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DEVELOPMENT OF IN-VITRO CULTURE AND CRYOPRESERVATION 

PROTOCOL FOR ZEBRAFISH (Danio rerio) OVARIAN TISSUE 

FRAGMENTS 

SIJI ANIL 

 

ABSTRACT 

Cryopreservation of fish ovarian tissue fragments can be a viable alternative to 

cryopreservation of oocytes and embryos. The ability to cryopreserve both maternal 

and paternal gametes would provide a reliable source of fish genetic material for 

scientific and aquaculture purposes. The main aim of the present study was to 

develop an in-vitro culture protocol and cryopreservation protocol for zebrafish 

ovarian tissue fragments. In-vitro culture protocol for the tissue fragments containing 

stage I and stage II follicles were developed and the growth assessment of follicles 

were evaluated using biomarkers. To develop the cryopreservation protocol using 

control slow cooling method, the effect on freezing medium, cryoprotectants and 

cooling rate on the tissue fragments were investigated. The in-vitro culture 

experiments showed that L-15 medium (pH 9) containing 100mIU/ml FSH along 

with 20% FBS was effective for tissue fragments containing stage I and II follicles to 

grow in-vitro. The growth of the ovarian follicle stages was confirmed by the level 

of expression of p450aromA and vtg1 gene. The optimal cryopreservation protocol 

for the ovarian tissue fragments was found as 2M methanol+ 20%FBS in 90% L-15 

medium with the cooling rate of 4°C/min. Although the highest survival rate 

obtained for stage II follicles within the fragments was 68.2±1.9% and stage I 

follicles within the fragments was 55.4±2.3% using TB staining, it showed a 

significant decrease in their ATP levels. This is the first study carried out on the 

zebrafish ovarian tissue fragments. Study on cryopreservation of the ovarian tissue 

fragments and development of the in-vitro culture protocol and use of biomarkers for 

the ovarian tissue fragments were reported here for the first time. The outcomes of 

this study have provided useful information for future cryopreservation protocol 

development. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Principles of Cryobiology 

  Cryobiology is the study of the effects of low temperatures on living systems. 

The significant application of cryobiology is the preservation of the structural and 

functional integrity of cells or tissues for longer period at reduced temperature. 

Cryopreservation is derived from the Greek word “kryos”, which means “cold or 

frost”. The term cryopreservation indicates storage of cells or tissue, usually in 

liquid nitrogen (LN2) at temperatures close to -196°C. Achieving high viability of 

frozen tissue requires the appreciation of the complex physical–chemical events 

occurring during freezing and thawing (Bank and Brockbank, 1987). At low 

temperatures, any biochemical reactions may cause cell death and hence it is 

important to discover the physical and biological mechanisms related to the cell 

injury. The main goal of the cryopreservation procedure is to minimize tissue injury 

from low subzero temperatures (Shaw and Jones, 2003).  In this chapter, the factors 

and mechanisms of cryoinjury and its prevention have been itemised. 

 

1.1.1 Chilling injury  

Chilling injury is defined as low temperature stress in the absence of freezing 

(Levitt, 1980). In general, chilling injury is the damage caused to cells when they are 

held at critical temperatures below the temperature at which the cells normally 

function. Chilling injury is one of the limiting factors for achieving the optimal 

cryopreservation (Morris and Watson, 1984). Physiological problems associated 

with chilling injury arise from thermotropic damage to cell membranes resulting in 

metabolic imbalances and changes in membrane fluidity. Cold -induced injuries are 

also associated with reduced rates of protein synthesis, production of free radicals, 

neuromuscular injuries, excessive thermoelastic stress, and changes in ion 

homeostasis and membrane potentials (Dollo et al. 2010). Chilling injury increases 

with exposure time at critical temperatures and, rapid cooling through the critical 
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temperature range can reduce chilling injury (Mazur, 1992). There are two types of 

chilling injury to cells: direct chilling injury and indirect chilling injury. 

Direct chilling injury influence cryopreservation-causing injuries to cells and 

tissues (Hays et al., 2001). Direct chilling injury also termed ‘cold shock’ is 

expressed quickly upon reduction in temperature and is dependent on cooling rates 

(Morris and Watson, 1984). Most cell types are sensitive to cold shock provided they 

are cooled rapidly to sufficiently low temperatures. The cellular viability is 

dependent on the rate of cooling with more injury observed following ‘rapid cooling’ 

than ‘slow cooling’ (Morris, 1987). Direct chilling injury causes a phase transition 

from a liquid crystalline state to the gel state, and the lateral separation of membrane 

proteins (Levitt, 1980, Larcher, 2001). The cell membrane consists of lipids, lipo-

proteins; these lipids undergo a liquid-to-gel phase transition in a range between 0°C 

and 20°C, the temperature range of maximum chilling injury. A study in boar sperm 

(Drobnis et al. 1993) suggested that this form of injury is associated with 

thermotropic phase transition where lipid phase is undergone liquid crystal to gel 

phase (Fig 1.1) 

 

Figure 1.1 Lipid Phase transition in cell membranes undergoing lipid-to-gel 

phase transition (Benbest, 2012) 
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During chilling the lipid phase transition from the liquid crystalline to gel phase 

results in leakage of solutes across membranes (Watson and Morris, 1987), damages 

the cell structure, and reduces cell viability. Phase separation which is associated 

with the lipid phase transitions and damages the membranes by several mechanisms. 

Formation of ‘packing faults’ between lipid domains of different phases may disrupt 

membrane permeability (Pringle and Chapman, 1981; Jain, 1983), and the 

occurrence of concentrated lipids tend to form non-biolayer phases (Quinn, 1985) as 

well as aggregation of mobile, intrinsic proteins within the remaining liquid 

crystalline domains (Pringle and Chapman, 1981; Quinn, 1985). Studies have 

showed that due to rapid cooling of animal tissues, the mitochondria of the cells has 

become over permeable and resulted in damage of the cells (Rauen et al., 1999). 

Sufficient force to cause damage to liposomes develops for temperature decrease of 

10-20°C, larger temperature producing greater tension. The faster cooling rate 

produce increased tension for a given temperature reduction, therefore rapid cooling 

cause cold shock (Liu 2000).  

Indirect chilling injury is independent of the rate of cooling and usually 

associated with extended periods of exposure to low temperature (Morris and 

Watson, 1984). The injury occurs from a few degrees below zero to 10-15°C. 

Indirect chilling injury appears to be caused by thermotropic damage to cell 

membranes causing metabolic imbalance and loss of selective membrane 

permeability (Denlinger and Lee, 2010). At low temperature, the lateral segregation 

of proteins and phospholipids within membranes may be affected by decreasing the 

rate of enzyme activity (Morris and Clarke, 1987). Sequences of events occur in 

cellular membranes in response to low temperature exposure (Fig 1.2). As 

temperature decreases, the membrane viscosity increases. A phase separation occurs 

on further reduction in temperature. This phase separation depends on cell types and 

the extent of temperature reduction. Although many cell-types can adapt phase 

changes by modifying the lipid composition of their membranes, cells are usually 

trapped in a permanent phase change or transition after an extended period of 

exposure to low temperature. Following phase transition, many biological properties 

of the membrane are altered that leads to the alteration of the activities of membrane 
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proteins and membrane-associated enzymes (Cossins, 1983). In addition; it also 

affects the cytoskeleton system. It is a major problem for storage of chilled human 

tissues and organs for transplantation (Taylor et al., 2007). Mortality caused by the 

indirect chilling injury can be prevented by brief warming (Chen and Denlinger, 

1992). Chilling injury may also result from oxidative stress during cold storage 

(Rojas and Leopold, 1996). 

 

Figure 1.2 Flow diagram of membrane events during a reduction in 

temperature, indicating long-term responses (Morris and Clarke, 1987) 

 

1.1.2 Freezing injury 

Freezing injury of biological materials occurs at temperature below freezing 

point. Freezing is the conversion of liquid water to crystalline ice, although liquid 

water is vital for the living cells, solidification of water to ice can be lethal to the 

cells. The stress to which cells are exposed during freezing results from three main 

factors (Grout and Morris, 1987). 

(i) The mechanical effects of extracellular ice crystals at cell surfaces, 

especially in tissues with cellular interconnections 
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(ii) Alterations in physical properties of solution outside the cell, including 

the concentration of solutes which results from the nucleation of a 

proportion of extracellular water 

(iii) Intracellular freezing if it occurs. 

