the mouse reported that ryr3 is widely expressed in the 

postnatal skeletal muscle (Bertocchini et al., 1997) but restricted to only a handful of 

muscle types in adult (Table 1-3).  Given its widespread postnatal expression, it was 

surprising that initial studies in ryr3(-/-) KO mice suggested a lack of role for the gene 

in development.  Initially, there were no anatomical and physiological abnormalities 

observed in the skeletal muscle of ryr3(-/-) KO mice and the only differences appeared 

to be an increase in locomotor activity (Takeshima et al., 1996).  Further studies 

confirmed that the histology of neonatal skeletal muscle from ryr3(-/-) KO mice 

appeared normal, however the tissue isolated from postnatal ryr3(-/-) KO mice 

displayed an impaired response to electrical stimulation and caffeine (Bertocchini et 



 

185 
 

al., 1997).  These observations have led to the proposal that RyR3 had a very specific 

role in early skeletal muscle development, acting as an ‘uncoupled’ CICR channel (i.e. 

it does not come into contact with other voltage sensors) to propagate Ca2+ release 

(Bertocchini et al., 1997).  More recently, further developmental consequences 

associated with the loss of the ryr3 gene have come to light, namely the down-

regulation of skeletal muscle specific genes.  A significant decrease in the expression 

of the myosin heavy chain in fast twitch muscle fibres isolated from ryr3(-/-) KO mice 

has been reported (Weisleder et al., 2007).  In addition, ryr3 knockdown and double 

knockdown (ryr1a and ryr3) studies in zebrafish showed disrupted expression of 

adaxial muscle lineage genes (myoD and α-cardiac actin) and slow muscle fibres 

development (Jurynec et al., 2008).  Taken together, these findings suggest that during 

embryogenesis RyR3 may act to propagate the Ca2+ signals and regulate skeletal 

muscle differentiation. 

 

To further explore the novel early role for ryr3 gene in the light of its early 

expression in zebrafish embryos, a loss-of-function model using a gene specific 

antisense morpholino oligonucleotides (MO) knockdown approach was established.  

Zebrafish is an excellent system for the study of gene function using MO knockdown, 

due to the large numbers of offspring that develop rapidly and external to the mother.  

This ease of manipulation and maintenance could not be achieved easily in any 

mammalian in vivo system (Section 1.5).  The idea of using antisense MO in 

developmental biology was first introduced into zebrafish and Xenopus laevis early in 

this century to meet the high demand for a specific and robust technology to study the 
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knockdown of a gene expression during early development (Eisen and Smith, 2008).  

The power of MO to test for gene function was quickly recognised and widely applied 

in different model organisms (Heasman, 2002).  In the summer of 2001, the journal 

Genesis [30(3), July 2001] was dedicated to articles studying gene function in 

development employing MO in cell cultures and a variety of organisms including 

zebrafish, mouse, nematode etc, thus signifying the importance of MO technology in 

advancing the field of developmental biology (Heasman, 2002; Eisen and Smith, 

2008). 

 

Antisense MO act as gene knockdown tools by inhibiting the translation of 

RNA transcripts in vivo (Summerton and Weller, 1997).  MO are DNA analogues 

synthesised as a chain of 25-mers, containing a morpholine (C4H9NO) ring instead of a 

ribose ring and a non-ionic phosphorodiamidate intersubunit linkage instead of 

phosphodiester linkages (Figure 5-1; Summerton and Weller, 1997; Heasman, 2002).  

The 25 morpholine bases targets the RNA of interest via complementary base pairing 

(Summerton and Weller, 1997).  The neutrally charged phosphorodiamidate backbone 

of the MO has a high binding affinity for RNA, which facilitates steric hindrance of 

translation or proper transcript processing (Summerton and Weller, 1997; Summerton, 

1999).  Also, it minimises the chance of interacting with other non-specific 

components of the cell and thus reducing cellular toxicity (Eisen and Smith, 2008).  

Furthermore, MO is resistant to cellular nucleases, making them very stable within the 

cell (Eisen and Smith, 2008).  There are two types of antisense MO application used in 

zebrafish to inhibit protein translation (Figure 5-2): 
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1. Translational Blocker (TB) MO – designed to bind to the initiation codon of 

the target mRNA blocking translation and thereby inhibiting its function 

(Heasman, 2002); this approach is very useful for studying gene function in 

model species with unknown or even less well annotated sequence, as it 

alleviates the requirement for information regarding the intron-exon structure 

of the full sequence (See point 2 below).  The mechanism of action for TB MO 

is believed to be that it binds to complementary mRNA sequences within the 5’ 

untranslated region (UTR) near the translational start site hindering ribosome 

assembly (Figure 5-2, (C); Eisen and Smith, 2008).  Additionally, this type of 

MO can inhibit both maternal and zygotic transcripts (Nasevicius and Ekker, 

2000). 

 

2. Splice Blocker (SB) MO – designed to prevent the correct splicing of RNA and 

cause exon skipping (Draper et al., 2001; Gebski et al., 2003).  This type of 

MO is useful for gene that has more than one exon.  It also has a great 

advantage over the TB MO, as it allows the quantification of the efficacy of the 

MO through reverse-transcriptase-PCR (RT-PCR; Draper et al., 2001; Morcos, 

2007).  The mechanism of action for SB MO is believed to inhibit pre-RNA 

processing via inhibition of the spliceosome components from binding at splice 

junctions (Figure 5-2, (D) and (E); Bill et al., 2009).  Additionally, unlike the 

TB MO, SB MO can only inhibit zygotic transcripts but not the spliced 

maternal transcripts that were already present in the organism (Draper et al., 

2001). 



 

188 
 

(A) (B) 

       
 

Figure 5-1. Structures of DNA and morpholino oligonucleotides.  (A) Two DNA 

oligonucleotide molecules joined by a phosphodiester link (blue) between the two 

five-member ribose rings.  (B) Two morpholino oligonucleotide molecules joined by a 

non-ionic phosphodiamidate link (green) between the two six-member morpholine 

rings. 

 

 

Figure 5-2. 

 

O P O
O

O

O
O

O

Base
Base

O P
O

O
sugar

5'

1'

3'

sugar
O N

Base

P

O

N

O
PN
N

O
O

Base

O



 

189 
 

Figure 5-2. Translational blocking and splice blocking antisense MO and the 

mechanisms of gene knockdown.  (A) An overall summary of the resulting mRNA 

and protein products under the effect of normal/control MO, translational blocking 

(TB) and splice blocking (SB) MO.  Standard use of MO is through steric hindrance of 

the normal endogenous (B) translation or (D) splicing mechanisms.  (C) TB MO binds 

to the AUG or 5’ UTR to hinder the scanning of the 40S ribosome and result in 

blocking the elongation by the full ribosomal complex (Summerton, 1999, Eisen and 

Smith, 2008).  (E) SB MO targeting the splice acceptor site is proposed to function by 

preventing the binding of U2AF protein (AF), thereby disrupts lariat formation and 

incorporates intron sequence (Morcos, 2007).  Inclusion of intron sequence within the 

mRNA would often lead to premature stops and non-sense mediated decay of the 

transcript; Figure modified from Bill et al., 2009. 

 

 

The use of MO knockdown technology to study ryr has already been 

introduced into zebrafish.  In 2007, Hirata and colleagues used MO to knockdown 

ryr1b in zebrafish and showed a slow swimming behaviour in response to tactile 

stimulation (Hirata et al., 2007).  Analysis suggested that the resulting slow swimming 

behaviour was due to weak contractions of trunk muscles as a result of impaired ECC, 

indicating a defect in the muscle.  In 2008, Jurynec and colleagues reported, using a 

ryr3 MO alone and a combination of MO to knockdown both ryr1a and ryr3 in 

zebrafish resulted in a significant reduction in the expression of myogenic lineage 

genes (myoD and α-cardiac actin) in the adaxial cell population at 15-somite.  By 24 

hpf, the effects are more pronounced, including a reduction in the numbers of both the 

slow muscle pioneer and slow muscle fibres with irregular shape (Jurynec et al., 2008). 
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The expression analysis reported in chapter 3 shows that ryr3 is expressed 

from the early cleavage stages onwards (Sections 4.2, 4.4 and 4.5).  In light of this 

evidence, it is surprising that an early phenotype, in addition to a role in differentiating 

muscle, has not been reported in zebrafish embryos.  This part of the project set out to 

address the in vivo function of RyR3 during embryogenesis further using a loss-of-

function model, namely a ryr3 specific antisense MO knockdown approach. It was 

proposed that the ryr3 gene knockdown would reveal an early phenotype in addition to 

more localised effects on differentiating muscle in later development.  To test the 

hypothesis, injected embryos were monitored at several different developmental stages 

up to and including the end of segmentation (i.e. the first 24 hpf) and their phenotypes 

were analysed. 

 

5.2. Design of antisense MO 

 

The key to successful gene knockdown relies heavily on the design of MO, 

which is based on accurate RNA target sequence derived from either genomic DNA or 

cDNA (Bill et al., 2009).  The zebrafish genome provides a good starting point, but the 

sequences it contains are of variable confidence and quality (Bill et al., 2009).  Firstly, 

the 5’ exon and translational start-site predictions are uncertain for many protein 

sequences due to a 3’ bias in expressed sequence tag (EST) training sets (Zhang, 2002).  

Secondly, the primary sequence data for many genes obtained from EST are of 

variable quality.  Thirdly, many of the zebrafish lines are polygenic and will show 

polymorphism in their genomic sequence (Bill et al., 2009).  Therefore, it is essential 
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to sequence the target RNA encoded by the zebrafish strain of interest to address the 

limitations inherent in genome projects and provide experimental confirmation of gene 

expression.  To assure that the MO designed is specific for the knockdown of its 

targeted gene of interest, both the ryr3 TB and SB MO target regions were re-

sequenced in zebrafish to avoid being misled by single nucleotide polymorphisms 

(SNPs) or errors in sequence database. 

 

5.2.1. Design of ryr3 TB and SB MO 

 

According to the sequence information (as described in Section 3.2.5), 

potential genomic regions for ryr3 were chosen for the design of both TB and SB MOs.  

These regions of intron-exon structure were forwarded to Gene Tools LLC custom 

MO design services, which was able to provide advice and help with choosing the 25 

bp within each region for the design.  Table 5-1 shows the ryr3 TB and ryr3 SB MO 

target sequences suggested by Gene Tools LLC. 

 

 

Table 5-1. ryr3 antisense TB and SB MO sequences suggested by Gene Tools 

LLC. 

Genes MO sequences (5’ to 3’) 
suggested by Gene Tools LLC. 

ryr3 TB Antisense CATCTTCCCCTTCACCTTCGGCCAT 
Sense ATGGCCGAAGGTGAAGGGGAAGATG 

ryr3 SB Antisense ACATACTGTGGACGGAGAGAAACAG 
Sense CTGTTTCTCTCCGTCCACAGTATGT 
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For ryr3 TB MO, the design was based on the ryr3 sequence information 

(Section 3.2.5), the intron sequence between the 5’ cap and about 25 bases 3’ of the 

AUG translation start site was found to be similar to that of other ryrs (Appendix 6).  

Thus, the finalised MO design was complementary to the 25 bp sequence from the 

initiation codon, following the advice from Gene Tools LLC.  While for ryr3 SB MO, 

the finalised design was complementary to the intron2-exon3 splice acceptor site of 

the ryr3 gene (Figure 5-2 (E)).  This design is aimed to modify canonical splicing (also 

known as the lariat pathway) by targeting to the ryr3 splice junction, thus inhibiting 

the assembly of some of the components of the spliceosome (Morcos, 2007).  Also, 

through the inclusion of intron sequence, MO targeting of the splice acceptor site is 

likely to cause premature stops and nonsense-mediated decay of the partial transcript 

(Bill et al., 2009). 

 

5.2.2. Confirmation of ryr3 sequences for MO design 

 

The ryr3 TB and SB MO target sequences were finalised, the regions were re-

sequenced a minimum of three times to screen for any SNPs and database sequencing 

errors, prior to ordering both MOs for production.  Sequencing confirmed that there 

was no SNPs or database sequencing errors in the MO target sequences (Figure 5-3). 
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(A) 
 
From 1st genomic DNA prep: 
 

ryr3 - Consensus  TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
ryr3 - DNA Sequencing TB  TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
                          ************************************************** 
 

ryr3 – Consensus  GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
ryr3 - DNA Sequencing TB GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
   ************************************************** 
 

From 2nd genomic DNA prep: 
 

ryr3 – Consensus  TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
ryr3 - DNA Sequencing TB TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
   ************************************************** 
 

ryr3 – Consensus  GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
ryr3 - DNA Sequencing TB GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
   ************************************************** 
 

From 3rd genomic DNA prep: 
 

ryr3 – Consensus  TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
ryr3 - DNA Sequencing TB TGTCAGTGGTGGCTTTCGGAGTCTAGGCAGGCTCTTCTACAGCCATGGCC 
   ************************************************** 
 

ryr3 – Consensus  GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
ryr3 - DNA Sequencing TB GAAGGTGAAGGGGAAGATGAGGTTCAGTTCTTACGGACTGTAAGTAAAAA 
   ************************************************** 
Key: 
Highlighted: ryr3 exon1 
Underlined: ryr3 TB MO sense sequence suggested by Gene Tools 
 
(B) 
 
From 1st genomic DNA prep: 
 

ryr3 – Consensus  ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
ryr3 - DNA Sequencing SB ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
   ************************************************** 
 

From 2nd genomic DNA prep: 
 

ryr3 – Consensus  ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
ryr3 - DNA Sequencing SB ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
   ************************************************** 
 

From 3rd genomic DNA prep: 
 

ryr3 – Consensus  ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
ryr3 - DNA Sequencing SB ACACTATGTCTGTTTCTCTCCGTCCACAGTATGTTCCTCCTGATCTATGC 
   ************************************************** 
Key: 
Highlighted – ryr3 exon2 
Underlined – ryr3 SB MO sense sequence suggested by Gene Tools 
 

Figure 5-3. Re-sequencing the regions for the design of ryr3 TB and SB MOs.  

Sites for (A) ryr3 TB MO and (B) ryr3 SB MO target sequence were re-sequenced 

three times to minimise the chances of single nucleotide polymorphisms or database 

sequencing errors within the finalised antisense MO sequences. 
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5.3. Establishing injection conditions for ryr3 MO 

 

Although it is fair to comment that MO knockdown is a very powerful tool to 

study gene function in the field of developmental biology, there are insidious 

difficulties associated with both the technique itself and the interpretation of 

experimental results, which can undoubtedly led to misleading results.  The main 

challenges include: 

 

1. To inject precise and reproducible volumes of MO in small zebrafish embryos 

2. To address the possibility ‘off-target’ effects (Eisen and Smith, 2008); In other 

words, there is the possibility that the MO will knockdown translation of other 

completely irrelevant gene(s) instead of, or in addition to, the targeted gene.  

The inhibition of non-targeted gene(s) function may well cause an array of 

phenotypes and non-specific MO effects 

3. To assess the effectiveness of the ryr3 gene knockdown (i.e. the efficacy of 

MO) 

4. To assess whether the endogenous RyR3 protein is correctly targeted and the 

extent to which the RyR3 expression is inhibited 

 

The following measures were introduced in order to improve the accuracy of 

the gene knockdown and results interpretation in this study. 
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1. Two independent MOs (i.e. TB MO and SB MO) were designed and targeted 

against ryr3 for gene specific knockdown (Section 5.2.1) 

2. The two target MOs were re-sequenced to screen for SNPs and sequencing 

errors (Section 5.2.2) 

3. An equal amount of standard control MO (randomised sequence available from 

Gene Tools) was used in all MO knockdown studies as a fair comparison for 

injection amount 

4. The establishment of optimum MO injection volume and amount, as well as 

the stages for early microinjection, through the use of the Danieau solution (the 

‘carrier’ buffer solution for MO) and standard control MO (Section 5.3.1) 

5. Co-injection with p53 MO in all ryr3 MO experiments to reduce the 

phenotypic cell death ‘off target’ effects (Robu et al., 2007; Section 5.3.2). 

6. The use of RT-PCR to assess the efficacy of SB MO knockdown (i.e. check for 

incorrectly spliced pre-RNA; Section 5.3.3) 

7. The development of isoform-specific RyR antibodies to determine the 

efficiency of gene knockdown through accessing whether the RyR3 protein is 

specifically targeted and the extent to which the RyR3 expression is inhibited 

(Section 5.3.3 and Chapter 6) 

 

5.3.1. Establishing MO volume, amount and stages for microinjection 

 

Control experiments using both the Danieau solution and standard control MO 

showed that there would be at least an 80% normal living embryos by 24 hpf, with an 
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injection volume of 0.905nl (~1nl) and a concentration at no more than 5ng of MO 

when microinjected in 2-cell stage embryos (Figure 5-4).  Thus these parameters were 

used for all subsequent microinjection experiments, according to the procedures listed 

in Sections 2.2.15.2 and 2.2.15.6.  This data reiterates findings from previous reports 

suggesting that a MO dosage at 5ng or less produces surviving embryos with 

appropriate biologically specific phenotype in greater than 50%, which would go onto 

phenocopies known zebrafish line containing mutations in the same gene (Ekker and 

Larson, 2001; Ekker, 2004).  In addition, for consistency all MO were injected in a 

volume of 1nl. 

 

 
 

Figure 5-4. The establishment of the injection stage, volume and amount of 

antisense MO for ryr3 gene knockdown analysis.  An injection volume of 1nl with 

Danieau solution alone and a concentration at 5ng of control MO would produced 80% 

of normal living embryos by 24 hpf, when microinjected in the 2-cell stage. (n=3) 
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5.3.2. Co-injection with p53 MO 

 

Ekker and Larson had reported that in a large-scale screen, about 15 to 20% of 

MO used in zebrafish may induce ‘off-target’ effects (Ekker and Larson, 2001).  This 

class of ‘off-targeted’ embryos were often represented by a signature neural death (e.g. 

cell death and defects in the neural system) peaking at the end of segmentation (1 day 

post-fertilisation), which is not displayed by characterised mutants in the respective 

genes (Ekker and Larson, 2001; Robu et al., 2007).  The affected embryos were 

observed to have grown with smaller heads and eyes, exhibit somite and notochord 

abnormalities, display craniofacial defects and cell death by 22 hpf (Robu et al., 2007).  

As a result, Robu and colleagues conducted a study to investigate the nature of this 

cell death and the mechanism of MO mistargeting (Robu et al., 2007).  It was revealed 

that (1) the ‘off-target’ effects of MO were mediated through p53-induced apoptosis 

and (2) concurrent knockdown of p53 with MO significantly alleviates non-specific 

neural cell death without affecting the specific phenotype, thus generating a more 

reproducible phenocopy of the original mutant.  As a consequence, p53 MO has often 

been included in MO experiments to down-regulate the ectopic up-regulation of the 

p53 apoptotic pathway.  This should prove helpful and has become standard practice 

in gene knockdown studies (Bill et al., 2009). 

 

In this study, p53 MO was included in all ryr3 MO injection experiments to 

reduce neural cell death and thus minimise any non-specific effects.  The p53 MO was 

co-injected at a ratio of 1:1 to the dose of the ryr3 TB or SB MO to reduce ‘off-target’ 
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effects (as suggested by Robu et al., 2007 and Bill et al., 2009) at a total amount of no 

more than 5ng MO (Ekker and Larson, 2001, Ekker, 2004 and Section 5.3.1). 

 

5.3.3. Assessing the efficacy of ryr3 SB MO 

 

For accurate evaluation of the extent of gene knockdown induced by the ryr3 

TB MO, an isoform specific RyR antibodies (ISRA) for the receptor is necessary.  

This is because the pan anti-RyR antibody (34C) could not selectively distinguish 

RyR3 expression from that of the RyR1b within the skeletal fast muscle (See Chapter 

6).  In contrast, the ryr3 SB MO offers a great advantage as one can determine how 

effective the gene knockdown had been.  Thus, the efficacy of the ryr3 SB MO was 

confirmed by RT-PCR (Figure 5-5).  Results showed that at 24 hpf, the ryr3 SB MO 

had induced an incorrect splicing of the ryr3 mRNA product, as predicted from the 

sequence.  The ryr3 SB MO had generated an intron2 insertion at 90% conversion, 

which indicated an effective splicing alteration.  However, it is important to note that 

the 90% reduction in mRNA levels does not necessarily lead to an equal reduction at 

the protein levels (Eisen and Smith, 2008). 
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Figure 5-5. Verification of the efficacy of the ryr3 gene knockdown by ryr3 SB 

MO.  (A-C) The use of SB MO to prevent the correct splicing of the zebrafish ryr3 

gene.  (A) The first three exons of ryr3 are illustrated, where exon 2 is 120 bp, intron 2 

is 3,416 bp and exon 3 is 99 bp.  Arrows indicate the positions of the forward (Ex2F, 

I2F) and reverse (Ex3R) PCR primers designed to amplify ryr3 mature mRNA 

products.  If the pre-RNA is correctly spliced, the combination of I2F and Ex3R 

should yield no PCR product and Ex2F and Ex3R should give a product of 137 bp 

from the transcript.  (B) The ryr3 SB MO is designed to cause intron 2 to be retained.  

If intron 2 is retained in this way, the combination of I2F and Ex3R should give a PCR 

product of 277 bp, and Ex2F and Ex3R should yield a product in excess of 3.5 kb.  

The resulting transcript would translated into 55 amino acids (15 from exon 1 and 40 

from exon 2) of ryr3 being followed by 59 missense amino acids before a stop codon 

is reached.  (C) Blockade of ryr3 splicing in 24 hpf zebrafish embryos was detected by 

RT-PCR.  Total RNA isolated from the uninjected WT embryos (lane 1), 4ng control 

MO injected morphants (lane 2) and 4ng ryr3 SB + p53 MO co-injected morphants 

(2ng each; lane 3) were reverse transcribed with Ex2F, I2F and Ex3R PCR primers.  