 

During the freezing process, although the thermodynamic freezing point is -

0.5°C; the cells and the surrounding environment do not undergo freezing at this 

temperature due to supercooling and the depression of the freezing point by the 

protective solutes (Mazur et al., 1981). Extracellular ice formation occurs at 

temperatures between -5°C to -15°C. As the temperature decreases and the ice 

phase grow, the extracellular solution becomes increasingly concentrated in solutes 

and a chemical potential imbalance between the biomaterial and the unfrozen 

external solution. If cooling rate is slow, the cells are able to lose water rapidly by 

exosmosis to concentrate the intracellular solutes sufficiently to eliminate 

supercooling and maintain the chemical potential of intracellular water in 

equilibrium with extracellular water, this result in cell dehydration and prevention 

of intracellular ice formation (IIF) (Pitt and Steponkus, 1989). But when cooling 

rate is too rapid, the rate at which the chemical potential of water in the 

extracellular solution decreases is much faster than the rate at which water can 

diffuse out of the cell, result in IIF (Muldrew and McGann, 1994). The cells 

undergo shrinkage during cooling (Fig 1.3). Extracellular freezing induces 

conditions that allow osmotically induce loss of water from cells during slow 

freezing. This correlates with survival on thawing. Rapidly cooled cells do not 

shrink, they forms intracellular ice and are dead on thawing.   
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               Figure 1.3: Shrinkage during cooling (Ashwood-smith and 

Farrant ,1980) 

 

 

1.1.2.1 Extracellular ice formation 

 

Cells can be injured by the formation of extracellular ice crystals disturbing 

their membranes. Although the exact mechanism of cell damage during extracellular 

freezing is not fully studied, several theories explains the cause of damage. 

Increase in the concentration of extracellular electrolytes Lovelock (1953) 

suggested that the main cause of freezing injury associated with ‘solution effects’ 

was the high salt concentration in cells due to ultra-low freezing rate. Lovelock 

(1957) reported that hypertonic salt solution caused denaturation of lipoproteins, and 

that this process could induce haemolysis in red blood cells. 
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Reduction in cell volume Meryman and his colleagues had proposed the ‘minimum 

cell volume theory’ reporting the cellular damage associated with freezing and 

thawing (Meryman et al. 1977; Clegg et al. 1982). The theory proposed that the salt 

concentration was indirectly responsible for the damage, with high extracellular 

osmolarity causing cell to be shrunken beyond their limit and thus the cells been 

destroyed. 

Mechanical effect of ice The cells are damaged by the mechanical interaction 

between the growing ice phase and cells between ice crystals causing haemolysis in 

erythrocytes (Pegg and Diaper, 1990).  The mechanism of damage during slow 

cooling are related to the interaction between the cells in the unfrozen fraction and 

ice and characterised to ice shearing forces or cell deformation (Mazur et al. 1981, 

1983, 1989) 

In addition, certain physical factors including pressure changes, may be involved in 

the destruction of cells (Schneider and Mazur, 1987; Ashwood-Smith et al. 1988). 

 

1.1.2.2 Intracellular ice formation 

It is an implicit assumption that the formation of ice inside the cell is 

inevitably lethal. Many studies have reported that IIF during freezing correlates with 

the death of the cells. The mechanisms by which IIF can occur are: homogeneous 

nucleation, heterogeneous nucleation, or seeding by the extracellular ice (Franks, 

1985). The homogeneous nucleation temperature of a 1 µm droplet of pure water is -

39°C, and increases by approximately 2°C for each 10-fold increase in droplet 

diameter (Wood and Walton, 1970). Solutes depress the homogeneous nucleation 

temperature by 3.3°C for each unit increase in solution osmolality (Rasmussen et 

al.1975). Thus, the expected range of the homogeneous nucleation temperature in 

cells is -38°C to -44°C (Rall et al. 1983). Heterogeneous nucleation relies on the 

presence of intracellular nucleating agents and IIF at -31 to -38°C in many cell types 

(Mazur, 1977, Franks et al. 1983). Unfortunately, the molecular basis of seeding is 

not well understood. Mazur (1977) proposed that IIF occurs as a consequence of ice 

crystal growth through aqueous channels in the plasma membrane, which relies on 



8 
 

the extracellular ice crystals having a sufficiently small radius of curvature. 

Bronshteyn (Pitt et al. 1992) has suggested that epitaxy is a possible explanation to 

seeding. Epitaxy is the growth of a crystal from either a supercooled liquid or a 

vapour onto the surface, which may be another crystal (Cherov, 1984). 

 

1.1.3 CRYOPROTECTANTS 

 

Cryoprotectants (CPAs) are the chemicals that are used to protect cells from 

injuries during cryopreservation and long-term storage in liquid nitrogen. 

Cryoprotectants adapt to the eutectic properties of a solution so that the amount of 

ice formed and the concentration of salt are reduced. CPAs help to prevent ice 

nucleation within the cells (Yang et al.2009). Many compounds act as 

cryoprotectants to protect cells against freezing damage, however they can be toxic 

and cause damage to the cells (Fahy et al.1990). It is important to understand the 

molecular mechanisms of the toxicity of cryoprotectant agents in order to minimise 

their toxicity. A cryoprotectant concentration of about 5% to 15% is normally 

required to permit survival of the isolated cells after freezing and thawing from 

liquid nitrogen temperature. Cryoprotectants are of two types. Permeating and non 

permeating (Borini et al.2006). Permeating cryoprotectants enter into the cells in 

response to water molecules moving out of cells due to extracellular ice formation. 

Non-permeating cryoprotectants remain outside the cells and exert osmotic gradient 

that causes the intracellular water to migrate to the extracellular environment 

(Kopeika et al. 2005). 

 

1.1.3.1 Permeating cryoprotectants 

 Permeating cryoprotectants are chemicals that are able to diffuse through the 

plasma membrane. The most common permeating cryoprotectants are methanol, 

dimethyl sulfoxide (DMSO), ethylene glycol (EG), propylene glycol (PG), and 

glycerol. These low-molecular-weight cryoprotectants have the ability to reduce the 

concentration of damaging solutes, increase the unfrozen fraction, and reduce 
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volume excursions during freezing and thawing (Mazur, 2004). The permeating 

cryoprotectants produce a considerable freezing point depression resulting in the 

prevention of intracellular ice formation (Shepard et al. 1976). These CPAs penetrate 

into the cells and displaces certain amount of water and forms hydrogen bonds with 

proteins, RNA and DNA. The hydrogen bonding increases the cytoplasm stability by 

keeping their structure functional and influence of ice. DMSO is the most widely 

used cryoprotectant in the cryopreservation of a wide range of cell types, tissues and 

organs. DMSO can increase the concentration of calcium ions in cytoplasm, causing 

a variety of metabolic responses such as depolymerisation and cytoskeleton 

assembly (Yamamoto, 1989). Methanol has shown to be the least toxic 

cryoprotectant for zebrafish embryos (Zhang et al.1993), oocytes (Plachinta et al. 

2004), isolated ovarian follicles (Zampolla et al. 2008, Tsai et al. 2009), and sperms 

of several fish species (Lahnsteiner et al. 1997). EG and PG also promotes the small 

granular crystallisation and amorphous solidification due to their high viscosity at 

low temperatures, lessening the quantity of unbound water within the cells and 

reducing intracellular ice formation (Wu and Lee, 1996) 

 

1.1.3.2 Non-permeating cryoprotectants 

 Non-permeating cryoprotectants are the chemicals that do not penetrate 

through the plasma membrane. They are the long chain polymers with high 

molecular weight (>50,000), they are soluble in water and have large osmotic 

coefficient. The common non-permeating cryoprotectants include polyethylene 

glycol (PEG), saccharides (sucrose, trehalose, lactose etc) and polyvinylpyrolidone 

(PVP).  The effect of non-permeating cryoprotectants is based on the osmotic 

dehydration of the cell prior to cooling, which results in reduced intracellular ice 

formation during freezing. (Meryman, 1971). The non-permeating cryoprotectants 

also enhance vitrification of the solutions, stabilize proteins and membranes and 

prevent progressive ice formation (Fahy et al. 1984, Takahashi et al. 1986, Fahy 

1986). 