Comparisons of lane 1 and lane 2 with lane 3, indicate that the SB MO significantly 

reduced the level of correctly spliced ryr3 transcript.  Numbers in the right panel 

indicate the molecular mass of RT-PCR products. 
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5.4. ryr3 plays a role in embryonic development 

5.4.1. ryr3 morphants show developmental defects 

 

The ryr3 gene is expressed from the late cleavage stage onwards and, if the 

receptor plays a biological role during the onset of development, it seems reasonable 

to predict that MO knockdown will result in a proportion of embryos that display 

developmental defects.  Assessment of the embryo development was initially 

performed by studying their morphology using a dissection microscope.  The ryr3 MO 

injected embryos (morphants) were scored as normal, deformed or dead according to 

their morphology and overall appearance at seven successive time points up to the end 

of segmentation (i.e. 24 hpf; Figure 5-6, (A) – (C)).  Transmission light microscopy 

was used to capture images of the gross anatomy of the embryo at 5.3 hpf (50% 

epiboly), 10 hpf (100% epiboly) and 24 hpf (Figure 5-7). 

 

Injection did not appear to affect the overall survival and viability of uninjected 

WT, control MO and ryr3 TB MO injected embryos significantly, despite a small rise 

in the number of deaths in the injected groups at 24 hpf.  However, there was a small 

but significant increase in embryonic death observed in the ryr3 SB MO injection 

group (Figure 5-6, (C); P=0.0370, one-way ANOVA). 
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Figure 5-6. ryr3 gene knockdown causes significant developmental deformities 

from 10 hpf onwards.  The embryos, MO injected (control, TB and SB) versus 

uninjected WT, were examined at key developmental stages 2.25 hpf (128-cell stage), 

3.75 hpf (oblong), 4.6 hpf (30% epiboly), 5.3 hpf (50% epiboly), 10 hpf (bud stage), 

12-13 hpf (6- to 8-somite) and 24 hpf (Prim-5).  (C) The percentage of death in each of 

the four injection groups was recorded during development. There was no significant 

variation between the developmental time points in each of the injection groups, with 

the exception of SB MO (p=0.0370, ANOVA).  (B) Injection with both TB and SB 

MO led to a significant rise in the number of deformed embryos compared to 

uninjected WT and control groups beginning 10, 12-13 and 24 hpf.  There was no 

significant difference in the number of deformed embryos in the experimental groups 

up to and including 5.3 hpf; however, significant differences in ryr3 MO injected 

groups were observed from 10 hpf onwards (10 hpf p=0.0061, 12-13 hpf p< 0.0001 

and 24 hpf p<0.0001, ANOVA). 
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There were no significant differences in development in any of the 

experimental groups from 2.25 hpf (128-cell stage) up to and including the beginning 

of gastrulation at 5.3 hpf (50% epiboly) (Figure 5-6, (B)).  At 10 hpf (100% epiboly), 

embryos have completed epiboly (i.e. end of gastrulation) and formed an embryonic 

axis, which is assessed by the complete disappearance of the yolk plug and 

development of a visible polster and tail bud.  However, the 10 hpf ryr3 SB morphants 

produced a significant increase in the number of embryos (~50%) that displayed 

developmental deformities.  In these morphants, the yolk plug has completely 

disappeared but they lack the characteristic features of polster and tail bud, making it 

very difficult to differentiate between the anterior and posterior ends and define the 

embryonic axis at this stage (Figure 5-7).  The establishment of an embryonic axis 

marks the beginning of segmentation and somitogenesis (most strikingly the addition 

of somites) and this is a useful staging tool (Kimmel et al., 1995).  A rise in the 

number of deformed embryos injected with ryr3 TB MO was apparent from 12-13 hpf 

with a significant increase observed by 24 hpf (Figure 5-6, (B)).  By 24 hpf, embryos 

have completed segmentation and the formed somites adopted a chevron shape visible 

from the straightened tail (Stickney et al., 2000).  However, more than 55% of ryr3 TB 

and ryr3 SB surviving morphants were observed to have morphological deformities at 

24 hpf, including shortened body length, curvature in their spinal cord and muscle 

trunk, as well as compressed somites (Figure 5-7).  In addition, a large proportion of 

both the ryr3 TB and ryr3 SB morphants possessed no early embryonic movements 

(referred to as spontaneous movements) at 19 hpf and subsequent touch response upon 

dechorionation at 24 hpf (Section 5.4.2). 
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Figure 5-7. ryr3 gene knockdown shows significant morphological defects from 

10 hpf.  There were no significant differences in development in any of the 

experimental groups at 5.3 hpf.  At 10 hpf, both uninjected WT and control MO 

injected embryos have completed epiboly and formed the embryonic axis with a 

visible polster (arrow) and tail bud (arrowhead), whereas in the ryr3 SB morphants, 

there is a lack the characteristic features of polster and tail bud for defining the 

embryonic axis, despite the yolk plug has completely disappeared.  By 24 hpf, the 

formed somites in both uninjected WT and control MO injected embryos have adopted 

a chevron shape that is visible from the straightened tail.  In contrast, both ryr3 TB and 

ryr3 SB surviving morphants were observed to have morphological deformities, 

including shortened body length, curvature in their spinal cord and muscle trunk, as 

well as compressed somites. 
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5.4.2. ryr3 morphants lack spontaneous contractions 

 

The spontaneous movement of the developing zebrafish embryo is 

characterised by repetitive side-to-side coiling of the tail (bends of the musculature), 

which begins as early as 17 hpf (16-somite).  This initial movement is indicative of the 

development of functional neuromuscular connections.  Spontaneous movement is 

believed to be caused by primary motor neurons releasing acetylcholine onto post-

synaptic muscle pioneers and the adjacent muscle fibres driving skeletal muscle 

contractions (Melançon et al., 1997).  The frequency of these spontaneous contractions 

peaks at about 19 hpf (20-somite) and declines gradually, after which the embryos 

become responsive to touch (Saint-Amant and Drapeau, 1998). 

 

The ryr3 gene knockdown associated movement defects were examined more 

closely at 19 hpf, when the frequency of the spontaneous contractions reaches their 

maximum.  Specifically, in this experiment, the embryos derived from each treatment 

group were carefully staged according to somite number to ensure that any movement 

phenotype was a result of gene knockdown rather than developmental delay.  There 

was no significant difference between the somite number of uninjected WT (22.19 ± 

0.22, n=36), control MO (21.48 ± 0.27, n=30), ryr3 TB MO (21.46 ± 0.24, n=39) and 

ryr3 SB MO injected groups (21.17 ± 0.29, n=45) (One-way ANOVA, Figure 5-8 (A)). 

 

The spontaneous movement of age matched ryr3 TB and ryr3 SB morphants 

(19-20 hpf) were found to be significantly decreased compared to uninjected WT and 
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control injected embryos (Figure 5-8 (B)).  Chi-squared test shown that there was a 

significant difference in the spontaneous movement activity between the ryr3 

morphants and the control MO injected morphants, indicative of disrupted 

neuromuscular development in the ryr3 knockdown embryos.  These observations 

were further examined by analysing the morphology of the skeletal muscle and motor 

neurons using wholemount ICC staining. 

 

 

Figure 5-8. 
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Figure 5-8. Spontaneous movements are significantly reduced in the ryr3 gene 

knockdown morphants.  (A) The developmental stage of the embryos in each of the 

four experimental injection groups (i.e. uninjected WT, control MO, ryr3 TB and ryr3 

SB MO) was assessed by counting somite number.  Results revealed no significant 

differences which confirmed that the embryos were age matched and had reached 

between 19 to 20 hpf (20 to 22-somite).  The effect of treatment upon somite 

formation was analysed using One-way Analysis of Variance ANOVA (ANOVA: 

p>0.04, n=3 experiments with a minimum of 30 embryos per treatment group).  (B) 

Age matched embryos from each experimental group were assessed for their 

spontaneous movement.  The spontaneous movements of 19-20 hpf embryos were 

significantly decreased in ryr3 TB and ryr3 SB MO injected embryos compared to 

uninjected WT and control MO injected embryos (χ2 test: control vs. ryr3 TB 

***p<0.001 and control vs. ryr3 SB ***p<0.001, n=3 experiments with a minimum of 

112 embryos per treatment group). 

 

 

5.4.3. Immunocytochemistry analysis of ryr3 morphants 

 

The lack of spontaneous movement phenotype observed in the ryr3 morphants, 

implicated a functional role for ryr3 in differentiated muscle.  To further investigate 

the underlying defects that cause the resulting phenotype, ICC staining was employed 

to examine the anatomy of the neuromuscular development based on the morphology 

of the skeletal muscle and motor neurons.  Additionally, the expression of the RyR 

protein was examined using the pan antibody (34C), which is currently available for 

labelling all RyR in zebrafish. 
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5.4.3.1. ryr3 knockdown reduces RyR expression and affects RyR 

clustering 

 

RyR protein expression appeared to be significantly reduced in ryr3 SB MO 

morphants compared to WT or control MO injected embryos (Figure 5-9), especially 

in the middle of the muscle fibres.  More prominent staining was observed at the 

somite boundaries in ryr3 SB MO morphants, indicative of residual ryr1 expression.  

While the ryr3 SB MO led to a reduction in RyR staining, TB MO completely 

eliminated RyR staining in the ryr3 TB MO injected embryo, suggesting that all RyR 

expression within the skeletal muscle had been knocked down.  Given that the ryr3 TB 

MO sequence had shown 84% nucleotide similarity to the equivalent regions in ryr1a 

and ryr1b, this TB MO is believed to function as a triple-knockdown, which is 

consistent with the observations of a more severe phenotype (Figure 5-7).  Please refer 

to Section 5.5.1 for a detailed discussion regarding the MO design and sequence 

similarity. 

 

Figure 5-9. RyR expression and clustering is affected in ryr3 gene knockdown 

morphants.  Injected embryos were fixed at 24 hpf and stained for the RyR using 34C 

pan anti-RyR antibody, as shown.  In uninjected WT embryos (A-C) RyR clustering 

was observed throughout the skeletal muscle of the embryo, characteristic striated 

patterning in individual fibres was observed consistent with the arrangement of 

receptors in triads (Brennan et al., 2005).  Control injected embryos also revealed RyR 

staining throughout the skeletal muscle of the embryo (D-F) whereas in ryr3 TB MO 

(G-I) or ryr3 SB MO (J-L) injected morphants, there were either no or low level 

staining of RyR. 
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Figure 5-9. 

 
 

 

5.4.3.2. ryr3 knockdown disorganise slow muscle fibres alignments 

 

The underlying defects that cause the lack of spontaneous movement in ryr3 

morphants were investigated further by examining the anatomy of the muscle tissue, 

using monoclonal antibody that labels slow myosin heavy chains in the slow muscle 

fibres within the somites (F59) (Figure 5-10). 



 

209 
 

Under normal development, in the uninjected WT and the control MO injected 

embryos, the adaxial cells (slow muscle precursor cells) differentiate and start to 

migrate laterally at around 16 hpf.  By 24 hpf, the adaxial cells have elongated and 

migrated to form a monolayer of slow muscle fibres at the lateral edge of the somite 

(Devoto et al., 1996; Barresi et al., 2001).  The muscle fibres were found to align 

parallel to each other in the chevron-shaped somitic hemi-segment (Figure 5-10, A-H).  

In contrast, in the ryr3 MO injected morphants, despite the fact that the slow muscle 

fibres had retained their striated appearance and undergone both migration and 

elongation to span the width of the somite, the muscle fibres had lost their integrity 

(resulting in a wavy appearance) and were aligned in a disorderly manner (irregularly 

shaped and some fibres inter-crossing one other) (Figure 5-10, I-P).  Furthermore, 

projections of slow muscle fibres from the four experimental treatment groups 

revealed that the F59-positive slow muscle fibres were more compressed in the ryr3 

morphants (Figure 5-10, K and O) than in the controls (Figure 5-10, C and G).  It is 

also notable that the disorganised muscle fibre alignment phenotype was more severe 

in the ryr3 TB morphants, which was mostly likely due to the triple-knockdown effect 

caused by the MO, as mentioned previously.  Overall, these observations clearly 

indicated that ryr3 knockdown would result in defects of disorganised muscle fibres 

alignment, suggesting that ryr3 may have a role in myofibril organisation, which could 

be required for subsequent spontaneous movements in the developing embryos. 
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Figure 5-10. Slow muscle fibre organisation is disrupted in ryr3 gene knockdown 

morphants.  Z-stack confocal images of slow muscle myofibres 

immunocytochemically labelled with F59 in 24 hpf embryos treated by (A-D) 

uninjected, (E-H) control MO injected, (I-L) ryr3 TB MO or (M-P) ryr3 SB MO 

injected embryos.  3D projected cross-sections (C, G, K and O) were re-constructed 

from the Z-stacks of images using the Zeiss LSM Image Browser software.  ryr3 TB 

and ryr3 SB MO both displayed a myofibril disorganisation phenotype, as shown by 

the wavy myofibril. 
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5.4.3.3. ryr3 knockdown causes mild motor neurons defects and affects 

neurite outgrowth 

 

As well as defects in skeletal muscle development, disruption to motor neuron 

maturation may also contribute to the lack of spontaneous movement phenotype.  

Monoclonal antibody Znp1 (Section 2.1.3) was initially used to stain the motor 

neurons in the spinal cord in order to check for any disruption in the locomotor 

network, which might have prevented muscle innervations and caused the resulting 

phenotype. 

 

To address whether the projections of motor axons were affected by ryr3 

knockdown, the antibody Znp1 that labels the axonal bundles of the primary motor 

neurons (pre-synapses) was used (Figure 5-11).  During normal development, at 16 

hpf primary motor neurons begin to extend axons which exit the spinal cord at a 

common point and extend ventrally to reach the horizontal myoseptum (HS, choice 

point).  At the HS, the axons pause before extending along their own unique path, 

leaving a large varicosity at the region of the HS.  By 24 hpf, the somite is innervated 

ventrally, dorsally, and laterally by the caudal CaP, middle MiP and rostral RoP motor 

neurons, respectively (Eisen et al., 1986; Westerfield et al., 1986) (Figure 5-11, A-D).  

In the ryr3 MO injected embryos, primary motor neurons were present and major 

axonal trajectories, most obviously CaP, were apparent at 24 hpf, suggesting that the 

extended motor axons could innervate the functional muscle fibres and might have 

formed active neuromuscular junction (NMJ).  However, on a closer inspection the 
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varicosities at the HS were less obvious and the axons appeared to be relatively shorter 

and wider, indicating that neurite outgrowth was disrupted in the ryr3 knockdown 

morphants (Figure 5-11, E-H). 

 

 

 
 

Figure 5-11. Minor motorneuron defects in the ryr3 knockdown morphants.  

Confocal projections of zebrafish embryos at 24 hpf that were exposed to (A and B) 

uninjected WT, (C and D) control MO injected, (E and F) ryr3 TB MO or (F and G) 

ryr3 SB MO and subsequently immunocytochemically labelled with Znp1.  In both the 

uninjected WT and all MO injected embryos, primary motor neurons and major axonal 

trajectories were apparent and appeared normal at 24 hpf.  However, the neurite (axons) 

from the ryr3 morphants appeared to be relatively shorter, thicker and truncated 

(asterisks). 
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5.5. Discussion 

5.5.1. MO design and limitations 

 

MO is a great technology for advancing the field of developmental biology.  

However, the potential ‘off-target’ effects and the technical difficulties associated with 

the injection technique are still proving to be a major challenge in its widespread 

application.  In this project, these drawbacks were overcome by the use of a number of 

controls and careful interpretation and analysis of the results, as well as the 

development of an isoform specific antibody to complement the study (See Chapter 6). 

 

Theoretically, the idea of applying two independent MO (both the TB and SB 

MO) to target the same ryr3 gene should produce similar phenotypes (Eisen and Smith, 

2008).  In this study, the results revealed that the ryr3 MO did give rise to similar 

morphant phenotypes, notably over 50% of MO injected embryos were observed to 

have similar morphological defects by 24 hpf (as discussed further in Section 5.5.2).  

However, the results gave rise to two anomalies that illustrate that even MO targeting 

of the same gene may give rise to subtle differences. 

 

(i) Firstly, the SB MO produced significant numbers of embryos displaying 

developmental defects at an earlier stage (at 10 hpf) compared to the TB MO 

(at 12-13 hpf).  This is very surprising when considering that the TB MO can 

target the maternal ryr3 transcripts as well as zygotic transcripts, and thus one 

would expect it to be more likely to produce an early phenotype.  Currently, 
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there is no obvious explanation for this effect, although it should be noted that 

there was quite large variation between the two ryr3 MO groups in this 

experiment.  This variability might have had an impact on data collecting 

regarding the onset of the developmental defects seen in morphants. 

 

(ii) Secondly, both ryr3 MO did give rise to similar phenotypes by 24 hpf, 

however, more severe morphological defects were observed in the ryr3 TB 

morphants compared to SB morphants.  This was initially surprising as the TB 

and SB MO are both targeted the same ryr3 gene.  However, the result could 

be explained by the TB MO design: The 5’ AUG sequence (i.e. region of the 

translational start site) of ryr3 used for TB MO design shows 84% similarity to 

the equivalent regions in both ryr1a and ryr1b sequence (Figure 5-12), based 

on the sequence alignment using the updated ryr3 sequence data from NBCI.  

According to the manufacturer’s instructions (Gene Tools LLC), the only way 

to increase the complementary MO-RNA binding specificity is to raise the 

temperature to the highest tolerable level; however, this is unfeasible in an in 

vivo system (i.e. zebrafish).  Thus, the more severe phenotype observed in ryr3 

TB morphants is probably caused by ryr1a, ryr1b and ryr3 triple-knockdown, 

which leads to the elimination of all RyR protein and a more severe phenotype 

(as discussed further in section 5.5.2). 
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Multiple sequence alignment: 
 

ryr3 TB MO (Sense) ----------------------ATGGCCGAAGG---TGAAGGGGAAGATG 
ryr1a 5'UTR-25bp ATG ----------ATCTCCAGTACCATGGCAGAAGGAGCTGAGGGAGAAGAGG 
ryr1b 5'UTR-25bp ATG TGCAAATAACCCTCGGAGAAGGATGGCAGAAGGA---GAGGGGGGAGATG 
ryr3  5'UTR-25bp ATG ------AGGCTCTTCTACAGCCATGGCCGAAGG---TGAAGGGGAAGATG 
          ***** *****    ** ** * *** * 
Key: 
Highlighted: exon 1 of ryr 
Underlined: ryr3 TB MO SENSE Sequence suggested by Gene Tools 
 

Figure 5-12. Alignment of ryr3 TB MO with ryr1a, ryr1b and ryr3 genomic 

sequences.  The ryr3 TB MO sequence shows 84% similarity to both ryr1a and ryr1b 

sequence at the 5’UTR region, suggestive of triple knockdown by this MO. 

 

 

From this study, particularly in the design of ryr3 TB MO, it highlighted the 

fact that it is very important to compare the region around AUG translational start site 

in the gene of interest with others, especially in the case of designing isoform-specific 

TB MO.  In addition, the use of database Blast searches with short nucleotide 

sequences (i.e. 25-mers MO sequence) to identify sequence homology could often lead 

to misleading results (e.g. low blast search score), hence it is essential to carry out 

multiple sequences alignment to identify sequence similarity when designing for MO.  

For future experimental purposes, it would be ideal to: 

 

1. Design a new TB MO that targets the relatively more divergent 5' UTR region 

upstream of the initiation codon, based on the updated ryr3 sequence or 

alternatively, design another SB MO that targets another splice junction site in 

ryr3. 

Outcome: the results would be useful to compare with that of the ryr3 SB MO 

injected ones independently for consistency controls. 
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2. Deliver the re-designed ryr3 TB MO or the new ryr3 SB MO together with the 

ryr3 SB MO at a ratio of 1:1 simultaneously to cause gene knockdown at a 

small fraction of the concentration needed with each oligo used individually 

Outcome: Using two non-overlapping oligos in separate embryos and eliciting 

the same phenotype would strongly support the hypothesis that the phenotype 

observed is due to the specific knockdown of the targeted ryr3 gene. 

 

5.5.2. ryr3 role in embryonic development 

 

The initial hypothesis (based on the expression data from Chapter 4) suggested 

that the ryr3 gene might have a very early developmental role (before 10 hpf), as well 

as a function later during skeletal muscle differentiation (between 10 hpf and 24 hpf).  

This chapter describes gene knockdown experiments to determine the role of ryr3 

during the first 24 hours of embryo development.  For clarity, the following discussion 

is subdivided into two sections addressing function (Section 5.5.2.1) prior to and 

(Section 5.5.2.2) during the segmentation period. 

 

5.5.2.1. ryr3 potential role in establishing the embryonic axis (before 

segmentation period) 

 

Whilst ryr3 mRNA can be detected as early as 2 hpf, gene knockdown did not 

generate any gross defects in embryonic phenotypes before 10 hpf.  Therefore, there is 
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no obvious role for the ryr3 gene during early development prior to 10 hpf.  This 

supports previous work revealing that although IP3R are required for early zebrafish 

development; RyR mediated Ca2+ signalling does not seem to be required, at least up 

to and including the early blastula stage (Ashworth et al., 2007).  The discrepancies 

between the gene expression data and the knockdown experiments leave several issues 

to be resolved.  For example, a more detailed analysis of specific regions in the 

morphants, using WISH with tissue specific patterning markers, may reveal 

differences in gene expression that would not have been detected only by assessing the 

gross anatomy.  In addition, experiments to monitor the live changes in Ca2+ signals 

before 10 hpf between the ryr3 morphants and control injected ones may reveal any 

differences in Ca2+ signalling pattern upon ryr3 knockdown prior to segmentation.  

Furthermore, it would be useful to determine whether the RyR3 protein is expressed in 

the early stages of embryonic development. 

 

Nonetheless, this data did reveal that ryr3 SB morphants failed to generate the 

characteristic features of polster and tail bud by 10 hpf.  Based on this data, it appears 

that the ryr3 gene function may have a novel role in defining the embryonic axis of the 

embryo, prior to the segmentation stage.  The lack of ryr3 might be the possible cause 

of the motor neuron defects observed later at 24 hpf, where the endplates do not form 

properly in the absence of ryr3 and thus the axon recedes.  In addition, it is possible 

that the receptor plays a role in generating Ca2+ signals that are involved in the 

convergence extension movements that occur in the embryo during late gastrulation.  

A report that intercellular Ca2+ waves occur during the late gastrula period provides 
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additional, indirect evidence that intracellular Ca2+ channels may function during this 

period (Webb and Miller, 2000; Webb and Miller, 2003a) and Section 1.3.1.4). 