Saccharides are mostly used as an extracellular cryoprotectant, often in combination 

with permeating cryoprotectants to maximize the cryoprotection. Sugars afford their 
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protection by stabilizing lipid membranes and proteins due to direct interactions with 

polar residues through hydrogen bonding and their excellent glass forming properties 

(Crowe et al. 1993, Crowe et al. 1994). Therefore sugars offer a unique prospect for 

high temperature storage of mammalian cells (Crowe et al.1992). Sucrose is widely 

used as an extracellular cryoprotectant, often in combination with permeating 

cryoprotectants. It induces dehydration and osmotic shrinkage of the cell, lowering 

the risk of intracellular ice crystallization. The combination of intracellular and 

extracellular cryoprotectants such as DMSO with trehalose has shown to provide 

high survival, fertilization and embryonic development rates in mouse oocytes 

(Eroglu et al. 2009). Trehalose has been used as an effective cryoprotectant in many 

oocytes vitrification studies (Dinnyes et al. 2000, Li et al. 2002). Studies conducted 

by Szteins group also demonstrated that hybrid mouse spermatozoa viability when 

frozen with sugars (lactose 80%, raffinose 80%, trehalose 79%) was better than 

when frozen with glycols (glycerol 11%) (Sztein, Noble et al. 2001). 

 

1.1.3.3 Cryoprotectants toxicity 

Whilst cryoprotectants protect living cells form cryoinjury, it can be 

damaging to cells when used at high concentrations (Fahy, 1986). Cryoprotectant 

toxicity could be caused by denaturation of proteins, the hydration damage 

hypothesis (Arakawa, 1990). The dehydration damage hypothesis states that toxic 

cryoprotectants cause dehydration damage by binding to water molecules thereby 

prevent the water molecules from properly hydrating proteins and other 

macromolecules (Clegg et al. 1982). Cryoprotectant toxicity is cell type dependent. 

For instance, methanol is found to be the least toxic on zebrafish embryos (Zhang et 

al.1993) but they are toxic on oyster embryos (Chao et al. 1994).  Studies on marine 

gillbread seabream oocytes showed that methanol caused protein damage if used in 

high concentrations (Lubzens, Gattegno et al. 2006). Hoetelmans et al. (2001) has 

reported that methanol effect the cell membranes by interacting with phospholipids 

and destabilizing the lipid bilayer of membranes. They interact with the polar head 

group of lipids in bilayers due to their low hydrophobicity. The non polar regions of 

the alcohol creates gap between lipid chains in the membrane interior and introduce 
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instability within bilayer (Patra et al. 2006).DMSO has also been reported to cause 

membrane labialisation and denaturation of proteins (Parkes et al. 1953).  

Methylation of polyols (glycerol, ethylene glycol, propylene glycol etc.) increases 

the glass-forming ability while it increases toxicity due to increased hydrogen 

bonding strength of the hydroxyl groups (Maria et al. 1990).  

 

1.1.4 Approaches used in cryopreservation 

 Cryopreservation allows nearly indefinite storage of biological material 

without deteriorating the quality over several thousands of years (Mazur, 1985). In 

other words, by usage of cryopreservation the biological clock can be halted for an 

unlimited time (Kuwayama, 2007). In 1949, Chris Polge and his team cryopreserved 

fowl sperm for the first time. Since then cryopreservation has become a wider 

practise for the storage and transportation of cells used in fertility treatments, cell 

therapies, drug screening and cell banking. Cryopreservation involves the process of 

cell freezing at extremely low temperature. The successful cryopreservation involves 

the controlling of formation of ice at both intracellular and extracellular levels during 

the freezing and thawing process preventing cell injury. 

There are two approaches in cryopreservation: controlled slow cooling and 

vitrification 

 

1.1.4.1 Controlled slow cooling 

The controlled slow cooling procedure is characterised by the addition of 

molar concentration of cryoprotectant to the cell suspension and by the use of 

controlled freezing to the storage temperature (Zampolla, 2009). It is a common 

procedure to cryopreserve many different cell and tissue types. In the controlled slow 

cooling procedure, the cryoprotectants are added to the solution bathing the 

biological samples, and are cooled at optimal cooling rates that prevent slow cooling 

damage and allow sufficient dehydration of the cells to prevent intracellular ice 

formation (IIF) (Mazur et al. 1972). To design the optimal controlled slow cooling 

procedure, several factors need to be considered: cooling rate, ice seeding, thawing 
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rate and removal of cryoprotectants including the freezing medium, the type and 

concentration of cryoprotectant. 

 

1.1.4.1.1 Cooling rate 

 During freezing, the ice nucleates first in the extracellular space causing an 

osmotic rise across the membrane, i.e between the intracellular isotonic solution and 

the freeze-concentrated extracellular solution (Mazur, 1963). Depending on whether 

the cooling rate is `low' or `high', the intracellular water moves across the cell 

membrane and joins the extracellular ice phase, or freezes and forms ice inside the 

cell, respectively (Devireddy et al. 2000). Both intracellular ice formation and long 

exposure to high solutes can lyse cells; thus cooling rates which are either too high 

or too low can lyse cells. Hence a major factor of the cell survival after freezing to 

low temperature determines is the rate at which they are cooled. The cooling rates 

are cell type specific; the cell survival plotted vs the cooling rate has an inverted U 

shape (Mazur et al. 1972). Therefore the optimal cooling rate can be defined as that 

cooling rate which minimizes both the slow cooling and IIF injury (Fig 1.4). 

 

 

Figure 1.4: Survival of stem cells, yeast, mouse embryos, hamster cells and human red 

cells as function of cooling rate (Best. 2012) 
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Studies on mammalian oocytes and embryos have showed that the optimal cooling 

rates are in the range of 0.3°C/min - 0.5°C/min (Picton et al. 2003, Bass et al. 2004, 

Whittingham et al. 1972). The optimal rate for the cryopreservation of zebrafish 

embryos and oocytes are considered to be in the range of 0.07 °C/min - 0.5°C/min 

(Zhang et al.1989, Zhang et al. 1993, Guan et al. 2008, Tsai et al. 2009). The 

cooling rate of mammalian ovarian tissue cryopreservation are considered to be 

similar to that of the mammalian oocytes and embryos ranged from 0.3°C/min to 

0.5°C/min (Newton et al. 1996, Borges et al.2009, Schmidt et al 2003, Wood et al. 

1997). 

 

1.1.4.1.2 Ice seeding 

 Ice seeding is the process that induces ice nucleation by touching the solution 

containing biological samples using pre-cooled forceps. Ice seeding is a vital 

procedure during the freezing of oocytes, embryos, ovarian tissues because it 

improves the dehydration of the cells by inducing extracellular ice crystallization and 

prevents intracellular ice crystallization. Studies on mammals have reported that ice-

seeding temperature significantly affects the intracellular ice formation and cells 

viability during freezing (Trad et al.1998, Zhang et al. 2011). Nakamura et al. has 

also reported that on frozen storage of yeast the ice seeding temperature affects the 

cell viability significantly (Nakamura et al. 2009). Hence these studies signify the 

dependence of intracellular ice formation behaviour of cells on the extracellular ice 

seeding temperature. 

Ice seeding temperatures depend on the concentration of the cryoprotectants. Zhang 

(1994) reported that for the addition of 1M cryoprotectant into the freezing medium 

reduces the seeding temperature by 2.5°C. Therefore, 1M cryoprotectant 

concentration requires the seeding temperature at -5°C, 2M at -7.5°C, 3M at -10°C 

and 4M at -12.5°C. This rule is based on the necessity to allow certain degree of 

supercooling for seeding (Zhang, 1994). The most common ice seeding temperature 

for 1.5M cryoprotectant concentration is at -7°C (Picton et al. 2003, Stachecki and 

Willadsen 2000, Carroll et al. 1993). The optimum seeding temperature on slow 

cooling whole cow ovaries is reported to be at -5°C for 10% (v/v) DMSO and 15% 
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FCS (Zhang et al. 2011). Trad et al. (1999) reported the optimal -4.5 °C seeding 

temperature for freezing human oocytes in 1.5M PG solution. The optimal seeding 

temperature for the studies on freezing the late stage zebrafish oocytes was 

considered to be -12.5°C for 4M methanol (Plachinta et al. 2007, Guan et al. 2008, 

Tsai et al. 2009).  

 

1.1.4.1.3 Thawing rate 

 During thawing, additional damage to the cells is caused by the 

recrystallization process. Recrystallization refers to the growth of large ice crystals 

by the conversion of small ice crystals. The recrystallization process exerts an 

additional interfacial tension on the entrapped proteins and causes damage to the 

cells (Cao et al. 2003). Rapid thawing improves survival (Farrant, 1980); the major 

benefit of rapid thawing is the avoidance of recrystallization. On the other hand slow 

thawing is more damaging because of the rise in the total exposure time at subzero 

temperatures ice (Mazur, 2004). 

Zhang et al. (1993) reported that fast thawing was more effective than slow thawing 

for zebrafish embryos cryopreservation. Guan et al. (2008) also reported that fast 

thawing (>300°C/min) was more effective than slow thawing for zebrafish oocytes 

cryopreservation. But some studies on mouse cryopreservation (Van den Abbeel et 

al. 1994) and carp embryos (Zhang et al 1989) have shown that fast thawing is more 

damaging due to the osmotic shock induction.   

 

1.1.4.1.4 Removal of cryoprotectants 

 During the removal of cryoprotectants, the cells initially swells due to the 

influx of the extracellular water and then shrinks to isosmotic volume as 

cryoprotectants and water leaves the cells (Si et al. 2006). Osmotic stress is an 

important factor which results in cell damage. The osmotic tolerance of cells varies 

among different cells and tissues and extreme volume changes can result in cell 

death (Agca et al. 2005, Ball et al. 2001, Guthrie et al. 2002, and Walters et al. 

2005).  Removal of cryoprotectants by step-wise dilution decreases the osmotic 
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pressure. In step-wise dilution the cells are exposed to a range of gradually decreased 

cryoprotectant solutions which reduces the post-hyperosmotic stress and improves 

the membrane integrity (Wessel and Ball, 2004). 

Several studies on human spermatozoa cryopreservation have shown that multi-step 

removal of cryoprotectant are more effective when compared to the single step 

removal (Gao et al.1995, Gao et al. 1997, Gilmore et al. 1997). Guan et al.(2008) 

and Tsai et al.(2009) also showed that the four-step removal of the cryoprotectants is 

more effective on the zebrafish oocytes reducing the post-hyperosmotic stress to the 

fish oocytes. 

 

1.1.4.2 Vitrification 

 Vitrification is defined as ‘the solidification of a solution brought about not 

by crystallization but by an extreme elevation in viscosity during cooling’ (Fahy et 

al. 1984). Vitri is the Greek word for glass vitrification and was first described in 

1860; and was successfully used on red blood cells in 1937 by Basile J. Luyet. But it 

was not until late 20th century when Rall and Fahy described vitrification as a 

possible alternative over slow cooling showing that this technique was fully 

recognised (Rall et al 1987, Rall and Fahy, 1985). It is a method where rapid 

freezing transforms the cells from a liquid state to a glassy solid state without ice 

formation. This method eliminates the structural damage and cell injury related to 

intracellular ice formation. In the vitrification process, high concentrations of 

cryoprotectants and ultra-rapid cooling rates are used. The cells are incubated in 

cryoprotectants and then directly plunged into liquid nitrogen or nitrogen slush. For 

successful cryopreservation by vitrification, the cryoprotectant must permeate the 

cell membrane and be concentrated intracellularly to avoid lethal intracellular ice 

formation (Day et al.1995). This technique is cost effective when compared to slow 

cooling. Vitrification has been successfully performed in mouse embryos and 

oocytes (Rall and Fahy, 1985, Brockbank et al.2000, Wood et al. 1993. Shaw et al. 

1991), sheep embryos and oocytes (Schiewe et al. 1991, Bogliolo et al. 2007), 

human oocytes (Lucena et al. 2006, Kuwayama et al, 2005). Studies on the 

cryopreservation of zebrafish oocytes using vitrification was not successful as they 
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did not survive after warming due to severe damage (Guan et al. 2010). Although 

vitrification is considered effective, some of the disadvantages of this technique are 

the use of drastically high concentration of cryoprotectant which leads the cells to 

undergo toxic and osmotic injury; there is also the potential risk of the liquid 

nitrogen induced disease transmission due to the open tools used in the process 

which leads to contamination; vitrified samples are also prone to cracks due to the 

slight changes in storage temperature.   

 

1.2 Applications of cryopreservation technology 

Cryopreservation allows virtually indefinite storage of biological material 

without deterioration over a time scale of at least several thousands of years (Mazur, 

1985). It is a method of preserving tissues or cells at very low temperature. 

Cryopreservation has important role to play in the fields of aquaculture, biomedicine 

and conservation.  

Due to the rapid expansion of the aquaculture industry, there is an increased demand 

on seed production from farmed fish stocks. Hence the fish stocks are maintained by 

the cryopreservation of the fish genetic material which is imperative to secure and 

sustain the long term development of fish production. Although successful 

cryopreservation of eggs and embryos is still elusive, fish sperm banks play an 

important role in aquaculture and conservation management (McAndrew, 1993). 

Cryopreservation also has important role to play in artificial propagation of diverse 

aquatic organism. In recent years there have been a number of live-born domestic 

animals resulting from artificial insemination. The first recorded offspring produced 

by artificial insemination using the cryopreserved semen are: cows (Stewart, 1951), 

sheep (Salmon and Lightfoot, 1967), Pigs (Hess et al. 1957), Horses (Banker and 

Gandier, 1957). A greater role for the use of cryopreserved semens in live stock 

production is seen recently in most domestic industry (Curry, 2000). Conservation of 

wild species was considered twenty years ago (Veprintsev and Rott, 1980); since 

then collection of genetic material has been established. Genetic resource banks are 

set up for collecting the biological material for germplasm used in animal breeding 

program (Holt and Pickard, 1999). Live offspring have been produced by the transfer 
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of frozen or vitrified embryos in mice (Wood et al. 2001), rats (Stein et al.1993). 

The ability to maintain the genetic diversity using cryopreserved gametes is 

important in conservation. During the last decade, cryopreservation has become one 

of the most effective tools for the reproduction management.  

The most significant application of cryopreservation is in the field of biomedicine. 

Cryopreservation methods have been developed for most blood cells. There is also 

growing clinical interest in cryopreserved lymphocytes for treatment of blood stem 

cell transplantation (Fuller et al.2004). The most significant advance is in the field of 

reproductive medicine for infertility treatment. The first live birth from 

cryopreserved human spermatozoa was reported in 1950 (Bunge et al.1954), later in 

1983 the first live birth from a cryopreserved human embryo was reported (Trounson 

and Mohr, 1983), then in 1986  the first live birth from a cryopreserved human 

oocyte was recorded (Chen, 1986), in 1987 the records revealed that at least 63 

babies had been born from cryopreserved human embryos (Mandelbaum et al. 

1987); in 1988 the first attempt to freeze immature oocytes were made (Mandelbaum 

et al. 1988) and in 2004 the first live birth following the cryopreservation of ovarian 

tissue was reported (Donnez et al. 2004).  

 

 1.3 Status of fish species cryopreservation   

Due to environment factors and human activities, over a third of fish species 

are threatened or endangered. Cryopreservation of gametes of fish species plays an 

important role in preserving the genetic heritage of these species and the 

development of cryobanks allows storage of the genetic materials for unlimited 

periods. Cryopreservation of fish reproductive materials also has important 

applications in biomedicine and aquaculture. Due to the small sized genome in 

zebrafish it is easier for sequencing and is an ideal model for studying human 

diseases. Cryopreservation of fresh water fish species like salmonids, sturgeons and 

carps are well established (Lansteiner, 2000; Magyary et al. 1996); but it is only in 

the last decade that the research has been focussed on marine fish species. Fish 

sperm cryopreservation of many species has been achieved, but cryopreservation of 

fish oocytes and embryos has not been successful (Zhang et al. 1995, Hagedorn et al. 
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1996). Maternal genome cryopreservation is important as it preserves the 

mitochondrial DNA and mRNAs that determine the early stages of embryonic 

development (Tsai et al. 2010). 