 

In summary, although the functional significance of ryr3 mRNA maternal 

expression in early zebrafish development remains to be established, it is possible to 

speculate that the RyR3 may play an important role in generating Ca2+ signals during a 

period coinciding with embryonic axis formation and the appearance of the earliest 

postmitotic cells. 

 

5.5.2.2. ryr3 role in myofibril organisation and spontaneous contractions 

(during segmentation period) 

 

The development of the motor system during embryonic morphogenesis, which 

gives rise to movement begins at around 10 hpf and signals the start of the 

segmentation period.  The earliest embryonic movements, termed spontaneous 

contractions, arise at 17 hpf and can be seen as side-to-side tail flipping, driven by the 

development of functional neuromuscular contacts between the primary motor neurons 

and muscle fibres.  These movements begin initially from the activation of slow 

muscle, followed shortly after by innervations of fast muscle, despite the contribution 

of each fibre type to the spontaneous movements prior to 24 hpf is not well established.  

Spontaneous contractions are the first of several characteristic sequences of behaviour 

displayed in developing zebrafish embryos during the rapid development of 

locomotion (Roberts, 2000) and such behaviour reflects the development of locomotor 
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networks in the brain and spinal cord.  It is now known that the spontaneous 

movement does not require any hindbrain input and is solely from the spinal cord 

motor outputs (Downes and Granato, 2006).  The purpose of the early spontaneous 

movements observed in zebrafish was originally proposed to be preparation for 

hatching (Kimmel et al., 1974; Saint-Amant and Drapeau, 1998); however, more 

recent reports have revealed a role in late skeletal muscle differentiation (Brennan et 

al., 2005; Etard et al., 2005; Van der Meulen, 2005). 

 

Data revealed that the gross morphology of the ryr3 morphants was disrupted, 

with curvature in their spinal cord and muscle trunk, as well as compressed somites.  

The spontaneous contractions were significantly reduced in both ryr3 TB and SB 

morphants.  Anatomical analysis of ryr3 MO injected embryos revealed the motor 

neuron axonal pathfinding appeared relatively normal, leading to the prediction that 

neuromuscular contacts were made.  Slow skeletal muscle fibres could be identified in 

both morphants; however, the myofibril organisation was disrupted.  The alignment of 

myofibril is known to be critical for SR organisation and structural fixation of 

myofibrils, as well as the subsequent coordinated and efficient transfer of contractile 

force to the extracellular matrix in zebrafish (Raeker et al., 2006).  Hence, based on 

the ryr3 mRNA confined expression in the fast muscle (Section 4.5.4), it is possible to 

speculate that ryr3 gene knockdown affected the contractions of muscle fibres, 

possibly via misalignment of muscle myofibrils and thus inhibiting embryonic 

movements. 
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Previous work has shown that treatment of zebrafish embryos with ryanodine 

to inhibit RyR prior to spontaneous movement at about 16 hpf disrupts slow muscle 

fibres organisation, however the specific receptor isoform(s) was not identified 

(Brennan et al., 2005).  More recently, experiments using the ryr3 MO alone and in 

combination with ryr1a MO knockdown revealed slow muscle defects including a 

reduction of the number of slow muscle fibres, suggestive of a role for these genes in 

skeletal muscle specification (Jurynec et al., 2008).  The data presented in the current 

study has revealed that, in contrast to the previous report (Jurynec et al., 2008), the 

ryr3 gene is expressed exclusively in the fast muscle and gene knockdown disrupts 

normal axonal pathfinding and myofibril organisation during neuromuscular 

development.  In conclusion, the current study supports a role for the ryr3 gene in the 

fine-tuning of the nerve-muscle properties that drive the spontaneous movements 

during zebrafish embryogenesis.  Although, the downstream targets of the RyR3 

generated Ca2+ signal are not currently known, in muscle it has been reported that:  

 

(a) obscurin, a sarcomere-associated Ca2+/CaM binding domain containing 

signalling protein that expresses in the somites and CNS at 24 hpf zebrafish 

embryo, has been demonstrated with a vital role in SR organisation, myofibrils 

assembly and alignment (Raeker et al., 2006).  Thus, it led to the speculation 

that the Ca2+ signal propagated from RyR3 is directly required by obscurin to 

regulate myofibril alignment for refining skeletal muscles properties during 

spontaneous contractions. 
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(b) Ca2+ may have an indirect role in Ca2+-driven contraction, where the movement 

generated by the sliding filaments (actin and myosin) itself is very important 

for skeletal muscle differentiation, specifically the organisation of myofibrils 

(Lahne et al., unpublished data).  Although it remains unclear about what 

signals are involved in this contraction stimulated myofibril arrangements, it is 

possible to speculate that release of Ca2+ from ryr3 may be necessary for 

driving the Ca2+-dependent contraction. 

 

Finally, for future experiments, it would be ideal to complete the following to 

provide further information about ryr3: 

 

1. Monitor the gene expression of ryr in ryr3 SB morphants at 24 hpf using 

WISH. 

Limitations: it cannot monitor ryr3 mRNA expressions in ryr3 TB morphants 

Outcome: the study will report any of the incorrectly spliced pre-RNA, which 

could often remain in the nucleus and its nuclear localisation may be visualised. 

2. Establish the wholemount ICC staining conditions both α-sbungarotoxin and 

EB165 and applied as tools to examine the 24 hpf ryr3 morphants 

Outcome: this study will examine the underlying anatomy of both NMJ and 

fast muscle fibres organisation in the morphants. 
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5.5.2.3. Proposed mechanism for ryr3 

 

ryr3 gene has a role in setting up the embryonic axis and an action on the 

myofibril organisation in slow muscle fibres and hence embryonic movements.  The 

question arises as to the regulatory function of the receptor during skeletal muscle 

differentiation.  To help understand this, it would be useful to link the current data for 

ryr3 together with the findings from other studies and propose a model for its 

mechanism of action.  Thus, for this purpose, a speculative model for the role of the 

different ryr genes and the mechanism by which Ca2+ is released in the fast muscles of 

zebrafish embryos is presented in this final section.  The mechanism is based on 

evidence gathered from the ryr mRNA expression pattern in the skeletal muscle 

(Section 4.5.5) and ryr3 loss-of-function gene knockdown study (Chapter 5), as well 

as the current findings from studies in other species (see below).  These are 

summarised into bullet points (i – iii) to help provide further support for the proposed 

mechanism: 

 

(i) RyR3 has been reported to express in almost equal amounts with RyR1 in the 

skeletal muscles of many non-mammalian vertebrates (Sutko and Airey, 1996), 

which were both found to localise at the same triad junction (Flucher et al., 

1999), with RyR1 and RyR3 being proposed to locate at the junctional and 

lateral parajunctional regions of the SR respectively (Felder and Franzini-

Armstrong, 2002).  The co-expression of RyR has been interpreted as a 

solution to generate the sophisticated intracellular Ca2+ signals needed for 
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optimal regulation of their functions (Rossi and Sorrentino, 2002).  Based on 

the current ryr mRNA expression study (Chapter 4), it is thus believed that the 

ryr1b and ryr3 gene products are likely to be expressed in the junctional and 

lateral parajunctional regions of the SR within the fast muscle myocytes. 

(ii) In zebrafish, DHPR, Cav1.1α1S-b (expressed in the both slow and fast 

musculature) have been reported to function as voltage sensors to trigger the 

opening of RyR1a and RyR1b via direct protein-protein interaction (i.e. 

‘directly coupled’) (Schredelseker et al., 2010).  Thus, it is expected that the 

activation of Cav1.1α1S-b within the fast muscle would trigger the opening of 

the junctional RyR1b to release Ca2+ into the sarcoplasm. 

(iii) Non-mammalian RyR3 was initially proposed to be activated via an indirect 

mechanism due to the fact that it does not come into contact with other voltage 

sensors (i.e. ‘uncoupled’) (Felder and Franzini-Armstrong, 2002; Pouvreau et 

al., 2007).  Not until recently, a study from Murayama and Kurebayshi has 

provided important direct evidence to support that the RyR3 function as an 

uncoupled CICR channel in non-mammalian vertebrates (Murayama and 

Kurebayashi, 2010).  According to this finding, it is expected that the Ca2+ 

release from RyR1b in the fast muscle myocytes would activate the 

parajunctional RyR3 via a CICR mechanism to trigger further release of Ca2+ 

into the sarcoplasm. 

 

Taken together, in this proposed mechanism (Figure 5-13), it was predicted 

that the neuromuscular contacts were made and that it could innervate the functional 
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muscle fibres, as the motor neuron axonal pathfinding appeared relatively normal at 24 

hpf (Figure 5-11).  In normal spontaneous contracting embryos, the spinal cord output 

via the primary motor neurons is responsible to trigger the release of the 

neurotransmitter, acetylcholine (Ach) at the NMJ.  The ligand Ach is then bound to the 

Ach receptor (AchR) leading to membrane depolarisation in the transverse tubule (TT).  

The action potential along the TT is subsequently detected by the voltage sensor, 

Cav1.1α1S-b, which triggers the opening of junctional RyR1b in the fast muscle.  The 

Ca2+ released from the ‘coupled’ junctional RyR1 subsequently activates the 

‘uncoupled’ parajunctional neighbouring RyR3 and causes further Ca2+ release via a 

CICR mechanism.  As a result, the Ca2+ signal is amplified and is believed to 

propagate to its downstream targets (Section 5.5.2.2 (a) and (b)) to mediate 

physiological functions; In the case of ryr3 SB MO, it appeared that the SB MO would 

knockdown the parajunctional RyR3 within the fast muscle fibres and thus loses the 

ability to produce Ca2+ signals, whereas for ryr3 TB MO, it is believed that it would 

knockdown all the RyR proteins within the skeletal muscles (i.e. RyR1a, RyR1b and 

RyR3) in both the slow and fast muscle fibres, which abolishes the 

intracellular/intercellular Ca2+ signals.  Although the combined loss of Ca2+ signals 

from both RyR1 and RyR3 (i.e. ryr3 TB morphants) has more impact on the myofibril 

organisation than the loss of RyR3 alone (i.e. ryr3 SB morphants), both ryr3 MO 

appeared to eliminate the spontaneous movements.  Therefore, according to this model, 

it is believed that ryr3 gene might generates an important component of the Ca2+ signal 

necessary for the spontaneous movement in addition to its role in regulating myofibril 
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alignment.  Also, the loss of RyR3 components is likely to cause a muscular-dystrophy 

like phenotype and lost the ability to perform muscle contractions. 

 

 
 

Figure 5-13. Proposed mechanism of action for ryr3 in zebrafish.  Please refer to 

text for a detailed description.  Briefly, in normal contracting 24 hpf embryo the spinal 

cord (Sp) motor neurons releases acetylcholine (Ach), which binds to the acetylcholine 

receptor (AchR) and causes action potential in the transverse-tubule (TT).  In the fast 

muscle myocyte, the TT membrane (1.) depolarisation is sensed by the CaV1.1α1S-b, 

which acts as a voltage sensor and triggers (2.) the opening of the junctional RyR1b on 

the sarcoplasmic reticulum (SR) membrane.  Ca2+ released through RyR1b 

subsequently activates neighbouring parajunctional RyR3 and triggers further release 

of Ca2+ via (3.) a CICR mechanism.  The resulting (4.) amplified Ca2+ signal is 

believed to contribute to the myofibril organisation directly through obscurin and 

spontaneous contraction indirectly through Ca2+-activated contraction dependent 
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pathway, although it remained un-establish if the organisation of the myofibrils is an 

important criterion for the subsequent spontaneous movement (R; Raeker et al., 2006) 

or vice versa (L; Lahne et al., unpublished data); in the ryr3 SB morphants, gene 

knockdown is believed to abolish the amplified Ca2+ signals from RyR3 and caused 

(5a.) myofibril disorganisation and (5b.) the inability to trigger embryonic movement.  

The misalignment of myofibril resulted in (6.) disorganised SR and uncoordinated 

force transfer to ECM, which in turn may have a knock-on effect on the elimination of 

spontaneous movement.  For ryr3 TB morphants, it is believed the additional co-

knockdown effect of ryr1a and ryr1b affects the Ca2+ signals in both slow and fast 

muscles, which have caused a more disorganised myofibril phenotype. 

 

 

For future experiments, it would be ideal to try the following to verify the 

proposed mechanism for ryr3: 

 

1. Visualise individual RyR proteins in 24 hpf ryr3 morphants using affinity 

purified ISRA (See Chapter 6) for wholemount ICC 

Outcome: the study will complement the ryr3 functional studies through 

providing exact protein localisation data regarding the targeted gene product 

(i.e. RyR3) and other RyR isoforms. 

2. Detect and quantify individual RyR proteins in 24 hpf ryr3 morphants using 

affinity purified ISRA for optimised protocol for microsomal membrane 

isolation and western blotting (Sections 6.4.2 and 6.4.3) 

Drawback: although the use of western blotting can detect the presence of the 

protein, it is likely to require a large population of embryos to determine the 

effectiveness and thus affecting the sensitivity 
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Outcome: the study will complement the ryr3 functional studies through 

providing relative level of protein expression data regarding the targeted gene 

product (i.e. RyR3) and other RyR isoforms. 

3. [3H] ryanodine binding to RyR in 24 hpf WT and ryr3 morphants 

Outcome: the study will provide an effective measure of CICR activity in the 

ryr3 morphants (Meissner, 1994; Ogawa, 1994), giving additional support to 

the proposed mechanism. 

 

5.5.3. Conclusion 

 

In summary, this work has provided evidence to support that the ryr3 gene 

plays a key role in establishing the embryonic axis and myofibril organisation within 

the somite, which is believed to be crucial for the spontaneous contractions behaviours 

required by zebrafish for normal embryogenesis.  The loss-of-function experiments 

targeting specific ryr3 genes in zebrafish are beginning to form a clearer picture of 

their developmental contribution.  Thus, this study provides the groundwork for the 

analysis of RyR function during development in this animal model and will facilitate 

future work towards a greater understanding of this important ion channel, particularly 

to identify the novel role of ryr2a and ryr2b during in vivo embryogenesis.  In the next 

chapter, ISRAs are developed to enable the monitoring of other RyR isoforms in gene 

knockdown experiments in the near future, which would complement the functional 

studies of RyR. 
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CHAPTER 6 

6. GENERATION OF ISOFORM-SPECIFIC 

RyR ANTIBODIES 
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6.1. Introduction 

 

In Chapter 5, the establishment of a ryr3 loss-of-function model has revealed 

an important role for the receptor in establishing the embryonic axis and 

neuromuscular organisation within the somite during zebrafish development.  

However, there is a lack of isoform specific RyR antibodies (ISRA) to examine the 

expression of RyR proteins in vivo, which ultimately would benefit research on the 

developmental role of RyR.  This chapter initially describes the motivation to design 

ISRA for functional studies and the production and characterisation of these antibodies. 

 

Antibodies, also referred to as immunoglobulins (Ig), are gamma globulin 

proteins, raised by the immune system in vertebrates to identify specific foreign 

objects (e.g. bacteria and viruses) and help direct the appropriate immune responses.  

In scientific research, this specific recognition property of antibodies has been 

exploited.  Further information on the immune response, the structure of antibody 

molecules, their production and wide applications in research can be found in 

Antibodies: A Laboratory Manual (Harlow and Lane, 1988).  Briefly, the production 

of specific antibodies is triggered by an antigen (i.e. substance that causes an immune 

response), commonly through injection into a mammal (e.g. mouse, rat, rabbit, goat, 

sheep or horse).  This is the process of immunisation.  Over the time course of 

immunisation, polyclonal antibodies (i.e. a combination of Igs against a specific 

antigen) are generated from the induction of B-lymphocytes in the animal and 
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circulated in their blood stream.  The blood isolated from the animal, now referred to 

as antiserum can then be used to target specific antigens for research purposes.  Its 

broad applications include locating and examining the expression of intracellular or 

extracellular proteins by ICC/IHC, immunoprecipitation, western blot analysis and 

antigen direct enzyme linked immunosorbent assay (ELISA).  It is a widely accepted 

concept that antigen specific antibodies have many advantages to offer, and these 

would assist the functional studies of the protein of interest.  In this case, ISRAs would 

be of enormous help to examine the gene products of the five differentially expressed 

zebrafish ryr genes identified in this project (Section 3.2). 

 

To date, there is only one commercial-based pan anti-RyR antibody (34C) 

available for the detection of the five ryr gene products in zebrafish (Figure 4-4, 

Figure 4-14 and Figure 4-18); however it cannot distinguish between each individual 

RyR isoforms.  In contrast, there are several rabbit raised ISRA with published 

paratope sequences (summarised in Table 6-1), however these antibodies cannot 

specifically recognise those from the zebrafish due to the differences in the epitopes.  

The current limitations within the field, initiated work to generate ISRAs in the 

zebrafish, as this would help with characterising the function of each individual RyR 

proteins during zebrafish embryonic development.  This includes: 

 

1. providing a significant advantage for accessing the localisation and tissue 

distribution of isoform-specific RyR within the developing embryo 

2. targeting each RyR specifically and confirm the overlapping expression of RyR 
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proteins within the skeletal muscle 

3. functioning as protein expression indicators for the analysis of isoform-specific 

ryr knockdown morphants 

4. quantifying each RyR isoform expression during different stages of development 

 

The project on the generation of the ISRA was initiated with the financial 

support from the Central Research Fund provided by the University of London.  

Initially, five isoform-specific RyR synthetic peptides were designed with an aim to 

maximise the immunogenicity of the antigen and the specificity of the antibody.  The 

immunisation schedule involved the use of two rabbits for each RyR isoform, 

immunisation and bleed harvesting were carried out by Cambridge Research 

Biochemicals (CRB) Ltd.  Both ELISA and peptide dot blot techniques were used to 

assess the antigen binding affinities, specificities and cross-reactivity of the antisera 

(i.e. bleed containing the polyclonal antibody).  Following the characterisation 

experiments, the application of ISRA will be a valuable research tool to complement 

RyR functional studies in the future. 

 

 

 

Table 6-1. Isoform specific anti-RyR antibodies with published paratope 

sequences available to date.  References: * determined based on epitope sequences 

homology; # (http://www.alomone.com/). 

Abbreviations: ICC – immunocytochemistry; IHC – immunohistochemistry; WB – 

Western blotting 

 

http://www.alomone.com/�


 

232 
 

Table 6-1. 

 

Hosts RyR Paratopes 
(Raised from) 

Targets 
(Homology to others)* Applications References 

Rabbit All 
RyR 

(C)LEFDGLYITEQPSE
DDIKGQ (Not 

available) 

Rabbit RyR1 

ICC and 
immunostaining Jeyakumar et al., 1998 

Rabbit RyR2 (chicken, chimpanzee, 
dog, human, macaque, mouse, 

pufferfish, stickleback and zebrafish 
RyR2a & RyR2b) 

Rabbit RyR3 (chicken, chimpanzee, 
dog, horse, human, mouse) 

Rabbit RyR1 (C)RAENEKDATTEK
NKKR (Peptide) 

Human (chimpanzee, mouse, pig, 
rabbit, rat) WB #Alomone Labs Ltd. 

Rabbit RyR1 KLGVDGEEEEL 
(Peptide) Rabbit RyR1 (pig) immunostaining Jeyakumar et al., 2002 

Rabbit RyR2 CAGESMSPGQGRNN 
(Peptide) 

Human (chicken, chimpanzee, dog, 
horse, macaque, mouse, pig, rabbit, 

rat) 
WB #Alomone Labs Ltd. 

Rabbit RyR2 EVLMKTAHGHLVPD
RVDKDKET (Peptide) Rabbit RyR2 ICC and 

immunostaining Jeyakumar et al., 2001 

Rabbit RyR3 CHIAHVNPAAEEDLK 
(Peptide) 

Human (horse, chimpanzee, mouse, 
rabbit, rat) WB and IHC #Alomone Labs Ltd. 

Rabbit RyR3 KAQAAETKAEH(C) 
(Peptide) Rabbit RyR3 ICC and 

immunostaining 
Jeyakumar et al., 1998; 
Mironneau et al., 2001 



 

233 
 

6.2. Design of ISRA synthetic peptides 

 

The generation of ISRA relies heavily on the design of the synthetic peptides 

chosen for immunisation.  This is because its design will dictate both the 

immunogenicity of the antigen and the specificity of the antibody to select against 

each individual RyR isoform. 

 

The initial design of the isoform-specific synthetic peptides were primarily 

based on the CDS regions chosen for WISH ryr probes design (Section 2.2.12.1) using 

the RyR sequence information obtained from Chapter 3 (Figure 6-1).  These regions 

were specifically chosen because of the accuracy of the DNA sequences upon which 

the protein sequences were predicted had been confirmed in the previous work 

(Section 2.2.14).  A number of proposed synthetic peptide sequences chosen from 

these regions were compared to the other five zebrafish RyR protein sequences using a 

multiple sequence alignment program.  This approach helped with the screening for 

the most specific synthetic peptide for each ISRA.  The proposed synthetic peptide 

sequences for each ISRA were forwarded to CRB Ltd. to assess their immunogenicity.  

Briefly, regions of RyR were screened for antigenicity and surface exposure under the 

computer programme (Protean), which will provide a good overall indication on which 

region of the RyR protein to target.  Once the region was confirmed, a stable peptide 

(10 to 20 amino acids in length) was selected through avoiding the oxidising amino 

acids (i.e. Methionine or Cysteine) within its sequence.  The selection process was 

repeated until the synthetic peptides for each ISRA were specific enough to 
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distinguishing between the RyR isoforms and had a high probability of eliciting an 

immune response. 

 

 

 
 

Figure 6-1. Diagrammatic representation of the ISRA synthetic peptide 

locations within the five zebrafish RyR.  The figure indicates the locations of the 

final synthetic peptides used for ISRA immunisation.  The figure was modified from 

Figure 3-3, where a more detailed description on different domains is available. 
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6.3. Characterisation of ISRA antisera 

 

The isoform-specific peptides chosen were synthesised in house by CRB Ltd. 

and injected into rabbits to raise immunity against the peptide antigens.  Rabbit sera 

were collected according to the procedures listed in the immunisation schedule 

(Appendix 1).  In order to characterise the ISRA, it was first necessary to assess the 

antigens binding affinities, specificities and cross-reactivities using ELISA and peptide 

dot blot techniques. 

 

6.3.1. ISRA antisera are specific for its peptide antigens 

 

ELISA is a well-established biochemical diagnostic tool used for detecting the 

presence of a specific antibody against its respective antigen within a sample (Engvall 

and Perlmann, 1971; Van Weemen and Schuurs, 1971).  In this case, the affinities and 

specificities of the antibody produced within the sera were assessed by comparing the 

sera produced at the end of the immunisation schedule (i.e. harvest bleeds) with the 

sera before the immunisation schedule (i.e. pre-immune bleeds) against its respective 

peptide antigen (i.e. isoform-specific synthetic peptides).  Briefly, the pre-immune and 

the harvest bleeds of rabbits (#4362, #4664, #4366, #4369 and #4370) collected over 

the course of immunisation schedule were analysed (Figure 6-2).  There is a 

significant difference between the pre-immune and the harvest bleeds, indicating that 

the animals have raised immunity against the injected peptides antigen and generated 

antibodies that are specific for these antigens within the sera.  All the harvest bleeds 
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show very specific binding to their respective antigen at high dilution factors 

(1:150,000 and 1:300,000), suggesting that the antibodies produced could potentially 

be used as ISRA for recognising the respective epitopes. 

 

 

 
 

Figure 6-2. Post-immunisation bleeds are very specific for its respective 

antigens when compared to the pre-immune bleeds upon antibody binding.  

ELISA shows that the post-immunisation harvest bleed have generated specific 

antibody that would bind to the respective peptide antigen in a highly specific manner 

(1:150,000 and 1:300,000) as compared to that of the pre-immune bleed. 
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6.3.2. ISRA antisera are specific for its epitopes 

 

Having established that the post-immunisation sera (i.e. harvest bleeds) contain 

antibodies that specifically recognise their own peptide antigens in the ELISA test, the 

next stage was to assess their cross-reactivity using a peptide dot blot.  Peptide dot blot 

is a simple and quick but inexpensive biochemical diagnostic method generally used 

for screening antibodies specificity and assessing cross-reactivity between antibodies.  

In this case, it was used for testing both the binding specificities and cross-reactivity 

between all sera collected. 

 

All the sera collected from the rabbits (#4362 to #4371) were tested against all 

the five zebrafish isoform-specific synthetic peptides (Figure 6-3 (A) and (B)).  Briefly, 

the peptide antigens and controls (i.e. DPEC water only and a test peptide that contains 

a non-specific sequence for the ISRA paratope) were applied as dots on to the 

nitrocellulose membrane.  Pre-immune, test, production and harvest bleeds were 

applied subsequently to test for cross-reactivity.  The data revealed significant binding 

between the peptide antigens and the post-immune bleeds harvested from those 

animals challenged with these peptide antigens (immunogens).  Importantly, no cross-

reactivities for immunogens were detected in any of the sera harvested.  Furthermore, 

it was observed that there was an overall increase in antibodies binding within the 

bleeds collected over the immunisation schedule, indicating that there was an increase 

in the amount specific antibodies present within the sera. 
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Figure 6-3. Peptide dot blot to test for all ISRA bleeds cross-reactivity.  All the 

post-immune ISRA bleeds generated were specific for its own peptide antigens 

without any cross reactivity.  The names of the bleeds were referenced according to 

those described in the immunisation schedule (Appendix 1).  Test peptide is a 

randomised protein sequence that does not contain any RyR-like sequences (i.e. non-

specific for RyR). 

 

 

6.4. Preliminary experiments for testing ISRA 

 

Having confirmed that the bleeds contained antigen-specific antibodies using 

ELISA and peptide dot blot tests, the next step was to test the ability of the sera to 
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recognise the RyR protein in vivo and in vitro.  Preliminary experiments to assess the 

ability of the antisera to bind to the RyR protein included wholemount ICC, protein 

dot blot, as well as western blotting. 

 

6.4.1. In vivo wholemount immunocytochemistry analysis 

 

To explore the possibilities of using these sera as ISRA for RyR protein 

localisation and tissue distribution, ISRA targeting all the skeletal muscle RyR (i.e. 

RyR1a, RyR1b and RyR3) were chosen to test in wholemount ICC analysis.  A 24 hpf 

zebrafish embryo was labelled with a pan anti-RyR antibody (34C) and used as a 

positive control.  Clusters of RyR proteins were observed within the skeletal muscles 

of the zebrafish at 24 hpf using the 34C pan anti-RyR antibody (Figure 6-4, H and I).  

However, only non-specific staining were detected using 1:100, 1:500 and 1:1000 

diluted RyR1a (from rabbit #4262), 1:100 and 1:1000 diluted RyR1b (from rabbit 

#4264) and 1:1000 diluted RyR3 (from rabbit #4270) antisera (Figure 6-4, A-G).  It is 

worthwhile to point out that RyR3 serum (diluted at 1:1000) has revealed staining in 

the nerve cells in the spinal cord, although the specific cell types remain to be 

established (Figure 6-4, G).  Although RyR protein staining in vivo was the ultimate 

goal of the project, the lack of specific staining in the embryos using the ISRA sera 

prompted a change in strategy.  Thus, it was decided that it would be beneficial to 

establish whether the antibodies did recognise the RyR protein itself first. 
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Figure 6-4. Post-immunisation ISRA sera did not reveal specific staining in 

preliminary immunocytochemistry experiments.  No specific RyR staining was 

detected using the harvest sera generated for RyR1a (rabbit #4362), RyR1b (rabbit 

#4364) and RyR3 (rabbit #4370) in wholemount 24 hpf zebrafish embryos.  34C was 

used as a positive control and showed RyR clusters within the skeletal muscle. 

 

 



 

241 
 

6.4.2. ISRA detect RyR1a, RyR1b and RyR3 isoforms in the skeletal 

microsomal fractions 

 

Despite the fact that both ELISA and dot blot techniques had confirmed the 

presence of ISRA within the sera, preliminary wholemount ICC experiments did not 

reveal any specific staining.  The positive control using the 34C pan-RyR antibody 

revealed clustered protein staining within the skeletal muscle; however, it was not 

apparent why the ISRA did not.  One possibility was that the ISRA do not recognise 

the RyR epitopes present within the tissue.  Therefore, the strategy of identifying 

specific ISRA staining in native protein was switched to in vitro protein expression 

analysis.  To achieve this, a protein fraction dot blot was conducted using the 

microsomal membrane fractions (SR vesicles) isolated from the skeletal muscles of a 

six-month old zebrafish adult, as a relatively simple and quick screening approach.  

The protein fraction dot blot works in exactly the same manner as the peptide dot blot 

(Section 6.3.2), except that fractions of protein were applied as dots on to the 

nitrocellulose membrane rather than peptides.  Protein fractions obtained from 

sequential ultracentrifugation were applied; these included the crude fraction 

(untreated skeletal muscle homogenate), supernatant from crude preparation, the 

nuclei and mitochondria fractions (skeletal muscles extract), the microsomal 

membrane fraction (SR vesicles) and supernatant from microsomal membrane 

preparation. 
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The purified microsomal membrane fraction is expected to contain the highest 

amount of RyR, followed by the crude fraction when compared with other fractions 

under the same amount of protein loading.  This idea is verified by the fact that the 

34C pan anti-RyR antibody only gave a specific staining for RyR in the crude and 

microsomal membranes fractions (Figure 6-5, lane 3), indicating that RyR proteins 

were not present in the other fractions prepared.  In the case of the antisera (Figure 6-5, 

lanes 4-18), it appeared that there was an overall background staining in all of the 

fractions prepared.  Despite of this, most of the RyR1a, RyR1b and RyR3 antisera 

showed a stronger binding to the crude and the microsomal membrane fractions (i.e. 

higher intensity of the dot; Figure 6-5, lanes 4 to 10, 12, 14, 16 and 17), implying that 

these fractions contained the specific peptide antigen containing RyR proteins for 

detection.  Furthermore, this work has provided the first direct evidence that the 34C 

pan anti-RyR antibody could be used as a protein expression indicator (i.e. positive 

control) in spite of its inability to selectively distinguish between RyR isoforms. 

 

 

Figure 6-5. Most of the RyR1a, RyR1b and RyR3 harvest sera could identify 

their respective antigen containing RyR proteins from the crude and microsomal 

membranes fractions.  Both the crude and microsomal membrane fractions showed a 

relatively strong signal in RyR1a, RyR1b and RyR3 sera detection (lanes 4 to 10, 12, 

14, 16 and 17) under the same amount of protein loading, despite of a general 

background also appeared in the other fractions prepared.  This suggests the potential 

detection of specific peptide antigen containing RyR proteins within the crude and 

microsomal membrane fractions.  34C was used as a positive control (lane 3) and 

showed a very specific staining for RyR only in the crude and microsomal membranes 

fractions. 
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Figure 6-5. 

 
 

 

To conclude, the simple protein dot blot showed some positive signs towards 

applying some of the sera as isoform-specific RyR expression indicators.  In addition, 

the analysis indicates that the protocol for microsomal membranes isolation could 

produces native RyR in detectable quantity.  However, there was an overall 

background staining in the dot blot, which was found to be associated with those that 

used antisera for detection.  This is likely to be resulted from the RyR proteins being 

loaded on the nitrocellulose membrane were not separated from other cellular protein 
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components within the fraction, causing (1) some non-specific binding activities to the 

fractions prepared and/or (2) mixture of other proteins to mask the specific antigen 

binding sites.  This idea is supported by the fact that there was a complete absence of 

background staining from the 34C anti-RyR antibody control.  As a result, a more 

specific and sensitive protein expression detection approach was pursed using western 

blotting (See next section). 

 

6.4.3. Establishing the optimal condition for RyR proteins transfer for 

ISRA detection in the skeletal muscle 

 

As discussed above, the protein dot blot did not determine definitively whether 

the antisera could recognise the RyR protein, therefore the Western blotting approach 

was pursued.  The western blotting technique comprises of the SDS-PAGE and 

immunoblotting procedures.  It has the advantage of separating the proteins in the 

sample (i.e. SDS-PAGE) before probing with the specific antibodies (i.e. 

immunoblotting).  This technique will provide a cleaner preparation to test the 

antibodies and establish which of the antibodies is able to recognise RyR protein in 

vitro.  The ultimate aim for this experiment was to test the ability of the antisera to 

recognise the specific RyR protein in vitro.  However, it is essential to establish the 

optimal experimental condition for SDS-PAGE and immuoblotting procedures in the 

adult with the use of a known anti-RyR antibody as a positive control (i.e. 34C pan 

anti-RyR antibody). 
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Several protein fractions obtained from differential ultracentrifugation of the 

adult skeletal muscle extract (Section 6.4.2), including the crude fractions that had 

been subjected to denaturation at 37ºC and 95ºC for 15 minutes prior to gel loading, 

supernatant from crude preparation, nuclei and mitochondria, cytoplasm, microsomal 

membranes were resolved on a 7% resolving gel (Figure 6-6).  The SDS-PAGE 

resolved protein gel was transferred onto nitrocellulose sheet, followed by 

immunoblotting and immunostaining, using the 34C pan anti-RyR antibody as a 

positive control (Figure 6-7).  From the analysis, the western blot clearly showed that 

distinctive RyR protein (i.e. 565 kDa) in the bands corresponding to the 37ºC crude, 

nuclei and mitochondria fraction and the microsomal membranes.  The most obvious 

staining was observed in the microsomes prepared from the skeletal muscles of a 

zebrafish six-month old adult, where RyR protein expression was significantly 

enriched.  The RyR protein is located in the SR membranes of the skeletal muscle 

therefore a high level of expression would be expected in the microsomal fraction.  

These results have established the optimal conditions to test the ISRA sera binding to 

the RyR protein localised in the skeletal muscle (e.g. RyR1 and RyR3).  Furthermore, 

this experiment provided additional evidence that the 34C pan anti-RyR antibody 

could be used to detect RyR protein expression in western blotting, in spite of its 

inability to selectively distinguish between RyR isoforms. 
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Figure 6-6. Separation of total skeletal muscle protein fractions prepared from 

differential ultracentrifugation in adult zebrafish.  The skeletal muscle of a six-

months old adult were dissected and the cellular components separated by differential 

ultracentrifugation.  Several protein fractions including the crude fraction (subjected to 

denaturation at 37ºC and 95ºC for 15 minutes prior to gel loading (30μg each)), 

supernatant from the crude (4µg), nuclei and mitochondria fraction (39µg), 

cytoplasmic fraction (8µg) and microsomal membranes fraction (4.6µg) were 

separated by SDS/PAGE in a 7% polyacrylamide gel and coomassie stained.  Numbers 

on the left indicate the position and molecular weight of protein standards in kDa. 

 

 

Figure 6-7. Western blot against RyR.  Expression of RyR was detected in the 

37ºC heated crude, nuclei and mitochondria fraction and microsomal membranes 

fraction of skeletal muscle from zebrafish six-month old adult.  Skeletal muscle total 

protein fractions were separated by SDS-PAGE in a 7% polyacrylamide gel as shown 

in Figure 6-6 and immunodetected with primary pan anti-RyR 34C antibody against 

all RyR (approximately 565 kDa). 

 



 

247 
 

Figure 6-7. 

 
 

 

6.5. Discussion 

 

In this chapter, five isoform specific RyR peptides were designed and used as 

antigens to raise immunity from rabbit.  Five sera were obtained from each rabbit over 

the immunisation schedule.  ELISA and peptide dot blot showed that the sera bound 

specifically to its own peptide antigens with no cross-reactivity.  However, testing the 

sera in wholemount ICC revealed no specific staining in vivo and the ICC conditions 

remain to be established.  To address whether the sera contained antibody that 

recognised the peptide sequence within the native protein, protein dot blot technique 

were used.  It has shown that sera produced from RyR1a, RyR1b and RyR3 rabbits can 

specifically recognise peptide in the native protein (i.e. skeletal muscle extracted 

microsomal membranes).  Furthermore, the use of 34C anti-RyR pan antibody in 

western blotting has established the experimental conditions for detecting RyR 

proteins from the skeletal muscle extracts of adult. 
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There are two main methods to prepare specific antigens for immunisation.  

This is done either through the expression of a portion of protein of interest or the 

generation of a synthetic peptide that contains the same portion as the protein of 

interest.  The use of native RyR protein presents the challenge of expressing regions of 

the protein that retain their original structure without misfolding, aggregation and 

degradation and does require significant expertise.  Hence, in this project the later 

method (i.e. synthetic peptide) was chosen because the RyR protein sequences were 

available (Chapter 3), as a result of translating the DNA sequenced region used for ryr 

WISH probe design.  After deciding the source of antigen to be used for ISRA 

production, the next stage was to design the synthetic peptide for immunisation, this 

was important as it will determine both the specificity and immunogenicity properties 

of the antibodies.  Amongst the commercial companies available for antibodies 

production, CRB Ltd, a UK based company was carefully chosen mainly because they 

were willing to exchange and discuss the immunogenicity information during the 

synthetic peptide design process.  In general, the isoform specific RyR peptide design 

was based on the cytoplasmic region instead of the transmembrane domain (i.e. 

~1,000aa from the C-terminal), as it was predicted that binding maybe facilitated by 

access to a region in the cytosolic N terminus rather than a sequence in the C terminus 

that maybe embedded in the SR membrane. 

 

ELISA and peptide dot blot experiments revealed that the sera contained 

antibodies that could bind specifically to their respective immunogens without 

showing any cross-reactivity.  This work has provided some important preliminary 

data to support the use of these sera as ISRA to specifically target the native RyR 
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proteins in zebrafish.  However, the lack of RyR staining in vivo (wholemount ICC 

experiments) raised the possibility that the ISRAs within the antisera do not recognise 

the native protein (i.e. RyR epitopes) and thus a strategy was devised to assess binding 

to RyR in vitro. 

 

As described earlier in Chapter 1, it is known that RyR1 are abundant in the SR 

vesicles in the skeletal muscles.  In zebrafish, a strong immunostaining with the 34C 

pan anti-RyR antibody was observed within the skeletal muscle (Figure 4-4 and Figure 

6-4).  In addition, based on the ryr WISH analysis (Figure 4-5), the ryr1a, ryr1b and 

ryr3 gene products are likely to be expressed in the skeletal muscle from development 

through to adulthood.  Thus, to address whether the antisera produced could bind to 

the RyR protein in vitro, the native RyRs were isolated from the adult skeletal muscles 

in zebrafish.  However, RyR is a very large (~2.2 MDa) membrane bound protein and 

isolating the protein from its native environment would not be simple.  Hence, a 

protocol to isolate the SR vesicles (i.e. microsomal membranes fraction) from 

zebrafish adult was devised and optimised, in order to test the sera’s ability to 

selectively bind to the target RyR proteins amongst the other proteins. 

 

Protein dot blot experiment has demonstrated that the most sera could detect 

the presence of RyR proteins in the crude and microsomal membrane factions at a 

relatively higher abundance (under the same amount of protein loading), suggesting 

that the antisera were able to recognise their respective epitopes within the native RyR 

proteins and could be used as ISRA for RyR in vitro expression analysis.  This idea 

was further exploited by the use of Western blotting of RyR, where other cellular 
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proteins within the fractions were separated by their molecular weights and thereby 

allow for a more sensitive RyR detection within the sample.  Overall, this study has 

successfully isolated RyR proteins from skeletal muscle to use as a method to screen 

the antisera raised against peptide sequences for RyR1a, RyR1b and RyR3. (i.e. those 

that are presumably expressed in skeletal muscle).  In addition, it has established the 

Western blotting experimental parameters RyR for quantification within the adult 

skeletal muscle.  In the future, it would also be ideal to try the following experiments 

to further characterise the ISRAs: 

 

1. Purify all the harvest bleeds using commercially available affinity purification 

columns 

Justification: an overall background staining associated with the sera detection 

in the protein dot blot, suggestive of some non-specific binding activities 

Outcome: through concentrating the amount of specific ISRA presence in the 

sera, this would provide more specific polyclonal antibody for isoform specific 

RyR detection per volume delivered and benefits future application. 

2. Detect individual RyR proteins using the antisera, based on the parameters 

established for microsomal membranes isolation and Western blotting (Section 

5.5.2.3 point 2.) 

Outcome: the study will determine whether the antisera could detect specific 

RyR protein from the skeletal muscle extract in vitro.  And if they do, it will 

open up the possibility of applying the same antisera for detecting RyR 

proteins during different stages of development. 
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3. Screen for RyR2s in vivo expression (i.e. brain and heart) using the antisera 

raised against RyR2a and RyR2b peptide antigen and wholemount ICC 

Outcome: ideally, this study will provide further information regarding both 

RyR2a and RyR2b proteins localisation. 

4. Isolate the brain and heart tissue from adult zebrafish and screen for their in 

vitro expression using the RyR2a and RyR2b antisera and Western blotting 

Outcome: ideally, this study will provide quantitative information regarding 

both RyR2a and RyR2b proteins expression. 

 

In conclusion, this study has successfully generated sera that show specific 

RyR isoforms binding in vitro and established the important experimental parameters 

for assessing ISRA expression in adult.  Although the ISRA in vivo application 

remains to be established, ISRA is showing positive signs as useful analytical tool for 

isoform specific RyR detection.  The generation of ISRA is very important, as it would 

not only help to assess RyR protein expression in both adult zebrafish, but will also 

have to potential to extrapolate its use in the developing zebrafish embryos for 

complementing the functional studies of RyR during development.  Finally, ISRA will 

definitely provide a unique resource to the field of Ca2+ signalling and the zebrafish 

community for the study of these important ion channels. 
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CHAPTER 7 

7. FINAL CONCLUSION 
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7.1. Project summary 

 

The main goal of the project was to identify the role of RyR during 

development, using zebrafish as an in vivo vertebrate model.  The investigation began 

with the identification and characterisation of the five zebrafish ryr genes and the 

genomic structure of their respective gene products.  The ryr genes data presented here 

suggests that the function and mechanism for the regulation of intracellular Ca2+ 

signalling are preserved across vertebrates, including zebrafish.  The bioinformatics 

study was followed by a detailed analysis of the spatial and temporal expression of all 

zebrafish ryr genes, which provided important information regarding the differential 

pattern of mRNA localisation throughout the embryo.  The results provided 

compelling evidence that ryr1a, ryr1b and ryr3 were expressed in the slow, fast and 

slow and fast muscle fibres of the skeletal muscle, respectively.  In addition, novel 

data revealed that ryr2a and ryr2b are expressed during the initial stages of the CNS 

development and heart formation and these observations suggest that these genes have 

an important function in the maturation of these tissues.  Furthermore, the novel 

finding of early ryr3 mRNA expression provided the initiative to explore its functional 

significance in early development through the use of a loss-of-function model.  The 

ryr3 knockdown study revealed that early receptor expression might be linked to the 

formation of the embryonic axis.  Moreover, the current ryr3 study provided evidence 

to support a role for the receptor in myofibril organisation, a crucial step in the 

generation of the contraction and movement which is necessary for embryonic skeletal 

muscle function.  Furthermore, the project embarked on work to generate ISRAs for 
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the five zebrafish RyR, a long-term aim which will significantly enhance the study of 

this ion channel during development using the zebrafish model. 

 

In summary, this study has highlighted the unique contribution that the 

zebrafish provides as an intact in vivo system to study vertebrate development.  The 

RyR receptor study supports the use of the zebrafish system to investigate skeletal and 

cardiac conditions in diseases models.  In conclusion, the work presented in this thesis 

would contribute to the field of bioinformatics (researchers who require ryr gene and 

RyR proteins genomic structures), cell signalling (researchers who investigate the 

function of Ca2+ release mediated by ryr in development), developmental biology 

(researchers who explore the role of ryr in development), in vivo research (researchers 

who study development related diseases in zebrafish) and many more. 