 

1.3.1 Cryopreservation of fish sperm 

 Cryopreservation of fish sperm has been successful in nearly more than 200 

species (Kopeika et al. 2007, Tiersch et al. 2007). Blaxter (1953) successfully 

cryopreserved Atlantic herring spermatozoa which was the first  report for teleost 

gametes. Thereafter successful cryopreservation of sperm has been reported in carp, 

salmonids, catfish, cichlids, medakas, white-fish, pike, milkfish, grouper, cod, and 

zebrafish amongst many other species (Scott and Baynes 1980, Harvey and 

Ashwood-Smith 1982, Stoss and Donaldson 1983, Babiak et al. 1995, Suquet et al. 

2000, Van der Straten et al. 2006, Bokor et al. 2007). Fish sperm cryopreservation 

can make an important contribution in the germ storage of all transgenic lines. The 

major benefits of sperm cryopreservation include: synchronization of gamete 

availability, sperm economy, simplification of broodstock management, transport of 

gametes from different farms and germplasm storage for genetic selection programs 

or conservation of species. All these benefit the aquaculture industry (Cabrita et 

al.2010). Compared with fresh water species, cryopreservation of marine species is 

more successful as a high percentage of marine water species spermatozoa survive 

cryopreservation. The fertilization rate of the cryopreserved sperm of marine species 

is comparable to mammalian species (Tsvetkova et al. 1996). For the successful 

cryopreservation of spermatozoa, the controlled slow cooling approach has been 

used. Studies on common carp had showed the fertilization and hatching rate of 95% 

using the frozen-thawed sperm (Magyary et al.1996). Oetome et al (1996) has also 

reported that the African catfish fresh and cryopreserved semen resulted in no 

significant difference in hatching rate of 82.25% and 78.9% respectively. In most 

marine fish sperm cryopreservation the extenders used are saline or sugar solutions, 

DMSO as a successful cryoprotectant for sperm cryopreservation; with cooling rates 

from 8°C to 99°C /min with high thawing rates (Suquet et al.2000).  
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1.3.2 Cryopreservation of fish embryos 

 Whilst cryopreservation of fish spermatozoa has been successful in many 

species, maternal genome cryopreservation has still been a challenge over the last 

two decades. Unlike the mammalian embryos; fish embryo cryopreservation is not 

successful due to the multicompartmental biological systems, high chilling 

sensitivity, low membrane permeability and their large size (Zhang and Rawson, 

1995). The fish embryos are larger in size compared to those of the mammalian 

embryos.  The size of the fertilized fish egg is greater than 1mm in diameter. The 

large size of fish embryos results in a very low surface area to volume ratio and 

reduce the rate at which cryoprotectant can move into and out of embryos during 

cryopreservation (Mazur, 1984). Furthermore, the embryo’s multicompartmental 

system which is made up of the outer chorionic membrane and inner vitelline 

membrane makes the diffusion of water and cryoprotectants across the membranes 

difficult (Kopeika et al. 2005). Studies on zebrafish embryos have shown that the 

water permeability of the plasma membrane at different developmental stages 

remained relatively stable (Tsai et al. 2012). The studies conducted by Zhang and 

Rawson (1998) showed that the permeability to methanol increased during embryo 

development. Hagedorn et al. (1996) has reported that the yolk’s syncytial layer is 

responsible for the low cryoprotectant permeability of zebrafish embryos. The 

plasma membrane and yolk syncytial layer are supposed to be the main permeability 

barriers to water and cryoprotectant movements (Hagedorn et al. 1996, Zhang and 

Rawson 1996). Stage dependent chilling sensitivity of zebrafish embryos have 

shown to be a major obstacle for successful embryo cryopreservation (Zhang and 

Rawson 1995). It has been reported that the later stages are less sensitive to chilling 

than earlier stages and chilling sensitivity increases with decreased temperature 

(Zhang and Rawson 1995). 

 

1.3.3 Cryopreservation of fish oocytes 

Maternal genome cryopreservation is important as it preserves the 

mitochondrial DNA and mRNAs that determine the early stages of embryonic 
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development. Cryopreservation of early stage fish oocytes offers several advantages 

due to their smaller size, low water content and the absence of fully formed chorion 

(Zhang et al. 2005).  Although cryopreservation of zebrafish oocytes has been 

studied (Isayeva et al. 2004; Plachinta et al. 2004; Zhang et al. 2005; Guan et al. 

2008; Tsai et al. 2009),  successful oocytes cryopreservation is still to be achieved. 

Some of the factors that limit successful zebrafish oocytes cryopreservation are their 

lower surface area which limits the rate of water transport within the oocytes, their 

sensitivity to chilling injury, and their low permeability of membranes (Tsai et 

al.2009; Zampolla et al. 2009). 

Studies on zebrafish oocytes showed that they are susceptible to chilling (Isayeva et 

al.2004) and chilling sensitivity in zebrafish oocytes may be due to the lipid phase 

transition of the oocytes membrane (Plachinta et al. 2004) during chilling. The phase 

transition in zebrafish oocytes showed that chilling injury occurs when oocytes are 

exposed to temperature between 12 -22°C above the water freezing temperature 

(Pearl and Arav 2000). Studies on zebrafish oocytes has also shown that early stage 

oocytes are less sensitive to chilling when compared to the late stage oocytes 

(Isayeva et al. 2004, Plachinta et al. 2004, Tsai et al. 2009). Zebrafish oocytes are 

larger in size when compared to the mammals; they contain large amount of yolk, 

consisting of vitellogenesis which leads to the formation of embryos. Yolk has been 

demonstrated to cause high chilling sensitivity to zebrafish oocytes (Pearl and Arav 

2000). Late stage oocytes are much more difficult to cryopreserve as they are much 

larger and have low volumes to surface ratios, they have also been shown to have 

low membrane permeability and highly sensitive to chilling (Isayeva et al. 2004, 

Isayeva et al. 2005).  

Information on permeability of fish oocytes membrane is important in the successful 

cryopreservation. Zebrafish oocyte membrane permeability was first reported by 

Zhang et al. (2005). The study showed that the permeability of immature oocyte 

membrane to water and cryoprotectants is lower when compared to mammalian 

oocytes and higher than those of fish embryos. This is in line with the study reported 

by Seki et al. (2007). They also reported that immature oocytes are more suitable 

than mature oocytes for cryopreservation. 
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1.3.4 Cryopreservation of ovarian tissue 

Ovarian tissue cryopreservation can be a viable alternative to 

cryopreservation of oocytes or embryos (Borges et al. 2009, Newton et al. 1999, 

Schmidt et al. 2003, Wood et al. 1997). Ovarian tissue cryopreservation has attracted 

much scientific and public attention due to its potential use in human infertility 

treatment, in safeguarding the reproductive potential of the endangered species and 

in genome banking of genetically important lab animal strains (Agca. 2000). 

Cryopreservation of ovarian tissues is advantageous over the oocytes as they can be 

cultured and cryopreserved in small pieces which are rich in primary follicles. 

Cryopreservation of structurally intact tissues is more beneficial to cells, since it can 

retain all the tissues potential. Early studies on ovarian tissue cryopreservation were 

also performed in mouse (Parkes et al. 1953, Parkes 1957), and has been proven to 

be effective on other species such as sheep (Cecconi et al. 2004), cattle (Celestino et 

al. 2008), goat (Rodrigues et al. 2004) and pig (Borges et al.2009). Studies on 

mammals have shown that ovarian tissue cryopreservation enables the storage of 

large number of oocytes within primordial follicles. Unlike fully grown oocytes, 

oocytes in primordial follicles tolerated cryopreservation better (Lucci et al. 2004). 

Studies on human adult ovaries (Fabbri et al. 2003, Matrinez-Madrid et al. 2004) 

showed that in frozen tissues the histological morphology of ovarian follicles and 

surrounding tissue remained intact. The studies also indicate that in cryopreserved 

ovarian tissues, the ovarian follicles remain in their natural three-dimensional 

structure where they may be protected from physical stress and damage. In these 

studies the percentage of viable follicles, stromal cells and vasculature was similar to 

the fresh tissues before freezing (Matrinez-Madrid et al. 2004). The level of DNA 

replication and activity of anti-apoptosis in cryopreserved strips of adult human 

ovarian tissues was also shown to be similar to those in the fresh ovarian tissues 

(Fabbri et al. 2003). Frozen ovine ovarian tissue recovered and grew after 

transplantation and also after in- vitro culture (Onions et al. 2007). Similar results 

were also obtained with the human foetal ovarian tissues (Zhang et al. 1995).  