 

7.2. Future directions 

 

The project has provided important information regarding the role of ryr genes 

during development in vivo and opened up exciting avenues that could be explored in 

the future.  For simplicity, the future directions section is subdivided into two sections 

to summarise the (a) short-term and (b) long-term goals. 
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(a) Short-term goal: 

 

The experimental approach adopted in this project was to perform specific ryr3 

gene knockdown in wild type animals and examine the resulting phenotype which 

would provide clues as the role of the receptor.  The results obtained from these 

experiments showed that the loss of RyR3 mediated Ca2+ signalling abolishes 

spontaneous movement and may be important for slow muscles fibres contraction 

during normal development (as discussed in detail in Chapter 5).  However, to reach 

this conclusion several assumptions were made about the development of the ryr3 

morphant phenotype (as discussed in Chapter 5), therefore additional evidence 

regarding the development of both the embryonic axis and the neuromuscular system 

would prove productive.  The ryr3 receptor was expressed from very early stages and 

evidence from the project suggested a function in embryonic axis formation, which 

might in turn affected normal embryo patterning events.  Patterning events in the 

morphants prior to the segmentation period (10 hpf) could be examined by WISH in 

order to confirm the role of ryr3 in embryonic axis formation definitively.  These 

include using a cocktail of known patterning markers (e.g. ntl, hgg1 and dlx3) to check 

for potential convergence and extension defects at 10 hpf (Carreira-Barbosa et al., 

2003).  In addition, NMJ formation in the morphants could be investigated by ICC 

staining with α-bungarotoxin (Section 5.5.2.2), fast muscle fibres morphology 

examined by ICC staining with an antibody that recognises fast muscle (Eb165) 

(Section 5.5.2.2) and finally Ca2+ signalling analysed using fluorescent indicators.  

This later work, that is the dynamic imaging of Ca2+ signalling in the skeletal muscle, 

would provide additional evidence to support the prediction that RyR3 mediated Ca2+ 
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signalling is both disrupted in the morphant embryos and important for myofibrils 

organisation. 

 

(b) Long-term goals: 

 

The novel finding of zebrafish ryr2a and ryr2b differential expression in the 

CNS and heart provides a unique opportunity to address the function of these 

individual genes during organogenesis.  The ryr3 loss-of-function model has 

established the conditions that could be used to study the role of both the ryr2a and 

ryr2b in neuronal and cardiac development, respectively.  Taken together, this opens 

up a novel and exciting area to study the specific role of these RyR during in vivo 

development using MO knockdown.  Indeed, ryr2a and ryr2b specific antisense MOs 

has been designed to explore their role in vertebrate CNS and heart formation in the 

future. 

 

7.3. Future implications 

 

Ca2+ signals are observed in a great range of cellular processes from 

developing embryo to mature adult.  It is the pattern of the Ca2+ signals associated 

with these processes that may hold the key to understanding their regulation.  

Therefore a better understanding of how Ca2+ signalling is controlled will enhance our 

understanding of vertebrate development.  Ca2+ signals are generated by the activation 

of ion channels and an improved knowledge of their developmental role will help to 
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inform studies on Ca2+ signal generation during particular developmental process in 

vivo.  Ultimately, the knowledge of Ca2+ regulation in different developmental 

processes may pave a way towards interpreting the underlying mechanism in 

disease/defective phenotypes, as well as contributing to a deeper understanding of the 

potential treatment of patients with developmental defects by targeting specific 

components to restore the balance of Ca2+ signal at specific time. 

 

The use of the zebrafish as a model for human disease in this context is the 

relatively relaxed mutant (ryrmi340), which exhibits slow swimming behaviour and 

carries a nonsense mutation in the ryr1b gene (Hirata et al., 2007).  This line has been 

used as a model for understanding the development and physiology of human 

congenital myopathy, multi-minicore disease (MmD).  Reduction of the Ca2+ 

transients in mutant fast muscle provided one of the initial clues that the ECC pathway 

in these fish was affected.  Further investigation revealed that both the DHPRs and 

RyRs were severely reduced at t-tubule/SR junctions and the appearance of minicore 

structures in the mutant fast muscles was reported.  Following on the identification of 

the target (i.e. ryr1b gene), antisense MO approach was used and swimming was 

recovered in the mutants. 

 

To summarise, understanding the source and the purpose of the Ca2+ signal in 

development would be beneficial to clinical work that aims to understand and treat 

human diseases.  Positive identification of the pathway(s) that up-regulate the Ca2+ 

signal in specific processes, as opposed to those pathway(s) that down-regulate the 

Ca2+ level will reveal novel targets for pharmacological intervention to promote 
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developmental processes in natural environments.  Identifying the regulation and 

control hubs that promote Ca2+ signal will lead to entirely novel strategies for the 

treatment of developmental disorders. 
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Appendix 1 

Immunisation schedules for all five ISRA projects (RyR1a (HOUD-1) to RyR3 

(HOUD-5)). 
 

For RyR1a (HOUD-1): 

 
 
For RyR1b (HOUD-2): 
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For RyR2a (HOUD-3): 

 
 
For RyR2b (HOUD-4): 

 
 
For RyR3 (HOUD-5): 
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Appendix 2 

Five mRNA coding transcripts and protein sequence for zebrafish ryanodine receptor 
2a. 
 
>NA_1034 
CCAGATCTGTCCATCTGCACGTTCGTTCTGGAGCAGTCTCTGTCAGTGCGAGCGCTGCAGGAGATGCTGGCCAACACCGAGGAGAGA
GCAGAGGGGCTCATAGACATGGAGAAATGGAAATTCATGATGAAGACAGCACAAGGCGGAGGTCACCGGACGCTGCTCTATGGTCA
TGCAGTCTTACTGAGACACTCCTACAGCGGAATGTATCTGTGCTGTCTCTCTACGGCTCGCTCGTCCACCGACAAACTGGCTTTTGAC
GTGGGACTACAGGAAGACGCAACAGGTGAGGCATGTTGGTGGACGATCCATCCTGCATCCAAACAACGGTCCGAGGGTGAGAAGGT
GCGGGTGGGTGATGATCTCATTCTGGTCAGTGTGTCTTCTGAACGTTACCTGCACTTGTCGTATGGGAACGGCAGTTTACACGTGGAC
GCAGCTTTCCAGCAGACGCTCTGGAGTGTGGTGCCCATCTGCTCGGGGAGTGAAGTGGCTCAGGGCTTCCTGATTGGTGGAGATGTT
TTACGACTGCTGCATGGTCACATGGACGAGTGTTTGACCGTCCCATCTGGAGAACATGGAGAGGAACAGCGCAGGACGGTGCATTAT
GAAGGTGGAGCAGTGTCCATCCATGCCAGATCCCTCTGGAGGCTGGAGACGCTTCGAGTCGCGTGGAGTGGCAGTCATATCCGCTGG
GGTCAACCGTTCCGCCTGCGTCACGTGACCACCGGCAAATATCTCAGCATGATGGACGATCAAGGGCTCCTGTTAATGGACAAGGAG
AAAGCGGATGTTAAATCCACGGCTTTCTGCTTCCGCTCCTCAAAAGAGAAGCTGGACTTCGGCCTCAGGAAAGAGATGGACGGTATG
GGCGTCCCGGACATCAAATACGGTGACTCTGTCTGTTACATCCAGCACGTGGATGCTGGACTCTGGCTCACCTACCAGTCTGTGGATG
CCAAGTGTGCTCGCATGGGTGGCGTTCAGAGGAAGGCCATCATGCATCACGAGGGTCACATGGATGATGGTTTGACGCTCTCACGAT
CACAACACGAGGAGTCGCGCACTGCTAGAGTCATTCGCAGCACCGTTTTCCTCTTCAATCGCTTCATCAGGGGTTTGGACACTCTCAG
TAAAAAGGGAAAGACATCCACCCTCGATCTGCCCATCGAGTCGGTCAGTCTGAGTCTTCAGGATCTGATTGGGTATTTCCAGCCACC
CGATGAACATCTGGAGCACGAGGACAAGCAGAACCGTCTGCGAGCACTCAAGAGCAGACAGAACCTTTTCCAGGAGGAGGGAATG
ATCAACCTGGTGCTGGAGTGTATCGATCGTTTGCATGTGTACAGCAGCGCGGCTCATTTTGCAGATGTAGCTGGTAAAGAGGCTGGA
GAATCCTGGAAGTCCATCCTGAACTCCCTCTACGAGCTCCTGGCTGCTCTGATCAGAGGAAACAGGAAGAACTGCGCCCAGTTCTCC
GGCTCTCTGGATTGGCTGATCAGTCGTCTGGAGAGGTTGGAAGCGTCGTCTGGGATTCTGGAGGTTCTGCATTGCGTTCTGGTGGAGA
GTCCAGAAGCTCTGAACATTATTAAAGAAGGACACATCAAATCCATCATCTCACTGCTGGACAAACACGGACGCAACCACAAGGTTC
TGGATGTCCTGTGTTCTCTGTGTGTGTGTCACGGGGTGGCCGTCCGCTCCAATCAGCACCTGATCTGTGATAATCTGCTGCCCGGCAG
AGACCTGCTGCTTCAGACGCGCCTCGTTAATCACGTCAGCAGCATGAGGCCCAATATCTTCCTGGGTGTGAGCGAAGGCTCCGCGCA
GTACAAGAAGTGGTATTATGAGCTGATCGTGGACCATGTGGATCCGTTCGTGACGGCTGAAGCCACGCACCTGCGAGTGGGCTGGGC
GTCCACTCAGGGCTACGGGCCATATCCGGGTGGAGGAGAGGGATGGGGCGGCAACGGCGTGGGGGATGATCTCTACTCATACGGCT
TTGATGGACTGCACCTTTGGGCAGGCTGTGTGGCGCGGTCAGTCAGCTCACCCAATCAGCACCTGCTGCGGGCCGAGGATGTGGTGA
GCTGCTGTCTGGACCTCAGCGCTCCCAGCATCTCCTTCCGCATCAACGGCCAGCCGGTGCAGGGAATGTTCGAGAACTTCAACTCGG
ATGGACTCTTCTTCCCAGTCGTCTCCTTTTCTGCTGGAGTCAAAGTTCGCTTCTTGTTGGGTGGTCGTCATGGTGAGTTCAAGTTCCTG
CCTCCGTCCGGTTACGCCCCGTGTTTCGAGGCTGTTTTACCACGAGAGAAGCTGAGAGTGGAGCACAGCCAGGAGTACAAGCAGGAC
CATGGCAACACACGGGACCTTCTCGGACCCACGGTCACACTCTCACAGGCAGCCTTCACTCCAACACCTGTGGACACCAGTCAGATT
GTTTTGCCGCCACATCTTGAGCGGATCCGAGAAAAACTGGCCGAAAACATCCATGAGCTGTGGGTGATGAACAAGATAGATCTGGG
CTGGACTTACGGAGCTGTGAGAGATGACAACAAACGTCAGCATCCGTGTCTGGTGGAGTTTTCCAGACTTCCCGAACAAGAGCGCAG
CTACAACCTACAGATGTCTCAGGAGACGCTCAAGACTCTTCTGGCACTGGGATGTCACGTCGGAGTGGCAGACGAACGAGCGGCAG
AAAAAGTCAAAAATCTCAAGCTTTCAGCAAAATATGAGCTCTCTAGTGGGTATAAACCTGCACCGATGGACCTGTGCCACATCAAAC
TGGCGTCTACCCAGGAGGCCATGGTGGACAAGCTGGCAGAGAACGCTCACAATGTCTGGGCCAGAGACCGCATACGACAGGGCTGG
ACGTACGGCATACAGCAG 
>NA_1216 
GACATCATGAATAATAAGGTGTTTTACCAGCATCCAAACCTGATGCGGGCACTGGGCATGCATGAGACTGTCATGGAGGTGATGGTG
AACGTTCTGGGTGGAGGAGAGTCTAAGGAGATCACGTTTCCTAAGATGGTGGCGAACTGCTGCCGGTTCCTGTGCTACTTCTGTCGG
ATCAGCCGTCAGAATCAGAAGGCCATGTTCGATCATCTGAGTTACCTGCTGGAGAACAGCAGCGTGGGCCTCGCGTCTCCATCGATG
AGAGGCTCCACTCCGCTGGATGTGGCCGCTGCGTCTGTGATGGACAATAATGAACTGGCTCTGGCGCTGAGAGAACCAGACCTCGAG
AAGGTGGTGCAGTATCTGGCCGGCTGTGGTCTTCAGAGCTGTGTGATGCTGATGTCTAAAGGATATCCCGACATCGGCTGGAATCCG
GTGGAGGGTGAACGATACCTGGACTTCCTTCGATTCGCTGTATTCTGTAACGGCGAGAGTGTGGAGGAGAATGCTAATGTGGTGGTG
CGGCTCCTGATTCGCCGGCCGGAGTGTTTTGGCCCCGCCCTGCGTGGAGAAGGTGGAAACGGCCTGCTGGCGGCCATTGAGGAAGCC
ATAAAGATCTCTGAGGATCCCAGCAGAGACGGACCATCGCCAACCACAGAGGAGAGCAGGACGCTGAATGATGTGATGGAGGAAG
AGGAAGACGACACCATTCACATGGGAAACGCCATCATGACCTTCTATGCTGCCCTGATCGACCTGTTGGGCCGCTGCGCTCCAGAGA
TGCAT 
>NA_3083 
AAGGGAGAAGCCATCCGTATCCGAGCCATCCTGCGCTCTCTGATTCCTATTGAGGATCTGGTGGGAGTGATCAGCATCCCGTTCCTG
ATGCCCACGCTGGCTAAAGCCATGGTTCTGTTTCTGGACCGGGTTTACGGCATCGAAGACCAGAACTTCCTCCTGCACCTCCTGGAAG
TGGGTTTCCTGCCTGACCTCAGAGCCGCCGCCTCATTGGACACGGCGGCTCTGAGTGCCACAGACATGGCGTTGGCTCTGAACCGGT
ATCTGTGTACAGCCGTGCTGCCGCTGCTCACTAAATGTGCTCCTCTGTTTGCGGGAACGGAACCGTTCGCATCTCTCATCGACTCTCT
GCTGCACACCGTCTACCGGCTGTCCAAAGGCTGCTGTCTCACCAAAGCTCAGAGAGACGCCATCGAGGAGTGTCTGCTGGCCGTCTG
CGGGAAACTGCGTCCGTCGATGATGCAGCATCTGTTGAGGCGTCTGGTGTTTGACGTTCCTGTGCTCAATGAACACACTAAGATGCCT
CTGAAGCTCCTGACCAATCACTACGAGCGCTGCTGGAAGTATTACTGCCTGTCTGGTGGATGGGGGAGCTTTGGAGCCGCGTCAGAG
GAGGAGCTGCATCTGTCCAGAAAACTCTTCTGGGGAATTTTTGACGCTCTGGCCAGAAAGAAGTATGACCCAGAGTTGTTTAAGCTG
GCATTGCCGTGTCTGAGTGCCGTTGGTGGAGCTTTACCTCCAGATTACATGGAGTCAAACTACGTGGCCATGATGGAGAAACAGTCA
TCGATGGATGCAGAGGGAAACTTCAACCCGCAGCCAGCCGACACCAGCAGTGTTGTTGTTCCTGAGAAACTCGATCATTTCATCAAT
AAGTACGCTGAATATTCCCATGAGAAATGGTCCATGGAGAAG 
>NA_1397 
AGGCACAGGGCAGTGAATTTGTTCCTGCAGGGTTATGAGAAGTCCTGGATTGAGACCGAAGAGCATTACTTCGAGGACAAGCTGATT
GAGGATTTAGCTAAACCAGGTGTAGAGGAGCCACCAGAAGAGGATGAGATGACCAAAAACATTGACCCGTTACACCAGCTCATTCA
GCTGTTCAGCCGGACCGCACTGACCGAGAAATGTAAACTAGAGGAGGATCATCTCTACATGGCTTACGCTGATATCATGGCCAAAAG
CTGCCATGATGAAGAGGAAGAGGACGAGGTGAAGAGTTTTGAGGAGAAGGAGATGGAGAAGCAGAAGCTGCTGTATCAGCAGGCC
AGACTTCACGACCGCGGAGCTGCTGAGATGGTGCTGCAGACCATCAGCGCCAGCAAAGGAGAGATGGGGCCGATGGTGGCCTCCAC
GCTGAAGCTGGGAATCGCCATCCTCAACGGGGGAAACTCAACCGTTCAGCAGAAAATGCTGGACTACCTGAAGGACAAGCGTGATG
TGGGCTTCTTCCAGAGTCTGGCGGGTCTGATGCAGTCATGCAGGTACATCAGCTCAAGATTATGCTGTTCGAGATGCAGAGCGGAGT
CGACCACGTCGACCGGTTTCGAGTCCGGAGAAGAGCAGTTCCAGCAATCAGGTGAAAAGGTCATGCAAGATGACGAATTCACCTGT
GACCTCTTCCGCTTCCTGCAGCTGCTCTGTGAGGGACACAATTCAGATTTTCAGAACTACCTGCGAACGCAGACGGGTAACAACACC
ACGGTCAATATCATCATCTCCACGGTGGATTATCTGCTCAGAGTCCAGGAATCCATCAGTGATTTCTACTGGTACTACTCTGGGAAAG
ACGTCATTGACGAACAAGGACAACGCAATTTCTCCAAAGCAATCAATGTAGCCAAACAAGTCTTCAACACTCTTACAGAGTACATTC
AGGGTCCCTGCACCGGGAATCAGCAGAGTCTGGCTCACAGTCGCCTGTGGGATGCGGTTGTTGGTTTCCTGCATGTTTTTGCACATAT
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GCAGATGAAGCTCTCTCAGGACTCAAGCCAAATCGAGCTACTGAAGGAGCTGATGGATCTTCAGAAGGACATGGTCGTGATGCTTTT
GTCCATGTTGGAAGGAAATGTTGTGAATGGCACTATTGGCAAGCAGATGGTGGACATGTTAGTGGAGTCCTCGAATAACGTGGAGAT
GATCCTGAAGTTCTTTGACATGTTCCTCAAACTAAAAGACCTGACGTCGTCGGACGCCTTCAAAGAGTACGACCCCGATGGCAAAGG
CGTCATTTCCAAACGAGATTTCCACAAGGCAATGGAGAGCCATAAGCACTACACCCAATCCGAGACGGAGTTCCTGCTCTCCTGTGC
GGAAACAGATGAGAATGAGCTCTTAGACTACGAAGAGTTCGTCGAACGATTTCACGAACCGGCGAAGGATATCGGTTTTAACGTGG
CAGTTCTTCTAACCAATCTCTCAGAGCACATGCCGCATGATTCTCGCCTCCAAACGTTCCTGGAGTTGGCGGAGAGCGTGCTGAATTA
TTTCCAGCCCTATCTAGGGCGCATCGAGATCATGGGCAGCGCCAAGAGAATCGAGCGAGTGTACTTCGAGATTAGCGAATCGAGTCG
CACACAATGGGAAAAACCCCAAGTCAAAGAGTCTAAGCGACAGTTCATCTTTGATGTGGTCAATGAAGGCGGTGAAAAGGAGAAAA
TGGAGCTCTTCGTGAACTTCTGTGAAGACACCATCTTTGAGATGCAGTTAGCAGCGCGGATGTCTGACGCCGGTGAACGATCCGCTA
GCAAAGAGGACAGCGAGAGGGAGAAACCTGAAGAGGAGACTCCAGAAATGGGCTTCTTCTCCATCACCACTGTGAGAACGGCTCTG
TTTGCGCTACGTTACAATGTGATGCTGTTAATGAAAGTGCTGTCCATGAAAAGTCTGAAGAAACAAGTGAAGAAGGCCAAGAAGAT
GACTGTGAAGGACATGGTGACCACTCTGGTGTCCTTCTACTGGAGTGTCCTACTCGGCCTGCTGCACTTTGCATTCAGTGTTGCGCGA
GGGTTTTTCAGGATCATATACAACAGCTTTCTTGGAGGGAGTCTCGTAGAGGGAGCAAAGACCATGAAGGTGTCGGAGCTCCTGGCC
AACATGCCTGACCCGACACAAGATGAGGTGAGAGGAGAGATGGAAGATGGCGAGAAGAAACCTGTGGATAAAACTTCACCTGAGG
AAGACCTGGCCGACCTGACTGTAGCCACCGATGAAACAGATCTGCTGTCTGATATCTTTGGTCTGGATCTGAAGAGAGAAGGAGGAC
AGTATAAGCTGATGCCTCACAATCCCAACGCCAGCCTGACGGATCTGCTCAACACACCCGTCCCTCCGCCACCCACACCCTCACCTG
AACTCCGCAGACGACACCATACGAAGGGCTCTTCCTCTTCAACGGACAACAATGATGCTGCAGAGGAGACCAAATCAGTGCCTGAG
AAAGCGGAAGGTGAAAATGTAGAGAAAGCACAGAAGAAGAAGGAGGAAGCGGTGAAGCGGAAGGTCAGACAGCACTATGAGCCG
GATCTACAGGAGTCGGCCTTCTGGAAGAAGATCATCGCTTACCAACGCAAGCTGCTGAACTATTTTGCACGAAATTTCTACAACATG
AGAATGTTGGCGTTGTTTGTGGCCTTTGCGATTAACTTCATTCTGCTGTTTTACAAGGTATCCACATCCTCTGCCGTGACGGAGGGGA
AGGAGGTGTTGTTCAGCGCGTCCTCAGACACCAGCGTGCAATGGGATCCTCTGAGCGGCTCCAGCTCTCGGCCCGTCACTGTTCACTT
TGTGCTGGAGGAGAGCAGCGGCTACATGGAGCCCACGCTGAGGATCCTTGCCATCCTGCACACCGTCATCTCCTTCTTCTGCATCATC
GGCTACTACTGCTTAAAGGTTCCTCTGGTGATTTTCAAGCGTGAGAAGGAAGTGGCCAGGAAGCTGGAGTTTGACGGCCTGTACATC
ACTGAACAGCCGTCAGAAGATGATATTAAAGGCCAGTGGGACCGACTGGTCATCAACACACAG 
>NA_1713 
CTGGTCCTGACGGTGGGTCTGCTGGCGGTTGTAGTCTATCTCTACACTGTAGTGGCTTTTAACTTCTTCCGCAAGTTCTACAATAAGA
GTGAAGATGGAGAATCGCCAGACATGAAGTGTGACGACATGCTAACGTGCTACATGTTTCACATGTATGTGGGCGTTCGTGCCGGTG
GAGGCATCGGGGATCAGATTGAAGATCCAGCCGGAGACGAGTACGAGATCTACCGCATCATCTTCGACATCACCTTCTTCTTCTTCG
TCATCGTCATTCTCCTGGCCATCATTCAGGGTCTGATCATAGACGCGTTTGGTGAACTGAGGGACCAGCAAGAGCAGGTGAAAGAGG
ACATGGAGACGAAGTGCTTCATCTGTGGAATCGGGAACGATTATTTCGACACTGTTCCTCATGGCTTCGAGACGCACACACTGCAGG
AACACAACCTGGCCAACTATCTATTTTTCTTCATGTATCTCATCAACAAGGATGAAACAGAGCACACAGGCCAGGAGTCGTACGTTT
GGAAAATGTACCAGGAACGCTGCTGGGAATTCTTTCCTGCTGGCGACTGTTTCCGGAAACAATACGAGGACCAGCTCAAT 

 
>Zebrafish_RyR2a (2829 amino acids) 
DDEVVLQCSATLHKEQQKLCLAAEGFGNRLCFLESTSNSKNVPPDLSICTFVLEQSLSVRALQEMLANTEERAEG
LIDMEKWKFMMKTAQGGGHRTLLYGHAVLLRHSYSGMYLCCLSTARSSTDKLAFDVGLQEDATGEACWWTIH
PASKQRSEGEKVRVGDDLILVSVSSERYLHLSYGNGSLHVDAAFQQTLWSVVPICSGSEVAQGFLIGGDVLRLLH
GHMDECLTVPSGEHGEEQRRTVHYEGGAVSIHARSLWRLETLRVAWSGSHIRWGQPFRLRHVTTGKYLSMMD
DQGLLLMDKEKADVKSTAFCFRSSKEKLDFGLRKEMDGMGVPDIKYGDSVCYIQHVDAGLWLTYQSVDAKCA
RMGGVQRKAIMHHEGHMDDGLTLSRSQHEESRTARVIRSTVFLFNRFIRGLDTLSKKGKTSTLDLPIESVSLSLQD
LIGYFQPPDEHLEHEDKQNRLRALKSRQNLFQEEGMINLVLECIDRLHVYSSAAHFADVAGKEAGESWKSILNSL
YELLAALIRGNRKNCAQFSGSLDWLISRLERLEASSGILEVLHCVLVESPEALNIIKEGHIKSIISLLDKHGRNHKVL
DVLCSLCVCHGVAVRSNQHLICDNLLPGRDLLLQTRLVNHVSSMRPNIFLGVSEGSAQYKKWYYELIVDHVDPF
VTAEATHLRVGWASTQGYGPYPGGGEGWGGNGVGDDLYSYGFDGLHLWAGCVARSVSSPNQHLLRAEDVVS
CCLDLSAPSISFRINGQPVQGMFENFNSDGLFFPVVSFSAGVKVRFLLGGRHGEFKFLPPSGYAPCFEAVLPREKL
RVEHSQEYKQDHGNTRDLLGPTVTLSQAAFTPTPVDTSQIVLPPHLERIREKLAENIHELWVMNKIDLGWTYGAV
RDDNKRQHPCLVEFSRLPEQERSYNLQMSQETLKTLLALGCHVGVADERAAEKVKNLKLSAKYELSSGYKPAP
MDLCHIKLASTQEAMVDKLAENAHNVWARDRIRQGWTYGIQQDIMNNKVFYQHPNLMRALGMHETVMEVM
VNVLGGGESKEITFPKMVANCCRFLCYFCRISRQNQKAMFDHLSYLLENSSVGLASPSMRGSTPLDVAAASVMD
NNELALALREPDLEKVVQYLAGCGLQSCVMLMSKGYPDIGWNPVEGERYLDFLRFAVFCNGESVEENANVVVR
LLIRRPECFGPALRGEGGNGLLAAIEEAIKISEDPSRDGPSPTTEESRTLNDVMEEEEDDTIHMGNAIMTFYAALID
LLGRCAPEMHLIHAGKGEAIRIRAILRSLIPIEDLVGVISIPFLMPTLAKDGSVIEPDMSAGFCPDHKAAMVLFLDR
VYGIEDQNFLLHLLEVGFLPDLRAAASLDTAALSATDMALALNRYLCTAVLPLLTKCAPLFAGTEPFASLIDSLLH
TVYRLSKGCCLTKAQRDAIEECLLAVCGKLRPSMMQHLLRRLVFDVPVLNEHTKMPLKLLTNHYERCWKYYCL
SGGWGSFGAASEEELHLSRKLFWGIFDALARKKYDPELFKLALPCLSAVGGALPPDYMESNYVAMMEKQSSMD
AEGNFNPQPADTSSVVVPEKLDHFINKYAEYSHEKWSMEKRHRAVNLFLQGYEKSWIETEEHYFEDKLIEDLAK
PGVEEPPEEDEMTKNIDPLHQLIQLFSRTALTEKCKLEEDHLYMAYADIMAKSCHDEEEEDEVKSFEEKEMEKQK
LLYQQARLHDRGAAEMVLQTISASKGEMGPMVASTLKLGIAILNGGNSTVQQKMLDYLKDKRDVGFFQSLAGL
MQSCRYISSRLCCSRCRAESTTSTGFESGEEQFQQSGEKVMQDDEFTCDLFRFLQLLCEGHNSDFQNYLRTQTGN
NTTVNIIISTVDYLLRVQESISDFYWYYSGKDVIDEQGQRNFSKAINVAKQVFNTLTEYIQGPCTGNQQSLAHSRL
WDAVVGFLHVFAHMQMKLSQDSSQIELLKELMDLQKDMVVMLLSMLEGNVVNGTIGKQMVDMLVESSNNVE
MILKFFDMFLKLKDLTSSDAFKEYDPDGKGVISKRDFHKAMESHKHYTQSETEFLLSCAETDENELLDYEEFVER
FHEPAKDIGFNVAVLLTNLSEHMPHDSRLQTFLELAESVLNYFQPYLGRIEIMGSAKRIERVYFEISESSRTQWEKP
QVKESKRQFIFDVVNEGGEKEKMELFVNFCEDTIFEMQLAARMSDAGERSASKEDSEREKPEEETPEMGFFSITT
VRTALFALRYNVMLLMKVLSMKSLKKQVKKAKKMTVKDMVTTLVSFYWSVLLGLLHFAFSVARGFFRIIYNSF
LGGSLVEGAKTMKVSELLANMPDPTQDEVRGEMEDGEKKPVDKTSPEEDLADLTVATDETDLLSDIFGLDLKRE
GGQYKLMPHNPNASLTDLLNTPVPPPPTPSPELRRRHHGSSSSTDNNDAAEETKSVPEKAEGENVEKAQKKKEE
AVKRKVRQHYEPDLQESAFWKKIIAYQRKLLNYFARNFYNMRMLALFVAFAINFILLFYKVSTSSAVTEGKEVLF
SASSDTSVQWDPLSGSSSRPVTVHFVLEESSGYMEPTLRILAILHTVISFFCIIGYYCLKVPLVIFKREKEVARKLEF
DGLYITEQPSEDDIKGQWDRLVINTQLVLTVGLLAVVVYLYTVVAFNFFRKFYNKSEDGESPDMKCDDMLTCY
MFHMYVGVRAGGGIGDQIEDPAGDEYEIYRIIFDITFFFFVIVILLAIIQGLIIDAFGELRDQQEQVKEDMETKCFIC
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GIGNDYFDTVPHGFETHTLQEHNLANYLFFFMYLINKDETEHTGQESYVWKMYQERCWEFFPAGDCFRKQYED
QLN 
 
Key: 
Highlighted = NA_1034 scaffold encoding for RyR2a, 2899 bp; 
Highlighted = NA_1216 scaffold encoding for RyR2a, 786 bp; 
Highlighted = NA_3083 scaffold encoding for RyR2a, 915 bp; 
Highlighted = NA_1397 scaffold encoding for RyR2a, 3099 bp; 
Highlighted = NA_1713 scaffold encoding for RyR2a, 603 bp. 
 

 

Appendix 3 

Full length mRNA coding transcripts and protein sequence for zebrafish ryanodine 
receptor 2b. 
 