Although several studies has been undertaken on zebrafish oocyte 

cryopreservation at different stages (Guan et al.2008, Zampolla et al. 2008, Tsai et 

al. 2009); they resulted in compromised viability. Hence cryopreservation of 
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zebrafish ovarian tissue provides a promising alternative for zebrafish oocytes 

cryopreservation. Studies on cryopreservation of fish ovarian tissues would need to 

be accompanied by the development of in- vitro culture method of these tissues as 

zebrafish ovarian tissue cryopreservation and in-vitro culture method has not been 

studied systematically although some studies have been carried out on culturing of 

isolated zebrafish oocytes (Wang and Ge, 2003).  

 

1.4 In-vitro culture of isolated oocytes and ovarian tissues 

 The oocytes in-vitro culture system would help to establish a complete 

framework for further studies help develop oocytes from the primary follicles in-

vitro. Successful protocols for maturation of oocytes are important, as it is necessary 

for ensuring successful fertilization, zygote formation, and attainment of blastocyst 

stage, embryo growth and development. In some species the efficiency of in-vitro 

maturation is still very low; hence many studies are being focussed on the new 

combinations of media supplements to enhance successful in-vitro maturation 

(Kempisty et al. 2011).  The culture media plays an important role in the 

development of in- vitro culture system; since it can influence the success of the 

oocyte maturation, fertilization and development of the embryos (Gliedt et al.1996). 

The culture media are supplemented with different types of serum, such as bovine 

fetal serum (FBS), serum of cows in estrous (ECS), bovine serum albumin (BSA). 

Studies on bovine oocytes have shown that the use of fetal calf serum in the culture 

medium have stimulated the in-vitro maturation and fertilization (Blanco et al. 

2011). Other supplements that play an important role in the process of maturation, 

are sodium pyruvate (Arlotto et al. 1996), sodium lactate, glutamine (Fukui, 1990), 

glucose and sodium bicarbonate (Younis et al. 1989) and EGTA (Blanco and 

Simonetti, 2000). The in-vitro maturation can be improved by the addition of some 

growth hormones such as follicle stimulating hormones (FSH) or human chorionic 

gonadotrophin (hCG), but FSH or hCG does not improve development to the 

blastocyst stage (Blanco et al. 2011). Since early1980s, progress has been made in 

establishing the optimal conditions for in-vitro oocytes maturation, fertilization and 

culture of resulting embryos. These in-vitro culture systems have contributed 
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significantly to the utilization of the cells and tissues after thawing and have made it 

possible to evaluate protocols designed to cryopreseve these biomaterials more 

effectively (Agca, 2000). Successful in-vitro procedures can be classified on the 

basis of the characteristics being assessed-physical integrity, metabolic activity, 

mechanical activity, mitotic activity and in-vivo function (Seki et al. 2008). 

In-vitro culture of early follicles provides an alternative for generating mature 

oocytes. Although current systems are unable to effectively reproduce coordinated 

growth and differentiation of somatic and germinal compartments (Cecconi, 2002), 

several protocols have been developed, yielding varying results in rodents and large 

animals (Santos et al. 2010). In-vitro culture of preantral follicles from sheep 

(Cecconi et al. 1999, 2004), goats (Silva et al. 2006), cows (Telfer et al.2000) and 

primates (Wandji et al. 2001) has been performed successfully. The cultured early 

stage follicles grow at an accelerated rate, taking shorter time to reach the maturation 

stage (Cecconi et al. 1999, Telfer et al. 2008, McLaughlin and Telfer, 2010). In 

recent years, attention has been given to the possibility of obtaining mature oocytes 

from the culture of frozen-thawed preantral follicles (Santos et al. 2010). In fish, 

including rainbow trout (Jalabert 1976, Nagahama et al. 1980), goldfish (Jalabert 

1976), yellow perch (Goetz & Theofan 1979), amago salmon (Nagahama et al. 

1980), medaka (Iwamatsu et al. 1987), and zebrafish (Selman et al. 1993, 1994), 

17a,20b-dihydroxy-4-pregnen-3-one (DHP) is effective as a maturation-inducing 

hormone for in vitro maturation of fully grown oocytes at the GV stage (stage III). 

Only a few studies have examined the ability of matured oocytes to be fertilized and 

to develop till hatching (Seki et al.2008). In zebrafish, Li et al. (1993) reported an in 

vitro maturation method for zebrafish oocytes at stag e III in which oocytes could be 

matured and fertilized, and the fertilized eggs could develop to term. But this in vitro 

maturation method has been reproduced neither by other researchers nor by 

themselves, and its use has not become widespread (Seki et al.2008). 

 

 

 

1.4.1 Mammals  
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 Mammalian ovaries contain thousands of oocytes which contain both 

primordial and growing follicles that are in various developmental stages. The 

normal follicular developments of oocytes are capable of maturation, fertilization 

and embryonic development. But the largest portion of them are primordial follicles; 

hence throughout the female reproductive lifespan only a small portion of these 

follicles will produce oocytes which are capable to undergo successful maturation 

and ovulation and the rest undergo atresia (Ksiazkiewicz, 2006). So during in-vitro 

culture, the early events in folliculogenesis can be regulated by local growth factors 

and the ovarian steroid hormones like progesterone, estrogens and androgens 

(Blanco et al. 2011). Although in-vitro maturation of fully grown oocytes has been 

successful in ruminants, in-vitro maturation in human assisted reproduction is still 

experimental as its efficiency is low and only a small number of pregnancies and live 

births have been reported (Picton et al. 2003).  

 

1.4.2 Fish 

In teleosts, two different gonadotropins, follicle-stimulating hormone (FSH) 

and luteinizing hormone (LH) were identified (Kwok et al. 2005). The pituitary 

secretes FSH and LH which acts upon the gonads, stimulating their growth, 

production of eggs or sperms and synthesis of gonadal hormones (Moles et al. 2008). 

The growth stage is controlled by FSH and the maturation stage by LH (Nagahama, 

1994). Unlike in mammals, only a little is known about the physiological roles of 

FSH and LH in teleosts. 

It has been reported that FBS enhances cell growth (Frazer et al. 1999). FBS has 

been previously used in different fish cell culture experiments at different 

concentrations and it has been shown to increase the cellular growth rate (Goswami 

et al.2010, Kumar et al. 2001) but it has not been used in zebrafish cultures until 

now. Seki et al. (2008) reported that BSA was proven effective for the cytoplasmic 

maturation of zebrafish oocytes as of mammalian oocytes. 

Pang and Ge (2002) reported that hCG significantly promoted the maturation of 

zebrafish stage III oocytes. Tsai et al. (2010) also reported that in-vitro culture with 
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hCG treatment increased the follicular diameter from isolated stage II follicles to 

stage III follicles. It is also known that FSH acts in early folliculogenesis and is 

essential to an adequate development up to the vitellogenesis (Kwok et al. 2005). 

The presence of FSH receptor in granulosa cells suggests that FSH can promote 

follicular development and growth (Magalhaes et al. 2009). An in-vivo study on 

salmonoids has shown that, FSH is important in promoting follicle growth in the 

ovary (Tyler 1991). Treatment with FSH significantly increased the follicular 

diameter in most of mammalian in-vitro cultures (Rosetto et al. 2009, Rajarajan et al. 

2006). Since fish gonadotropins are not easily available, hormones from mammalian 

sources have been commonly used as the alternative in various studies in fish (Kwok 

et al. 2005).  

 

1.5 Zebrafish (Danio rerio) as a model 

 

Zebrafish (Danio reiro) are the tropical fresh water fishes. They have been 

studied widely since 1930’s in fisheries research and are considered the ideal model 

organism because they are small; can develop rapidly, and can be raised easily in 

isolation (Rugh, 1948). They also have short generation time and breed throughout 

the year. There are high levels of genetic and physiological similarities between the 

zebrafish and mammals (Zon and Peterson, 2005). The zebrafish has become an 

important model for understanding human development, diseases and toxicology 

(Menke et al. 2011). The sequencing of its genome and the ease to perform gene 

modifications promotes the use of the organism for the identification and 

determination of the functions of genes identified in the human genome leading to 

the creation of numerous zebrafish models for studying human diseases such as 

cancer, heart disease, Alzheimer’s, Parkinson’s, and muscular dystrophy (Lieschke 

and Currie, 2007, Menke et al. 2011, Whitfield, 2002, Zon and Peterson 2005). Its 

advantages in the genetic and neuroanatomical analysis of larval behaviour have also 

been described (Westerfield, 2000). Zebrafish are naturally social animals that show 

preference for the presence of conspecifics and therefore an excellent model to probe 
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the genetics of social behaviour (Norton and Cuif, 2010). It is also used in the drug 

discovery and development (Flemming, 2007). 

 

1.5.1 General information on zebrafish 

Zebrafish (Danio reiro) (Fig 1.5) belongs to the Cyprindae family and lives 

in rivers of northern India, northern Pakistan, Nepal, and Bhutan in South Asia. The 

size of the fish rarely exceeds from 4-5cm in length and has cylindrical body with 7-

9 dark blue horizontal stripes on silver, which run into caudal and anal fins, and an 

olive green back. Males are slender and torpedo in shape and golden sheen on their 

belly, ventral fin, pelvic fins and pectoral fins. Females are more silvery and they 

have larger abdomen, particularly prior to spawning. The fish are capable of 

withstanding wide ranges of temperature (15.5°C-43.3°C and pH (6.6-9.2) (Axelrod 

and Schultz, 1955). Although zebrafish reach sexual maturity in 10-12 weeks, the 

breeding fish should be between 7 and 18 months of age for maximum embryo 

production (Suwa and Yamashita, 2007). Zebrafish have asynchronous ovaries, 

containing follicles of all stages of development and the eggs are spawned 

throughout the year. Females spawn irregularly every 4-7 days in mixed populations 

(Niimi and Laham, 1974). Zebrafish show a photoperiodic response which allows 

the time of spawning to be controlled under laboratory conditions (Legault, 1958); 

however maximal embryo viability is observed when sexually isolated females are 

permitted to breed in 10-day intervals (Niimi and Laham, 1974, Selman et al. 1993). 

Interestingly, the wild species of zebrafish are primarily annual breeders; the 

spawning occurs just prior to the onset on monsoon (Spence et al. 2008). 
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Figure 1.5: Adult female zebrafish (Picture adapted from http://gomestic.com/pets/zebra-danio) 

 

1.5.2 Developmental stages of zebrafish oocytes 

 The zebrafish ovary is a dynamic organ in which the follicles undergo 

asynchronous development (Ge, 2005) Zebrafish follicles possess a large oocyte 

surrounded by the zona radiata. (vitelline envelope) and a follicular layer consisting 

of an inner layer of granulosa cells separated by a basement membrane from an outer 

theca cell layer (Peng and Clelland, 2009) (Fig 1.6).  Follicle development in the 

adult zebrafish is broadly divided into five stages (Fig 1.7): stage I (primary growth), 

II (cortical alveolus or pre-vitellogenic), III (vitellogenic), IV (maturation), and V 

(mature egg) (Selman et al.1993, Ge, 2005, Lubzens et al. 2010). The entire process 

of folliculogenesis from primary stage to the post-vitellogenic stage takes about 10 

days (Wang and Ge, 2004). 
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Figure 1.6: Diagrammatic representation of the distinction between an oocyte 

and an intact ovarian follicle 
(Picture adapted from: Reviews in fish biology and Fisheries 6, 291 (1996) 

 

Figure 1.7: Maturation of fish oocyte in the ovary 
(Picture adapted from: http://www.nzdl.org/gsdlmod?e=808a.4.7) 
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In zebrafish the early meiotic oocytes are found in nests, the smallest germ cells or 

newly formed oocytes are spherical in shape and the size is approximately 20 µm in 

diameter.  

Stage I (the primary growth stage) (Fig 1.8): The diameter of the follicle is about 7-

140 µm. The oocytes enter the early prophase stage and form the follicles. The 

primary growth stage is divided into further two stage IA (diameter of oocyte is 7-20 

µm) also known as the pre follicle phase.  At this stage the oocyte is located within a 

nest of oocytes, and the nuclei in the oocytes are large to the amount of cytoplasm. 

The chromosomes become more visible due to condensation. In stage IB (diameter 

of follicle is 20-140 µm) at this stage the oocyte leaves the nest and becomes part of 

the follicle (Selman et al. 1993). The chromosomes begin to extend and enter the 

deplotene stage. As the follicle develops, the nucleus of the oocyte increases in size; 

and during this stage the oocytes are surrounded by the layers of somatic tissue 

forming the theca and granulose cells to support the oocytes growth.     

Stage II (cortical alveolus stage) (Fig 1.8): The diameter of the follicle is 

approximately 140 µm- 340 µm), at this stage the opacity of the oocytes becomes 

visible near the germinal vesicle due to the increase in size of follicles. The germinal 

vesicle increases and becomes irregular in shape, and the nucleoli become abundant 

due to proliferation of the cortical alveoli. The cortical alveoli initially form a ring 

around the periphery of the oocyte and then accumulate inward to the nucleus. Lipid 

droplets occur later on in this stage; and there is a space appearing between the 

granulosa layer and the oocyte surface (Wallace and Selman, 1980). 

Stage III (vitellogenesis) (Fig 1.8):  Size of the follicle is approximately 340-690 µm 

in diameter, the follicles become opaque at this stage. The oocytes increase in size 

due to addition of yolk, primarily due to the secretion of vitellogenin which is a 

female specific yolk precursor protein. Vitellogenesis regulation involves the 

interaction of the anterior pituitary in the brain, follicle cells, liver and eggs. The 

anterior pituitary of the fish produces hormones known as gonadotropins and they 

are released into circulation. These hormones stimulate the theca and granulosa cells 

to produce estrogen which stimulates the liver to produce vitellogenin protein. 

Vitellogenin is secreted into the blood and is taken up by the oocyte. As the 
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vitellogenesis proceeds, most of the oocyte cytoplasm becomes occupied by yolk 

bodies. At the end of stage III the follicles become capable of responding to 

endogenous hormones and move on to stage IV where maturation takes place 

(Selman et al. 1993).  

Stage IV (oocyte maturation) (Fig 1.8): The follicle diameter increases between 690-

730 µm.  The germinal vesicle moves to the oocytes periphery and the nuclear 

envelope, it also marks the beginning of the first meiotic division. In this stage the 

chromosomes move to the second meiotic metaphase and the oocytes develop into 

eggs. During oocyte maturation, yolk bodies lose their crystalline bodies, and the 

membrane surrounding the nucleus disappears in a process known as germinal 

vesicle breakdown (GVBD). The maturation process lasts for about 4 hours; and 

during this stage the nucleus of the egg migrates from the centre of the egg to the 

periphery. After ovulation the remaining parts of the follicle become the post 

ovulatary follicle and the envelope stays back with the egg (Selman et al. 1993).  

Stage V (mature egg) (Fig 1.8): The size of the egg ranges from 730-750 µm; they 

are homogeneous, finely granular and weakly basophilic. After an oocyte is released 

into the lumen of the ovary, the cells of theca and granulosa layer remain in ovarian 

stroma as the postovulatory follicle (Wallace and Selman, 1981, Selman et al. 1993).  

 

Figure 1.8:  Stages of follicle development in zebrafish. Adapted from Clelland 

and Peng (2009)  
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1.6 Viability assessment assays before and after in-vitro culture studies 

 

 Viability assay is the most important step before undertaking further studies 

in identifying the ovarian tissue fragments of good quality. Viability assays enables 

the percentage of viable cells to be determined before and after in-vitro culture or 

cryopreservation. There are different types of viability assays depending on their 

mode of action: plasma membrane integrity assays, mitochondrial activity assays and 

functional assays. A range of vital stains have been used to assess the viability of 

zebrafish oocytes; these include trypan blue (TB) staining, fluorescein diacetate 

(FDA) and propidium iodide (PI) staining. Functional assay such as germinal vesicle 

breakdown assay (GVBD) assesses the developmental capability of the maturing 

oocytes (Plachinta et al. 2004, Selman et al. 1994, Zampolla et al. 2006). 

Trypan blue (TB) staining is widely used to assess the membrane integrity of cells. 