>Zebrafish ryr2b 14,748 bp  Submitted Accession# FR822741 
ATGGATATAGGAGAAGCGGAGGACGAAATCCAGTTTCTGCGAACTGTAAGGGATGAGTTAGTGTTGAGGTGCTGCTCATCA
GGCCCTCATCAGCAGAAATTGTGTTTAGCTGCAGAAGGTTTTGGTGAGCGCCTCTGTTTTCTCGAGTCCACCTCCAACTCAA
AGAATGTTCCAGCAGATCTGTGTGTGTGTGTGTTTGTTCTGGACCATTGTCTGTCTGTCCGAGCGCTGCAGGAGATGCTGGC
CAATCGTGAAGATCTTTGTACAGCGGTGGGTACAATAATAAAACAACTGCTTTTGTTTCAGTCACATGAGGCGGCTGGTCGT
CGTACTCTGCTTTATGGTCAGGCTGTGCTGTTTCGGCATGCCTATAGTGACATGTATCTTTGCTGTCTGTCTACATCAGGGCT
CTCCTCTGACAAACTGGCTTTCGATGTCGGTTTGCAGGAGGACACCAAAGGTGAGGTGTGCTGGTGGACGGTTCACCCTGC
CTCCAAACAGAGGTCAGAGGGTGAGAAAGTGCGAGTGGGTGATGACCTCATCTTAGTTAGTGTTTCCTCAGAGAGATACCT
ACATGTGTCGTGGACTAACGGTGAAGGGAATGACAGTGGTGTTGGCCGAGTGGATGCAGCCTTCCAGCAGACGCTGTGGAG
TGTGGCCCCTGTTTCCTCTGGGACTGTGAAAACACAGGGTCATGTGAGAGGAGGTGACACTGTTCGTTTGCTACATGGACAC
ACAGATGAGTGTTTGACCATCCGTGCAGCCAAACACAAACCAGACCAGCACAGGTCTGTGCATTTTGAAGGAGGCTTGGTC
TCTCTTCAGGCTCGATCTTTATGGAGGCTTGAGACATTACATGTTGTGTGGAGCGGTAGTCATATTCACTGGGGTCAACCGT
TTCGTCTGCGTCACCTCACAACTGGATCATTCCTGGGACTGATCCACGATCAGGGACTACAGCTGGTGGAAAGAGACAGAG
CTGATGTTAAATGTACAGCTTTCGCCTTTCGAGCCTCAAAGGATGGCATGGGCGCACCTGAGATTAAATATGGCGACTCTCT
CTGCTTCATTCAGCATGTGGGCACAGGGCTTTGGCTCACATATCAGACCACTGACTCTAAGAGACAGAAGGAAAGCGTGTC
GCAGAGACAGGCTGTTCTTCAAGCAGAAGGTCACATGGATGATGGCATCACTCTGTCCCGCTCTCAGAGGGAGGAGTCACA
AGCTGCGTGTCTCATTCGAAGCTCAGTCCTTCTCTTCTCACAATTCATTAGCAGACTAGATGATGTCACCCAGAAAGAAAAC
ATCACCAATTTCAATCTTCCGATTGAGATGATCCGTCTAACCCTCCAAGATTTGCTTGGTTATTTTCATTGTCCTGAAAAGGG
GCAAGACCACAAGATCAGGCAGGGAGACATTGGAGCGCTGAAGAACAGACAAAATCTCTTTCAAGATGAGGGTATAATCC
TTCTAGTGCTGGACTGCATTGACCACCTGCATGTGTACAACAGTGCAGCTCATTTTGCTGAGGCTGTTGGAAAAGAGGCAG
GAGAGTGTTGGGAAGGGGTCTTGAATGCTTTTTATGAGCTGTTAGCTGCTCTTATCCGGGGTAATCGGAATAATTGTGCCCA
GTTTTCTGGCTCTTTGGACTGGCTGGTCAGCAGGCTGGAGAGGCTAGAGGCTTCCTCTGGTATATTGGAAGTGTTACACTGC
GTGTTGGTAGAAAGTCCTGAAGCTTTGAATGTTATTAAGGAAAGTCACATAAGAACTATCATCTCGCTTCTGGACAAACAT
GGAAGAAACCATAAGATATTAGACGTGTTGTGTTCACTCTGTGTGTGTCATGGGATGGCTGTCCGCTCTAATCAGCATTTGA
TTTGTGACACACTGCTGCCTGAAAGAGACCTGCTGCTGCAGACAAGACTGATTAACCAAGTTTCCAGTGTACGTCCAAACA
TCTTTCTGTGTACAAGAGATGACAGCGCCCAGTACAAAAAGTGGTATTATGAGGTTGTAGTTGAGAAAGCGGAGCCGTTTG
TGACAGCAGAGCCTACTCATCTGCGAGTGGGATGGGCCAGCACTGAAGGGTACCGTCCTTCACCCACTGGGGGTCACGACT
GGGGATCTAACGGTGTTGGAGATGACCTCTGCTCTTATGGCTTTGATGGACTCCAGCTTTGGACAGGTGGTGTAGGTCGCCG
AGTTAGCTCACCCAATCAGCACTTGCTAAGGGAAGATGATGTCATTAGTTGTTGCCTTGACCTCAGTGCAACCTGCATCTCC
TTCCGGGTCAATGGACAGCCAGTTCAAGGCATGCTAGAGAACTTCTGCGTGGATGGACTGCTGTTTCCAGTGGTCAGCTTCT
CAGCTGGAGTGCAGGTGCGCATGCTGTTTGGAGGTCGACAGGGGGAGTTCAGGTTTCTTCCTCCTGCTGGATTCTCTCCATG
TGCTGAAGCTCTTCTCCCCAAAACACGCTGCAAGCTGGAGCTGTGTCACGAACTCACTCGTAATCACACTGAAACCCAGCG
TGACCTCTTAGGCCCTGTGGTACCTATTAACCCAGTGACCTTCACACCCGTTCCTGTGGATTCCAGCCAGGTTGAATATCCTC
CACAGCTGGAGCAGATCAGAGAACGATTAGCTGAAAATCTTCATGAGCTCTGGCTTATTGACAAAATAGAGCAGGGCTGGA
CCTACGGACCTGTTAAAGATGAAGGTAAAAAAGTACATTCATGCCTAGTTGAGTTCTCCAAACTCCCAGATCAAGAGCGAA
TCCACAGCCTTCAGTCATCTGAGGACATTCTGAGGACTCTTCTGGCTTTTGGGGTTCATATTGGACTCTCTGATGAACATGCC
GAAGAGAATGTCAAATATGTTCGCCTTTCAAATAAGTATGAGCTATGGAATGGATATAAACCAGCCCCTGTGGATCAGTCC
CGGGTTGTGCTAACAGATGCTCAGGGAGAGCTGGTGGAATATCTGGCTGAAAATGAACACAACATCTGGGCCAGAGAGCG
CATCAGGCAGGGCTGGAGCTATGGCCCACAGCAGGATGTAAAGTTTAAGAGAAGTACCCAACTAGTGCCATTTTATCTGCT
GGATGAGAGGTACAAACAGGCTGGTAGAGATGCCATGAGAGATGCACTGGGCACCCTTCTTGGGTTTGGATACACTGTGGA
ACCGCTGGAGAAAGAGCATGCTTCAAGTAGTAGTGTCAAGTCTGTGGGTGCAGAGAGATTTCGTATTTTCCGTCTGGAGCA
GCTCTTTGCGGTGCATTCTGGTAAATGGTACTTTGAGTTTGAGGCTGTAACTGATGGAGAGATGAGAGTAGGCTGGGCTCG
ACCTGGATGTAAACCTGATGTGGATCTCGGGTCAGATGATCAGGCCTTCGTGTTTGATGGCTCCAAGGGGCAGTGGTGGCA
TGGTGGGGCAGAGCGATTGGGTGGCTGCTGGAAGAGAGGGGATGTTATTGGATGTTTGCTGGATCTGACAACTGACACTAT
GATGATCACTCTTAATGGAGAGCTACTGCTAAACAGTCATGGTTCTGAATTTGCTGTGAAAGACTTAATTAAATCTGATGGT
TTTCTGCCTGTTTGTAGTATAGGTATTAATCAGGTGGGTCGTCTGAATTTGGGTTGCCAGATTGAGTCACTGAAATTTTTCAA
TGTTTGTGGCCTACAAGAGGGATATCAGCCTTTTGGTCTGAACATGAGTAAAGATCTACCACTGTGGATGAGCTGGAGAGC
GCCTTTGTTCATTCCTATACAAGATAACCATCCTAACATACAGGTGCTCCGCGTTGATGGAACCGTCAACAACACCCCATGT
CTAAAAGTAACTAAGAGGGTTTTTGGACATGAAGAAAGAGGCTCAGGCAGCGTTGGATTTTACCGTCTCAGTATGCCGATA
GAGTGTGCGCAGGTTTTCTGCGGTCCTGGTGACGCTTCTGTGCCTACCAGCAGTGCTGCGATCTGTCATCTCAGAGATCCAG
AGGACGGTGAAGTCGATTCTGACTTTGAGCTGCTAATGAAAGCTCACAGATATGCAGGATCCAGAGATGAACTCAATAATC
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ACAAAGACCACAGTCAGGAGAAGCCATCCAGACTCAAACAGAGGTTTATGCTGAAGAAGAAACAGGAGTTAAACACCAGC
CACTCATCAGCACGTCTTCTGGAGGAAGTTCTAGCTATTGAGAAAAATGAAGAAAACCGCCTTGTTCGTTGCACTACGTATT
ATTACTCTGTGAGAATCCCCTTCAGTCAGGAGCCCTCTTGTGTTTGGGTGGGCTGGGTGACCTCTAAATTCAGCCACCATGA
TGTGAGCTTTGACCTAGACCGCATTTGCACCGTTACAGTCACTCTTGGGGATGAATGGGGCAAAGTTCATGAGAGTGTGAA
GCGGAGCAGCTGTTACATGGTTTGTGCAGCAGAGGGCAGTAGTTTATCCCACAGTCGCAGCAGCAATGGACTGGAGATTGG
ATGTCTGGTCGACACAGCCACAGGCCTTCTGACATTCACTGCAAATGGCAAGGAGATCACGACATACTACCAGGTAGAACC
AGGCACCAAGCTTTTCCCTGCGGTATTTGCTAAAGCCACCAGTTCTAATGTCTTCCAGTTTGAGCTCGGCTGTATCAAGAAT
GTGATGCCATTATCAGCGGGAGTTTTTCGGAGTGAGAGAAGAAATGCGAATCCTCAGTGTCCTCCTAGACTGTGTGTTCAGC
ACCTAACACATACACGGTGGACTCGAGTACCAGATCACACACAGTCTGTGGAAATGAGCCGTCTGGAGGAGAGATATGGCT
GGAGAGCTCAATGTTCTCACATCCAGCAGATCATGACTCTGTACATTCCTGAAGAGAGCAGGTGTGTGGACATTCTGGAAC
TCTCCGAATCACATGATCTCCTCAAATTCCATAACCACACCCTCCTCCTTTACTCTGCCCTCTCAGCTCATGGAAACACACAC
GTAAGCCACGCCCTCTGCAGCCACGTGGACCAGTCACAGCTCTTATTTGCCTTGCAGTGCTCCAGAATGCCAGGCCACCTGC
GAACCAGCTATTACAACCTCCTCATCAACATCCACCTAGATGCCCACGCCAGTGCCAGGCAGACCATGAATCATGAATACA
TTGTGCCAATGACAAACACACAATCCATAACCCTCTACAAAAGCAATGAAAAGGTGGAGAGGTTTCCAGGGAGTGACCGC
AGCACTTCGTTATGGCCCAAAATGCACTTCACATCACCTTGCTTCATCAGGTCTAATAATAAAATTGATCTGGTGGATGGAG
ACGAAGGCAGGGTTTTGTGGAGTAGTTTGCGCCAGGACAGTCCAGAGATCCCATTGGATGTTTTGAAGGCTGTTGTGATTG
CAATGCTAAAGGAAGCTGTGATGGTGGTGGGACAGGGTGTGAGGGATCCCACAGGGGGAAGTGTTGAGCTCCTGCTGGTTC
CTCTGCTGAACTTGATTCACACTCTCCTTCTAATGGGTGTGTATCAGGGGGCTGATTTGGAGGCTGTGTTTAGTCTCATCCTG
CCGGGCGAGTACATGAGAGCAACACAGAGAACAGAAGAGACAGATGAGCTTGGAGAAAGAGATGGAGGTGCAGAGGAAA
AAGAGAAAGGAGATTGGAAATATGATGTGCTTCTTCAGATGAAGCTGCCAGAAGCTGTCAAGTTACAGGTCTGCCAACTTT
TGAAGTACTTGTGTGACTGCCAAGTTCGTCACAGAGTCGAAGCGGTGATATCATTCTCCGGTGACTTTGTAGGTCATCTTCA
AGAGGACCAGCGCTTCCGCTACAATGAAGTTGTGGATGCGCTCAACATGTCCGCTGCTCTCACTGCTCGCAAAACCAAAGA
GTTTCGTTCCCCACCTCAAGAACAGGTCCAGATAAACATGATGCTGAGCTTTCGCGAGGACTGTCTGGAATGTCCTTGCCCA
GAGGACATCCAAGATCTGATGTGGGAATTCCATCAGGATCTAATGAGCCACTGTGGTATTGAGATAGAGAGTGGTTCAGAG
AATGAGAATGAGGATGACCTGTCAATCAGGAATCATCTCCACGGCCTAGTGGATAAAATAATGCATTTAAAGAGGAGAAT
GTCAGGCCTGCCTGAGGAGATAGCGAGCAAACCAGTGTCTCTGCAGCAGCTGATATCAGAAACCATGCTGCACTGGGCTCA
GGAGGAGACGATTGAAGACCCAGATTTGGTGCGCGCTGTTTTCAGTCTGCTGCATCAACAGTATGCCGGTCTGCATGGCCA
GATGTCTGCGCCGCTACAGAAGGCTTACTGTATCAGCCAGACATCTGTGGAAGACACTCTTCACCTTCAGTGGGCTCTAGCA
TGCATCCGTTCATTGCTCAAGGCCAGGATGGGCAAAGAAGAAGAGGAATGCATGATCAGAGGACTGGGGGACATCATGAA
CAATAAAGTTTTCTATCAGCATCCTAATTTAATGAGAGCTCTGGGGATGCACGAGACTGTCATGGAGGTGATGGTGAACGT
CCTTGATGCTAGAGAATCCAAGGAAATCATATTCCCTAAGATGGTTGCGCACTGCTGTCGTTTCTTGTGTTATTTCTGTCGAA
TCAGTCGCCAGAACCAGAAGGCCATGTTTGATCATCTCAGCTACCTGCTGGACAATGGCAATGTTGGACTTGCATCTCCCTC
CATGCGAGGATCAACTCCTCTGGATGTGGCGGCTGCTTCAGTCATGGACAACAACGAGCTGGCGCTTTCTCTTACAGAGGC
GGACCTGGAGAAAGTCGTGCAGTATTTGGGAGGCTGTGGTTTGCGTAGTTGTGCTCTGCTGGTTTCTAAAGGGTATCCAGAT
ATTGGCTGGAATCCTGTAGAGGGAGAACGCTACCTGGACTTCCTGCGATTTGCAGTATTTTGCAATGGTGAGAGCGTTGAG
GAAAACGCTTACGTGGTGGTTAGGCTTCTGATTCGCCGACCCGAGTGCTTTGGCCCTGCCCTTCGAGGGGAGGGGGCAAAT
GGTCTCCTAGCAACCATGGAGGAAGCCATCAGGATATCCAACCAGCAAGATGGAACCACTGCACACAGTTCCAGCAGGAC
ACTGGACACACTCGATGAAGATGATCATGACGTCATCCACATGGGACATGCCATAATGACCTTCTACTCTGCTCTGATTGAT
CTGTTGGGTCGCTGCGCCCCTGAGACGCATCTCATAGAAGCAGGGAAAGGTGAGGCCATTCGAATCAGGGCCATCTTGAGG
TCTCTTGTTCCCAGAGAGGATCTGGAAGGAATCATCAATATTCCATTCAGTTTACCTGTTGTGAACTCAGATGGTCTAGTGG
TCGAACCGGACATGTCTCGGATGTTTTGTCCGGATCACAAAGCAGCCATGGTGCTGTTTTTGGACCGGGTTTATGGAGTTCA
GGATCAGCAGTTCGTGCTGCGTCTACTGAAGTTTGGTTTCCTGACGGATCTGAAAGCTGCTGTTAACATGGATACTGTAAGT
TTAGGTGGAACAGACATGGCACTGGCCATCAATCGATACCTATGTGTGGCCGTTCTGCCGCTGCTGAGTAAATACTCGTCTC
TGCTTTGTGACTCCTCATCTTCACGGAGCGGGCCGGTGGACGAGCTGCTGCAGGGTGTCTATAGCCTCTCTAAAGCCAGCGG
ACTCACCAAGGCCCAGAGAGAAGCCATACAGGACTGTCTGCTGGCAGTGTGCGGGAAGCTAAAGCCCTCCATGGTGCAGC
CTCTGTTGCGTAATCTTGTGTTTGACGTCCCGCAGCTTCCAGAAAACTCCAAAATGCCACTTAAGCTGTTGACCAATCATTA
TGAGCAAAGCAGGAAGTACTACTGTCGGAGTTATGGATTTGGTGACTTTGGCTCCGCCTCAGAGGAAGAACTTTGTCTGAC
CAGGAGGCTGTTTTGGGGGATATTCAGTGCTCTTGCCAAAAAATCTTATGACGCAGACCTGTTCAAACTGGCTCTCGGGTGT
CTCAGTGCAGTTGCTGGAGCAATTCCTCCTGACCACCTTGACCTGAGCTGCACCGGCGGAAGAGAGAGACACTCAGTGATG
GATTCAGAGAGAGGCTTTTGTCCTCAACCCCTGGACACCTTAAGTGTGACAATTCCAGAAAGTCTGGAGTTTGTGGTGAAC
AAATATGCTGAACATACACACGAGAAATGGTCAATGGAAAAGTTTGGTAATGGTTGGGTTCATGGAGAACAGCTTTCAGAG
AGCTCTAAAGTTCATCCACTCTTAAAACCTTACAGAGCTTTGTCTGAAAAGGATAAAGAATGTTATCGAGGGGTCATTAAA
GAGACGGTGAAATGCATGCTGGTCTTAGGCTGGACCATTAAGAGGACTAACGAGGGGGAGTCACACGGCATTCACAACCC
AGCTAGGAGGATCTCACAGTCTGGCAAGCTGTCTTTTGAAGGAGCCTCCACGTTCAGTCCAAAGCCTGTGGACACCAGCAG
CGTCACTCTTACCTGGGATCAGATTAAAAATAACTACACTTTCAATCTGGTGTTGAAGGCTATGGCGGAGCGGCTGGCTGA
GAATTATCATCACATCTGGGCAGCCAGGAAACTGCAGGAGCTGGAGAGTAAAGGTGGGGGCAGTCATCCTCTGCTCGTCCC
GTATGATGCTCTGAGTGTTAAAGACAAGAGTCGAGTCCGAGACAAAGCTCAGGATGTTCTCAAGTTCTTCCACGTCAATGG
CTACTCAGTGAAGAGGAACAGAGAGGTGGCAGATGCTGATTCCCCAGCGATCGCCAGCCGCTTCGCTTACGGCCTGATCCA
GCAAGCCCTCCGTCTCACTGAACGAGCCCAGGAGAGCGTAATAGAGCTGGCCCGAGGGCAGATTAACAAGGCTGAAAGAG
TCCCTCACGAACAACAAATTCACTTCTTCATTAAGGTTTTATTGCCACTGCTAGATCAATACTTCAAAAATCACCACCTTTAC
TTCATGTCCACTACAATGTCTTCCCTTAGAGATGGCTGTCAGTCCACCAGTAAAGAAAAAGAGATGGTTACTAGTTTATTCT
GTAAACTCGGAAGTCTAGCCAGGCGCAGAATCTCTATCTTTGGTAATGATGCCCTTGCTTTGGTGAACTGCCTACAAATCTT
GGCACAGTCCCTGGATGGAAGGATGCTAATGAAAACCACCAGTGAATCTGTCAGAGGGTCAATAGGGTCATTTTTTGAAGC
TGCAGCAGAGGATCTGGAGTTAATGGTGGAAAACGTGACTTTGGACGGCCTGAACCGAGCCCAGAAAAGGGGCGACCCTG
AGCTCATAGCATACACCACCACTGCCCTGATTCCGGTACTCAGCGCCATCTTCCAGCACGACTCCCAGAGGCAGAGCGGAG
CTGGACTGATCCGTGATGAAGTGCAGTCCTGTTGTTACAGAATCCTCAGCAGTCTATACATCCTTGGCACCTGCAGCGGCTC
CTTTATCGAGAGGGATAGGCAGAGGTCGGTCTTGGGGGAGTGTCTGGCCGCATTATCTGCAGCCTTTCCCGTGTGTTTCTTG
GAGCTGAGTGACCTTCATTCTCACTTTGACACTTTGAGTAATGAAGATGTCAATGTGCTTTTTCTAGAAGAGAAAGCCTGTA
AGCTCCTCCCCAATTTGCATGAGGCTTTCTTAGAGGTGGAGGAGCTGGCAGGGGCGGGGTCTTCGGCTCGCCATGCTCTTTT
ATTGAGGGTCACAGAGGTCACACTTCCGCTACTGTGCAGTTATGTCTCTCGATGGGGTGAAGTTGATAACCAGGCATCCCA
GGAGGGCCACTGTTCCTCTGTCACACCCCAACACGCTAATGCACTGCTGGGTTACATCCTCTCTATCATCCACGCTCACCTG
GGGACTTCAGACAGTGCTTGGATGAAACGCCTTGCAGTATTTGGCCAGCCCATCATCAACAAGGCAGAGCCACACCTCCTG
AAAAGACACTTCCTGCCTCTGATGGAAAAGTTAAGGAAGAGGGCGGAGTCAGTGCTGCTGGAGGAGGAGCACTTGAAGAT
GGAGGGGCGTGGCGATGTCTCAGAGCAGGAGTTAGACATCCAGGAGAGGTTTACTGTGTTGGTTCAAGACATCTATGCGTT
TTACCCTTTGCTCATTCCTTTTATTGACCTCCACAGGATGAGTTGGCTGAGAGAGGTAAATGCAGATGCTGAGAAGCTTTTC
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TCCCTTGTGGCTGAAGTGTTCATTTTCTGGGCTAAATCTCATAATTTCAAATGGGAAGAACAGAACTTTGTGGTTCAAAATG
AAATCAACAACATGGCATTCCTGGTGAACAGCAGCAAAAGCAGAATGAACAAGGGAGGAGTGTTCTGCCAGGAGAGGAGG
AAGGTGAAGAGGAAAGCCGATCGTTACTCCACACACACCTCTCTCATTGTGGCTGCCCCCAAAAAACTCCTTTCTGTAGCCA
TGAATGGATGTTGCCATGGCGATCAGGGCCTGGTCAGCCATGCCAAAAGTCGTTTTGCTCAGAGGGACACAGAAGATGAGG
TCCGGGCATACATTCACAGCATCCTACAACAGGATCTGTGTGGAAACTCAGTAGATCCCCTCAGAGTTGAGAGGATCTTGA
GCATCGCTCGTGTTCTTTTCCACCTCGATCAGGTTGAGCACCCTCAGAAGATGAAGAGGCCAGTGTGGTATAAGATGTTGTC
TAAGCAGAGGAAACGCGCTGTAGTTGCCTGCTTAAGAATGGCTCCTTTGTACAATCTCCCCAGGCACCGAGCGGTGAACCT
CTTCCTGCAGGGTTATGAGCGAGTCTGGCTGAAGGCTGAGAATGACTCACCTGAGGACAGGCTAATTGAAGATCTGGCTAA
AGCAGCTCATGTAGAGATCCTGAAGGAGGGAGCAGAGCAGAGAAACCGCATTGATCCACTTCATCAGCTTATCAATCTCTT
CAGTCAATGTGCCTTGACTCAGAGAAGTAAACTTGAGGAGGATGGTCTGTACATGTGCTATGCAGAAATTATGGCCAAGAG
CTGCCAAAGTGAGGAAGAGCAGGATGAAGATGGCCTGAAATCATTTGAGGAAAAAGAGATGGAAAAACAGAGGCTGCTGT
ATCAGCAGGCTAGACTTCATGATCGTGGAGCTGCAGAGATGATCTTACAGAAGCTCAGCGCGAGCAGAGGTGATATGGGG
CCTATGGTAGCAGCCACATTGAAGCTGGGCATTGCAATCCTGAATGGAGGAAACACGTCAGTCCAGCAGAAAATGCTGGGT
TACCTGCGGCGGAAGAAAGACGTGGGCTTCTTTCACAGTCTGGCTGGCCTAATGCAGTCTTGCAGTGTGCTGGATTTGAACG
CGTTTGAGAGGCAGATCAAAGCTGAGAGTTTAGGAGTGGGTGCGGAGGACAATTCAGGTGATAAAGTAATGGCAGATGAA
CAGCTGACCTGTGATCTTTTCCGATTCCTCCAGCTTCTATGTGAAGGCCATAATTCTGGTCAGAACAATTTAATATGGAGGT
TTTTGTCTGAAACTGCCCCCTCCCCCAACACAGATTTCCAGAATTACCTGAGGACTCAAACTGGAAATAACACAACGGTCA
ACATCATCATCTCCACTGTGGATTATCTGCTCAGGGTCCAGGAGTCCATCAGCGATTTCTACTGGTATTATTCAGGGAAGGA
TGTGATTGATGAGCGTGGTCAGCACAACTTCTCCAAAGCCATCACCGTGGCCAAGCAGGTGTTCAACACGCTCACCGAATA
CATTCAGGGTCCGTGCACAGGGAACCAGCAGAGTTTGGCTCATAGTCGTCTATGGGATGCTGTAGTCGGTTTTCTTCATGTG
TTTGCCCATATGCAGATGAAGCTTTCTCGGGATTCCAGCCAAATAGAGCTGCTGAAGGCTTTGATGGACTTACAGAAAGAC
ATGGTGGTAATGCTGCTTTCCATGCTTGAAGGTAACGTGGTTAATGGAACCATTGGCAAACAGATGGTAGACATGCTGGTG
GAATCATCCAGCAATGTGGAGATGATCCTCAAGTTCTTCGACATGTTCCTTAAACTCAAAGACCTCACGTCGTCAGAAGCCT
TCCATGAATATGACCCAGACAGCAAAGGACTCATTTCCAAGAAGGACTTCCAGCGAGCCATGGAAGTGTTCAAGCGCTACT
CTCAATCTGAGATTGAATTCCTGTTATCCTGTGCGGAGATGGCAGAAAGTGAGCTGCTGGATTACCCAGACTTTGTGACACG
TTTTCACGAACCGGCTAAAGAAATTGGCTTCAACATGGCCGTTCTTCTGACCAACCTGTCTGAGCACATGCCCAATGATGCC
CGCTTGCAAAATTTCCTGGAACTAGCAGATAGTGTGCTTAAGTATTTCCATCCTCATCTTGGAAGGATCGAAATCCTCGGCA
GCGGGAAACGGATCGAAAGGGTCTACTTTGAGATCAGCGAATCCAGCCGCACACAGTGGGAGAAACCGCAGGTAAAGGAG
AGCAAACGACAGTTTATTTTTGATGTCGTGAATAAAGGAGGCGAGAAGGAAAAGATGGAGCTGTTTGTCAACTTTTGTGAA
GACACCATTTTTGAAATGCAGCTTGCTGCACAAATATCTGGTACAGAGAGCGGAGAAGAACTAAAAGCAAAGAAAGGCAA
GGAAGAGAAAGAGGTGGAGAAGACAGAAACTCTTCCTGAAGACAAAAGGATGACCAGAGACTTGAATTGTTTCTCTGTAA
GGAACATCAGAAAACACATTAGGAGAATATCTATGAAGAGCATAATATCAGTCATCTTCTCTTTATTCTACAACGTTCTGCT
TTTCATCACTCATGCCTTTTTGGGCTTGCTCTGGTTCTGCCTTTATCTGCTCTACCACATCTTCTTGAGTGGATGGATTATTGA
CGTAGCTAAAGAGATGAAATTGACCGACCTTTTTGGTGACCTTCGGGATCCGACCATGGTTGAGGCTATAGGAGTGCAAGA
TGCATTCAGGGAGAATGACAATCAGGCACGTGTGTTTTCATCTCGTGGTAATCTCAGAGGCATGAGTCTGGATCTGTCTGCC
GTATCCAGGGACCCACAGCTCCTCACAGATATTTTCGGCTTATGTCTGAAGAGGCAAGGAGGAAAGTACACATTATCGAGT
GGAGACCATAGTGCCAGTCTGGATGAATTTCTAAACACCTCCAAATATCAGGTCGAAATCCGTGAGGAGGATTTTCATGCA
GTGCAAGATGAGGAGGAGGATACAGAGACTAAGAAAGCTAGTTGCAGTGATGAGGATAAACATAACAAGGAAAAGAAGG
CGAAGAGGAGAATCCGAAAGCTCAGCTCTTCAAATCCAGATGAAACTGAAATCCAGGAATGGGCTGTTTGGAAAATGATC
AGCTCCCAGAAGACCAAGCTTCTGAACTGCTTTGCAAGAAATTTCTACAACATGAGGTTGTTGGCTCTCTTTCTCGCTTTTGC
CATTAATTTCATTCTTCTGTTTTACAAGGTTTCATCAACCACTGATGATGTGGAGATCGCTTTTCATGACGAGAGCACCAAG
AGTTCACAGGAAGTTTATTTTGAACTAGAAGAGAACAGTGGCTACATGAAAATGATTCTTCACTGCCTGGCTGTTCTGCACA
CAATCATCTCTCTTTGCTGTATCATCGGCTACTACTGTCTGCAGGTTCCTTTAGTCATTTTTAAGCGAGAGAAGGAGCTGGCT
CGTAAACTGGAGTTCGATGGACTCTACATCACAGAGCAACCTTCTGAAGATGACATTAAAGGCCAGTGGGACAGAATGGTC
ATCAATACACCGTCATACCCAAGTAATTACTGGGATAAATTTGTGAAAAGAAAGGTAATGGCGAAATACGGGGAGCTGTAT
GGATCAGCACGCGTCAGTGAGCTGCTGGGTTTGGATAAAGCTGCTCTTGACTTCAGCTCAGGGGCTCAGGAGAGGAAAAGA
CCCATGCAAAAGGGCATCCTGTTCAGATTAAACACCACTGATGTGAAGTACCACATGTGGAAGCTGGGAGTGGTTTTCACA
GACAATTCGTTCCTTTACCTGGCCTGGTATATGTTTGTGTCAGTTCTGGGTCATTATAATAATTTTTTCTTCGCCGCTCACCTG
CTCGACATCGCCATGGGCTTCAAAACACTGCGCACCATATTGTCATCTGTCACACATAATGGCAAACAGTTGGTTTTGACGG
TGGGACTGTTGGCTGTAGTTGTGTATCTTTATACTGTGGTTGCCTTTAACTTCTTCCGCAAATTTTACAACAAAAGTGAAGAC
GGTGAACCAATGGACATGAAATGTGATGATATGCTCACTTGTTACATGTTCCACATGTACGTTGGCGTACGAGCCGGAGGG
GGAATCGGAGATGAAATCGAAGACCCAGCAGGAGACGAGTTTGAGTTCTATCGCATCATCTTCGACATCACTTTCTTCTTCT
TTGTCATCGTCATCCTGCTTGCCATCATCCAGGGTCTTATTATTGATGCATTTGGCGAACTGAGAGACCAGCAGGAGCAGGT
TAAAGAGGACATGGAGACTAAGTGTTTTATCTGTGGCATTGGAAACGAATACTTTGATACAGTACCCCATGGTTTTGAGTCA
CACACACTGCAAGAACACAACCTGGCAAATTACCTGTTCTTCCTGATGTACCTCATCAATAAGGATGTTACAGAACACACT
GGACAGGAATCATACGTGTGGAAGATGTTTCAGGAACGCTGCTGGGAGTTTTTTCCTGTTGGAGATTGCTTCCGGAAACAA
TACGAGGATCAGCTCAGC 

 
Key: 
Underlined = Exon 
Full length ryr2b CDS  < Accession number:FR822741> 
Highlighted = ryr2b WISH Region  <Accession number: FR796271> 
 
>Zebrafish RyR2b  (4916 amino acids) 
MDIGEAEDEIQFLRTVRDELVLRCCSSGPHQQKLCLAAEGFGERLCFLESTSNSKNVPADLCVCVFVLDHCLSVR
ALQEMLANREDLCTAVGTIIKQLLLFQSHEAAGRRTLLYGQAVLFRHAYSDMYLCCLSTSGLSSDKLAFDVGLQ
EDTKGEVCWWTVHPASKQRSEGEKVRVGDDLILVSVSSERYLHVSWTNGEGNDSGVGRVDAAFQQTLWSVAP
VSSGTVKTQGHVRGGDTVRLLHGHTDECLTIRAAKHKPDQHRSVHFEGGLVSLQARSLWRLETLHVVWSGSHI
HWGQPFRLRHLTTGSFLGLIHDQGLQLVERDRADVKCTAFAFRASKDGMGAPEIKYGDSLCFIQHVGTGLWLTY
QTTDSKRQKESVSQRQAVLQAEGHMDDGITLSRSQREESQAACLIRSSVLLFSQFISRLDDVTQKENITNFNLPIE
MIRLTLQDLLGYFHCPEKGQDHKIRQGDIGALKNRQNLFQDEGIILLVLDCIDHLHVYNSAAHFAEAVGKEAGEC
WEGVLNAFYELLAALIRGNRNNCAQFSGSLDWLVSRLERLEASSGILEVLHCVLVESPEALNVIKESHIRTIISLLD
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KHGRNHKILDVLCSLCVCHGMAVRSNQHLICDTLLPERDLLLQTRLINQVSSVRPNIFLCTRDDSAQYKKWYYE
VVVEKAEPFVTAEPTHLRVGWASTEGYRPSPTGGHDWGSNGVGDDLCSYGFDGLQLWTGGVGRRVSSPNQHL
LREDDVISCCLDLSATCISFRVNGQPVQGMLENFCVDGLLFPVVSFSAGVQVRMLFGGRQGEFRFLPPAGFSPCA
EALLPKTRCKLELCHELTRNHTETQRDLLGPVVPINPVTFTPVPVDSSQVEYPPQLEQIRERLAENLHELWLIDKIE
QGWTYGPVKDEGKKVHSCLVEFSKLPDQERIHSLQSSEDILRTLLAFGVHIGLSDEHAEENVKYVRLSNKYELW
NGYKPAPVDQSRVVLTDAQGELVEYLAENEHNIWARERIRQGWSYGPQQDVKFKRSTQLVPFYLLDERYKQAG
RDAMRDALGTLLGFGYTVEPLEKEHASSSSVKSVGAERFRIFRLEQLFAVHSGKWYFEFEAVTDGEMRVGWAR
PGCKPDVDLGSDDQAFVFDGSKGQWWHGGAERLGGCWKRGDVIGCLLDLTTDTMMITLNGELLLNSHGSEFA
VKDLIKSDGFLPVCSIGINQVGRLNLGCQIESLKFFNVCGLQEGYQPFGLNMSKDLPLWMSWRAPLFIPIQDNHPN
IQVLRVDGTVNNTPCLKVTKRVFGHEERGSGSVGFYRLSMPIECAQVFCGPGDASVPTSSAAICHLRDPEDGEVD
SDFELLMKAHRYAGSRDELNNHKDHSQEKPSRLKQRFMLKKKQELNTSHSSARLLEEVLAIEKNEENRLVRCTT
YYYSVRIPFSQEPSCVWVGWVTSKFSHHDVSFDLDRICTVTVTLGDEWGKVHESVKRSSCYMVCAAEGSSLSHS
RSSNGLEIGCLVDTATGLLTFTANGKEITTYYQVEPGTKLFPAVFAKATSSNVFQFELGCIKNVMPLSAGVFRSER
RNANPQCPPRLCVQHLTHTRWTRVPDHTQSVEMSRLEERYGWRAQCSHIQQIMTLYIPEESRCVDILELSESHDL
LKFHNHTLLLYSALSAHGNTHVSHALCSHVDQSQLLFALQCSRMPGHLRTSYYNLLINIHLDAHASARQTMNHE
YIVPMTNTQSITLYKSNEKVERFPGSDRSTSLWPKMHFTSPCFIRSNNKIDLVDGDEGRVLWSSLRQDSPEIPLDVL
KAVVIAMLKEAVMVVGQGVRDPTGGSVELLLVPLLNLIHTLLLMGVYQGADLEAVFSLILPGEYMRATQRTEET
DELGERDGGAEEKEKGDWKYDVLLQMKLPEAVKLQVCQLLKYLCDCQVRHRVEAVISFSGDFVGHLQEDQRF
RYNEVVDALNMSAALTARKTKEFRSPPQEQVQINMMLSFREDCLECPCPEDIQDLMWEFHQDLMSHCGIEIESGS
ENENEDDLSIRNHLHGLVDKIMHLKRRMSGLPEEIASKPVSLQQLISETMLHWAQEETIEDPDLVRAVFSLLHQQ
YAGLHGQMSAPLQKAYCISQTSVEDTLHLQWALACIRSLLKARMGKEEEECMIRGLGDIMNNKVFYQHPNLMR
ALGMHETVMEVMVNVLDARESKEIIFPKMVAHCCRFLCYFCRISRQNQKAMFDHLSYLLDNGNVGLASPSMRG
STPLDVAAASVMDNNELALSLTEADLEKVVQYLGGCGLRSCALLVSKGYPDIGWNPVEGERYLDFLRFAVFCN
GESVEENAYVVVRLLIRRPECFGPALRGEGANGLLATMEEAIRISNQQDGTTAHSSSRTLDTLDEDDHDVIHMGH
AIMTFYSALIDLLGRCAPETHLIEAGKGEAIRIRAILRSLVPREDLEGIINIPFSLPVVNSDGLVVEPDMSRMFCPDH
KAAMVLFLDRVYGVQDQQFVLRLLKFGFLTDLKAAVNMDTVSLGGTDMALAINRYLCVAVLPLLSKYSSLLCD
SSSSRSGPVDELLQGVYSLSKASGLTKAQREAIQDCLLAVCGKLKPSMVQPLLRNLVFDVPQLPENSKMPLKLLT
NHYEQSRKYYCRSYGFGDFGSASEEELCLTRRLFWGIFSALAKKSYDADLFKLALGCLSAVAGAIPPDHLDLSCT
GGRERHSVMDSERGFCPQPLDTLSVTIPESLEFVVNKYAEHTHEKWSMEKFGNGWVHGEQLSESSKVHPLLKPY
RALSEKDKECYRGVIKETVKCMLVLGWTIKRTNEGESHGIHNPARRISQSGKLSFEGASTFSPKPVDTSSVTLTW
DQIKNNYTFNLVLKAMAERLAENYHHIWAARKLQELESKGGGSHPLLVPYDALSVKDKSRVRDKAQDVLKFFH
VNGYSVKRNREVADADSPAIASRFAYGLIQQALRLTERAQESVIELARGQINKAERVPHEQQIHFFIKVLLPLLDQ
YFKNHHLYFMSTTMSSLRDGCQSTSKEKEMVTSLFCKLGSLARRRISIFGNDALALVNCLQILAQSLDGRMLMK
TTSESVRGSIGSFFEAAAEDLELMVENVTLDGLNRAQKRGDPELIAYTTTALIPVLSAIFQHDSQRQSGAGLIRDE
VQSCCYRILSSLYILGTCSGSFIERDRQRSVLGECLAALSAAFPVCFLELSDLHSHFDTLSNEDVNVLFLEEKACKL
LPNLHEAFLEVEELAGAGSSARHALLLRVTEVTLPLLCSYVSRWGEVDNQASQEGHCSSVTPQHANALLGYILSII
HAHLGTSDSAWMKRLAVFGQPIINKAEPHLLKRHFLPLMEKLRKRAESVLLEEEHLKMEGRGDVSEQELDIQER
FTVLVQDIYAFYPLLIPFIDLHRMSWLREVNADAEKLFSLVAEVFIFWAKSHNFKWEEQNFVVQNEINNMAFLVN
SSKSRMNKGGVFCQERRKVKRKADRYSTHTSLIVAAPKKLLSVAMNGCCHGDQGLVSHAKSRFAQRDTEDEVR
AYIHSILQQDLCGNSVDPLRVERILSIARVLFHLDQVEHPQKMKRPVWYKMLSKQRKRAVVACLRMAPLYNLPR
HRAVNLFLQGYERVWLKAENDSPEDRLIEDLAKAAHVEILKEGAEQRNRIDPLHQLINLFSQCALTQRSKLEEDG
LYMCYAEIMAKSCQSEEEQDEDGLKSFEEKEMEKQRLLYQQARLHDRGAAEMILQKLSASRGDMGPMVAATL
KLGIAILNGGNTSVQQKMLGYLRRKKDVGFFHSLAGLMQSCSVLDLNAFERQIKAESLGVGAEDNSGDKVMAD
EQLTCDLFRFLQLLCEGHNSGQNNLIWRFLSETAPSPNTDFQNYLRTQTGNNTTVNIIISTVDYLLRVQESISDFYW
YYSGKDVIDERGQHNFSKAITVAKQVFNTLTEYIQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMQMKLSRDSS
QIELLKALMDLQKDMVVMLLSMLEGNVVNGTIGKQMVDMLVESSSNVEMILKFFDMFLKLKDLTSSEAFHEYD
PDSKGLISKKDFQRAMEVFKRYSQSEIEFLLSCAEMAESELLDYPDFVTRFHEPAKEIGFNMAVLLTNLSEHMPN
DARLQNFLELADSVLKYFHPHLGRIEILGSGKRIERVYFEISESSRTQWEKPQVKESKRQFIFDVVNKGGEKEKME
LFVNFCEDTIFEMQLAAQISGTESGEELKAKKGKEEKEVEKTETLPEDKRMTRDLNCFSVRNIRKHIRRISMKSIIS
VIFSLFYNVLLFITHAFLGLLWFCLYLLYHIFLSGWIIDVAKEMKLTDLFGDLRDPTMVEAIGVQDAFRENDNQAR
VFSSRGNLRGMSLDLSAVSRDPQLLTDIFGLCLKRQGGKYTLSSGDHSASLDEFLNTSKYQVEIREEDFHAVQDE
EEDTETKKASCSDEDKHNKEKKAKRRIRKLSSSNPDETEIQEWAVWKMISSQKTKLLNCFARNFYNMRLLALFL
AFAINFILLFYKVSSTTDDVEIAFHDESTKSSQEVYFELEENSGYMKMILHCLAVLHTIISLCCIIGYYCLQVPLVIF
KREKELARKLEFDGLYITEQPSEDDIKGQWDRMVINTPSYPSNYWDKFVKRKVMAKYGELYGSARVSELLGLD
KAALDFSSGAQERKRPMQKGILFRLNTTDVKYHMWKLGVVFTDNSFLYLAWYMFVSVLGHYNNFFFAAHLLDI
AMGFKTLRTILSSVTHNGKQLVLTVGLLAVVVYLYTVVAFNFFRKFYNKSEDGEPMDMKCDDMLTCYMFHMY
VGVRAGGGIGDEIEDPAGDEFEFYRIIFDITFFFFVIVILLAIIQGLIIDAFGELRDQQEQVKEDMETKCFICGIGNEYF
DTVPHGFESHTLQEHNLANYLFFLMYLINKDVTEHTGQESYVWKMFQERCWEFFPVGDCFRKQYEDQLS 
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Appendix 4 

ryr1b WISH region in Hirata et al., 2007 study show high similarity to both ryr1a and 

ryr3 equivalent regions. 
 

CLUSTAL W (1.81) Multiple Sequence Alignments 
 

Sequence type explicitly set to DNA 
Sequence format is Pearson 
Sequence 1: ryr1b_WISH_without_3’UTR         1088 bp 
Sequence 2: ryr1a_equivalent_WISH_region     1091 bp 
Sequence 3: ryr3_equivalent_WISH_region      1082 bp 
Start of Pairwise alignments 
Aligning... 
Sequences (1:2) Aligned. Score:  82% 
Sequences (2:3) Aligned. Score:  78% 
Sequences (1:3) Aligned. Score:  77% 

 
ryr1b_WISH_without_3’UTR          CTGGCCCGTAAACTGGAGTTTGATGGTCTGTATGTAACTGAACAACCAGA 
ryr1a_equivalent_WISH_region      TTGGCGAGAAAGCTGGAGTTTGATGGCCTTTACATCACTGAACAGCCGGC 
ryr3_equivalent_WISH_region       ATCGCGAGGAAGCTGGAGTTTGATGGTTTGTATATTACTGAACAGCCGTC 
                                   * **  * ** **************  * **  * ******** **    
 

ryr1b_WISH_without_3’UTR          AGATGACGACATCAAGGGCCAATGGGACCGACTAGTCCTTAATACACCGT 
ryr1a_equivalent_WISH_region      AGATGATGACATTAAAGGCCAGTGGGACAGACTGGTGTTGAACACTCCCT 
ryr3_equivalent_WISH_region       TGATGATGACATCAAAGGACAGTGGGATCGTTTGGTCATTGCAACTCCGT 
                                   ***** ***** ** ** ** *****  *  * **  *    ** ** * 
 

ryr1b_WISH_without_3’UTR          CTTTCCCGAACAACTACTGGGACAAATTTGTAAAACGAAAGGTGCTAGAG 
ryr1a_equivalent_WISH_region      CTTTTCCCACCAATTACTGGGACAAATTTGTGAAGCGAAAGGTTCTGGAT 
ryr3_equivalent_WISH_region       CCTTCCCTAACAATTACTGGGACAAATTTGTGAAGAGGAAGGTCATTAAT 
                                  * ** ** * *** ***************** **  * *****  *  *  
ryr1b_WISH_without_3’UTR          AAGTATGGAGATATCTATGGTAGAGAAAGAATCGCTGAGCTGCTGGGTAT 
ryr1a_equivalent_WISH_region      AAATATGGAGATATTTATGGAAGAGAGAGAATCGCAGAGCTGCTGGGTAT 
ryr3_equivalent_WISH_region       AAATATGGTGACCTGTACGGAGCAGAGCGCATTGCTGAGCTGCTTGGCCT 
                                  ** ***** **  * ** **   ***  * ** ** ******** **  * 
 

ryr1b_WISH_without_3’UTR          GGATCTAGCATCTCTTGATGTCAGCG--CCAT-GACACATGAGAAAAAGC 
ryr1a_equivalent_WISH_region      GGATCTGGCATCTCTGGATGTCAGCAAACAACAGACAGACAAGAAACCAG 
ryr3_equivalent_WISH_region       GGACAAGAGTGCGCTGGACTTTGATC--CCACTGA------AGAAGCTGT 
                                  ***        * ** **  *       * *  **      ****      
 

ryr1b_WISH_without_3’UTR          GTCAGCCTGATCCTTCAATGTTCACATGGTTGACGTCTATCGACATCAAA 
ryr1a_equivalent_WISH_region      AAGAGCCAGACAACTCTATGCTTGCATGGTTCACTTCCATTGACATCAAG 
ryr3_equivalent_WISH_region       GGTAAA-GGAAGCCTCCCTGCTCTCCTGGTTGAGCTCCATTGACACCAAG 
                                     *    **    **  ** *  * ***** *  ** ** **** ***  
 

ryr1b_WISH_without_3’UTR          TACCAGATTTGGAAGTTTGGAGTGGTTTTCACTGATAATACGTTCCTGTA 
ryr1a_equivalent_WISH_region      TATCAGATCTGGAAATTTGGAGTTGTGTTCACAGACAATACTTTCCTCTA 
ryr3_equivalent_WISH_region       TACCACGTGTGGAAAATGGGGGTGGTGATGACGGATAACTCTTTCCTCTA 
                                  ** **  * *****  * ** ** **  * ** ** **  * ***** ** 
 

ryr1b_WISH_without_3’UTR          TCTGGTTTGGTATACGGTTATGTCTCTGCTCGGCCACTTTAACAACTTCT 
ryr1a_equivalent_WISH_region      CCTGGTGTGGTACACAGTGATGTCCCTTCTTGGACATTACAACAACTTTT 
ryr3_equivalent_WISH_region       CCTGATCTGGTACACCACCATGTCTATTCTGGGACATTACAATAACTTCT 
                                   *** * ***** **    *****  * ** ** ** *  ** ***** * 
 

ryr1b_WISH_without_3’UTR          TCTTCGCCTGTCACCTGCTGGACATTGCCATGGGTGTCAAAACCCTGCGC 
ryr1a_equivalent_WISH_region      TCTTTGCTTGTCACCTGCTGGACATCGCAATGGGTGTTAAGACCCTGCGT 
ryr3_equivalent_WISH_region       TCTTCGCTGCTCATTTGTTGGACATCGCCATGGGCTTCAAGACCTTGAGG 
                                  **** **   ***  ** ******* ** *****  * ** *** ** *  
 

ryr1b_WISH_without_3’UTR          ACCATCCTGTCATCTGTAACCCACAATGGCAAACAGCTGCTGATGACGGT 
ryr1a_equivalent_WISH_region      ACAATTCTTTCCTCCGTCACACATAATGGAAAACAGCTGATGATGACTGT 
ryr3_equivalent_WISH_region       ACCATCCTGTCTTCTGTGACACACAACGGCAAACAGCTGGTGCTGACCGT 
                                  ** ** ** ** ** ** ** ** ** ** ********* ** **** ** 
 

ryr1b_WISH_without_3’UTR          GGGTCTGCTGGCTGTGGTGGTCTACCTCTACACCGTGGTGGCCTTCAACT 
ryr1a_equivalent_WISH_region      GGGTTTGCTGGCTGTGGTTGTGTACCTCTACACTGTGGTGGCCTTCAACT 
ryr3_equivalent_WISH_region       GGGTCTGCTGGCCGTGGTGGTTTACCTCTACACCGTTGTGGCTTTTAACT 
                                  **** ******* ***** ** *********** ** ***** ** **** 
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ryr1b_WISH_without_3’UTR          TCTTCAGAAAGTTCTACAACATGAGTGAGGATGAAGACGAACCAGATATG 
ryr1a_equivalent_WISH_region      TCTTCAGGAAGTTCTACAATAAGAGCGAGGATGAGGATGAGCCGGATATG 
ryr3_equivalent_WISH_region       TCTTCCGCAAGTTCTACAACAAAAGCGAGGATGAGGACGCGCCTGACATG 
                                  ***** * *********** *  ** ******** ** *  ** ** *** 
 

ryr1b_WISH_without_3’UTR          AAGTGTGATGACATGATGACTTGTTATCTGTTCCATATGTATGTGGGTGT 
ryr1a_equivalent_WISH_region      AAGTGTGACGACATGATGACGTGTTATTTGTTCCACATGTATGTGGGTGT 
ryr3_equivalent_WISH_region       AAGTGTGACGATATGATGACTTGCTACCTGTTCCACATGTATGTGGGTGT 
                                  ******** ** ******** ** **  ******* ************** 
 

ryr1b_WISH_without_3’UTR          CCGAGCTGGTGGTGGTATAGGAGATGAGATTGAAGATCCAGCTGGAGACG 
ryr1a_equivalent_WISH_region      ACGGGCAGGTGGAGGTATAGGAGATGAGATCGAGGACCCTGCTGGAGATG 
ryr3_equivalent_WISH_region       GAGAGCCGGCGGTGGCATCGGTGATGAAATCGAGGACCCTGCTGGAGACC 
                                    * ** ** ** ** ** ** ***** ** ** ** ** ********   
 

ryr1b_WISH_without_3’UTR          AGTATGAACTTTACCGTGTGGTTTTTGACATCACCTTCTTCTTTTTTGTT 
ryr1a_equivalent_WISH_region      AGTATGAGCTCTATCGGGTGGTCTTCGACATCACCTTCTTCTTCTTTGTC 
ryr3_equivalent_WISH_region       CTTATGAGCTCTACCGTATACTGTTTGACATCACCTTCTTCTTCTTCGTC 
                                    ***** ** ** **  *  * ** ***************** ** **  
 
 

ryr1b_WISH_without_3’UTR          ATTGTCATCCTGCTGGCCATCATTCAAGGTCTGATCATTGATGCCTTTGG 
ryr1a_equivalent_WISH_region      ATCGTCATCCTGCTGGCCATCATTCAGGGTCTGATCATTGATGCCTTTGG 
ryr3_equivalent_WISH_region       ATCGTCATCCTGCTGGCCATCATTCAGGGTTTGATTATTGATGCCTTTGG 
                                  ** *********************** *** **** ************** 
 

ryr1b_WISH_without_3’UTR          TGAGCTGAGAGATCAGCAGGAGCAAGTCCGAGAGGACATGGAGACTAAGT 
ryr1a_equivalent_WISH_region      TGAACTGAGAGACCAGCAAGAGCAAGTGAAAGAGGACATGGAGACCAAAT 
ryr3_equivalent_WISH_region       TGAGTTGAGAGATCAGCAGGAGCAGGTGAAGGAGGACATGGAGACTAAAT 
                                  ***  ******* ***** ***** **    ************** ** * 
 

ryr1b_WISH_without_3’UTR          GTTTCATCTGTGGAATTGGAAGCGATTACTTTGACTCGACTCCACATGGC 
ryr1a_equivalent_WISH_region      GCTTTATATGTGGCATTGGGAGCGACTACTTTGATACAACGCCCCATGGC 
ryr3_equivalent_WISH_region       GCTTCATCTGTGGAATCGGGAATGACTACTTCGACAGAACTCCGCATGGC 
                                  * ** ** ***** ** ** *  ** ***** **    ** ** ****** 
 

ryr1b_WISH_without_3’UTR          TTTGAGACGCATACGATGGAGGAGCACAATTTAGCCAACTACATGTTCTT 
ryr1a_equivalent_WISH_region      TTTGAGACCCATACGCTTGAAGAACACAACCTGGCCAATTACATGTTTTT 
ryr3_equivalent_WISH_region       TTCGAGACGCATACCTTACAAGAGCACAATCTGGCTAACTACTTATTCTT 
                                  ** ***** *****  *  * ** *****  * ** ** *** * ** ** 
 

ryr1b_WISH_without_3’UTR          CCTGATGTATTTAATCAATAAGGATGAAACGGAGCACACAGGACAGGAGT 
ryr1a_equivalent_WISH_region      CCTGATGTACTTAATCAACAAGGATGAAACAGAGCACACTGGCCAGGAAT 
ryr3_equivalent_WISH_region       CCTGATGTATCTTATCAACAAAGATGAGACTGAGCATACCGGTCAGGAGT 
                                  *********  * ***** ** ***** ** ***** ** ** ***** * 
 

ryr1b_WISH_without_3’UTR          CATACGTGTGGAAAATGTACCAGGAGCGATGCTGGGACTTCTTTCCAGCT 
ryr1a_equivalent_WISH_region      CATACGTGTGGAAGATGTACCAGGAGAGATGCTGGGATTTCTTCCCTGCA 
ryr3_equivalent_WISH_region       CGTATGTGTGGAAGATGTATCAGGAGAGATGCTGGGATTTCTTCCCTGCT 
                                  * ** ******** ***** ****** ********** ***** ** **  
 

ryr1b_WISH_without_3’UTR          GGTGACTGTTTTAGGAAGCAGTATGAGGATCAGCTTGGCTA 
ryr1a_equivalent_WISH_region      GGAGACTGCTTCAGAAAGCAATATGAAGACCAGCTTGGATA 
ryr3_equivalent_WISH_region       GGAGACTGTTTCCGGAAGCAATATGAGGACCAGCTGGGCTA 
                                  ** ***** **  * ***** ***** ** ***** ** ** 
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Appendix 5 

ryr3 is not observed to be expressed in the Kuppfer’s vesicle in 5 somites zebrafish 

embryo (11.66 hpf). 

 

 
 

Abbreviations: 
n = notochord. 
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Appendix 6 

Alignment of ryr3 5’UTR intron sequence before AUG start site against ryr1a, ryr1b 

and ryr2b. 

 
CLUSTAL W (1.81) multiple sequence alignment: 
 
ryr1a 5’UTR     ACCTGGGATCTGTCCCAGCCGGGAAGAAGGAAAGCGAGAAGACCACATCTCACTTCTG-C 
ryr3 5’UTR      ------------CGGCAGGACAGGAGAAGCACCGCTCCGCTGCCTGCTGTCAGTGGTGGC 
                               ***    * ***** *  **       **   * *** *  ** * 
 
ryr1a 5’UTR     TACCGTGGGTTCCTCTAGATCTCCAGTACC- 
ryr3 5’UTR      TTTCGGAGTCTAGGCAGGCTCTTCTACAGCC 
                *  **  *  *   *  * *** *   * *  
 
--------------------------------------------------------------------------- 
 
ryr1b 5’UTR     CACACACACACTGATAGAGAGAAGACACTGAAACACACTGA-AGAGAAAACGCACGGATT 
ryr3 5’UTR      ---CGGCAGGACAGGAGAAGCACCGCTCCGCTGCCTGCTGTCAGTGGTGGCTTTCGGAGT 
                      **       ***   *   * * *   *   ***  ** *    *   **** * 
 
ryr1b 5’UTR     TTCTGATTTCTCCTGAGGAGCT 
ryr3 5’UTR      CTAGGCAGGCTCTTCTACAGCC 
                 *  *    *** *    ***                       
 
--------------------------------------------------------------------------- 
 
ryr2b 5’UTR     CTCTGTCCCGGGATGAGTTCAGCACCTGTGGCTG-TGTGAGTGAAGCTCTTCTCTGCTTT 
ryr3 5’UTR      CGGCAGGACAGGAGAAGCACCGCTCCGCTGCCTGCTGTCAGTGGTGGCTTTCGGAGTCT- 
                *       * ***  **  * ** **  ** *** *** ****  *   ***   *  *  
 
ryr2b 5’UTR     ACACAAACACAGTTCCTTGTACAAAC 
ryr3 5’UTR      ------AGGCAGGCTCTTCTACAGCC 
                      *  ***   *** ****  *                     
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