TB stains the nuclei and cytoplasm of the dead cells. The cells that do not take up the 

stain are considered to be viable. However prolonged exposure to TB stain may be 

inaccurate because the dye penetrates into the cells and the number of blue stained 

cells increases with the increase in time (Hudson and Hay, 1980). TB stain assesses 

membrane damage as oppose to whole cell physiological status. However, this stain 

is applicable to all oocytes developmental stages. TB staining has been successfully 

used in many studies; including cryopreserved porcine oocytes (Didion et al. 1990), 

bovine oocytes (Fouladi et al. 1998), and zebrafish oocytes (Plachynta et al.2007, 

Guan et al. 2008, Tsai et al.2009). 

Fluorescein diacetate (FDA) and propidium iodide (PI) staining assess both the 

metabolic activities and membrane integrity. Zampolla et al. (2006) had reported that 

this double staining was more sensitive than trypan blue staining and can be applied 

to zebrafish oocytes at all stages. FDA has been found suitable for most animal cells 

viability (Widholm, 1972). Rotman and Papermaster (1965) demonstrated that the 

intracellular retention of fluorescein is dependent on the integrity of the cell 

membrane. The non-polar fluorescein-diacetate molecules enter the cell and are 

hydrolyzed by cellular esterases to produce the polar compound fluorescein. This 

results in producing bright-green fluorescence inside the cell. In viable cells, the 
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fluorescein is unable to pass through the intact membrane, accumulating in the 

cytoplasm of the cell, whilst damaged cells show a distinct loss of fluorescein 

through the cell membrane (Zampolla et al.2006). Propidium iodide (PI) is a 

fluorescent dye that passess through the damaged cell membranes and intercalates 

with DNA and RNA to form a bright red fluorescent complex seen in the nuclei of 

dead cells (Edidin, 1970, Krishan, 1975). Since the dye is excluded by intact cell 

membranes, PI is an effective stain to identify non viable cells. The combination of 

FDA and PI has been used to determine viability and mammalian cells (Harrison and 

Vickers, 1990, Jones and Senft, 1985).  

 

Functional assays such as germinal vesicle breakdown assay (GVBD) are based on 

the developmental capability of the maturing oocytes. The limitation of these 

methods is their stage specific applicability (Plachinta et al. 2004). Adenosine 

triphosphate (ATP) assay is a method for assessment of the level of ATP in the 

cytoplasm of the oocytes. ATP is the main energy carrier in all living cells, generated 

during exergonic reactions (chemical reaction which releases energy) which are used 

to drive endergonic (reactions requiring energy input to proceed) (Madigans et al. 

2003). Quantification of ATP is exploited in the counting of cells in a 

bioluminescence assay with luciferase and its substrate D-luciferin (Campbell, 

1988). In the presence of ATP and molecular oxygen from the air, Dluciferin is 

catalytically oxidized by the luciferase. ATP is not the energy source of the reaction; 

it converts D-luciferin which can be oxidized by the luciferase (Campbell, 1988). In 

the reaction, oxyluciferin is produced and ATP is dephosphorylated to adenosine 

monophosphate (AMP). The reaction leads to a light emission at 560 nm, giving a 

detectable signal, which increases linearly when the sample ATP concentration 

increases (Campbell, 1988). The plate is read with a luminometer, which precludes 

compound fluorescence or auto fluorescence interference (Olsen, 2009). ATP is 

present in all metabolically active cells, hence the quantification of ATP released 

from cells is related to the cell number. When the cells die, the concentration of ATP 

decreases rapidly, due to the endogenous ATP degrading enzymes (ATPases), and so 

only living cells are counted. ATP content is a vital substance for the oocytes 

survival and is an important parameter for evaluation of viability of the cells (Knoll-
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Gellida and Babin, 2007). This assay has been used in zebrafish oocytes (Guan et.al 

2008). 

 

 

1.7 Study of biomarkers on fish  

 

The development of biomarkers dates back to the late 1980s and is a 

characteristic that is objectively measured and evaluated as an indicator of biological 

processes. A biomarker can be defined as ‘a xenobiotically induced variation in 

cellular or biochemical components, structures or functions that is measurable in a 

biological system’ (Everaarts et al.1993). Biomarkers have been studied extentively 

in the field of ecotoxicology. A variety of changes observable or measurable at 

molecular, biochemical, cellular, or physiological levels in individuals have been 

studied as biomarkers for investigating the present or past exposure of the 

individuals to pollutants (Kaiser, 2001). The use of biomarkers such as plasma 

steroid hormones, vitellogenin (VTG), and gonad histology has advanced the 

understanding of fish reproductive toxicology in field and laboratory studies, as well 

as provided mechanistic alerts for other aquatic taxa (e.g., amphibians, echinoderms, 

and molluscs) that may share similar reproductive hormone systems (Hutchinson et 

al. 2006). VTG is a good example of a marker which provides an insight to the mode 

of estrogenecity that is vital to fish reproductive health (Hutchinson et al. 2006). 

Although the use of biomarkers to assess the level of toxicity in the aquatic 

ecosystem has been well studied little is known about their use as the growth 

assessment tools in fish (Cheung et al.2007).  A major challenge in current fisheries 

research is to identify a suitable biomarker for indicating fish growth. 

VTG (Vitellogenins) are the large multidomain apolipoproteins that are the 

precursors of the major egg yolk proteins in both vertebrates and most invertebrates. 

The term “vitellogenin” (vtg) was first used by Pan et al. (1969) to describe a 

female-specific protein in the hemolymph of the Cecropia moth.  Vtg is specific to 

maturing females and hence the assessment of vtg gene expression is considered a 

useful approach in evaluating females in response to gonadal steroid changes 
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(Heppell et al. 1995). This protein is normally not detected in males or juveniles. In 

zebrafish, seven vtg genes were previously identified (Wang et al. 2005). The 

proteins fall into three main families represented by vtg 1, vtg  2 and vtg 3. While 

induction of vtg-1 has been established as a biomarker of exposure to environmental 

estrogens in male fish, little is known about how its expression relates to the stages 

of oogenesis in females (Connolly et al.2012). 

Cytochrome P450aromatase (Cyp19) is a member of the cytochrome P450 

superfamily, it catalyses the synthesis of estrogens. In humans, Cyp 19 is extensively 

expressed in tissues including ovaries, placenta, adipose, and brain. In vertebrates, it 

is expressed in the gonads and brain (Simpson et al. 1994). In fish, cyp19 is 

expressed in vitellogenic follicles during oogenesis, consistent with the function of 

estrogen in fish ovarian development (Tanaka et al. 1995; Fukada et al. 1996; Chang 

et al. 1997). Goldfish have at least two forms of cyp19, one expressed in ovaries and 

the other found in the brain (Tchoudakova and Callard 1998). In zebrafish they are 

divided into two forms: Cyp19a and Cyp19b respectively. Cyp19a is expressed 

mainly in the follicular cells lining the vitellogenesic oocytes in the ovary during 

vitellogenesis. Cyp19b is expressed abundantly in the brain, at the hypothalamus and 

ventral telencephalon, extending to the olfactory bulbs. The expression of 

duplicated cyp19 genes at two different tissues highlights the evolutionary 

significance of maintaining two active genes on duplicated zebrafish chromosomes 

for specific functions in the ovary and the brain (Chiang et al. 2001). 

 

 

 

1.7.1 Gene expression  

 

Gene expression is the process in which the gene is transcribed into mRNA; 

and the mRNA is translated into protein. This process involves transcription and 

translation and plays a role in cell differentiation and morphogenesis of any 

organism (Fig 1.9). There are several methods to analyse gene expressions such as 

polymerase chain reaction (PCR), Northern blotting, SAGE (serial analysis of gene 

expression), DNA microarrays etc. 
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Figure 1.9: Simplified overview of gene structure and expression (adapted from 

http://genome.wellcome.ac.uk/doc_WTD020755.html) 

 

 

1.7.1.1 Transcription 

 

Transcription is the first step in gene expression, in which one fragment of 

DNA is transcribed to RNA to produce mRNA by the enzyme RNA polymerase.  

Major stages involved in the synthesis of m-RNA are transcription, RNA splicing 

(post transcription modification) and polyadenylation. Specific nucleotide sequence 

informs RNA polymerase at the beginning and end stage. The RNA polymerase 

attaches to the DNA at a specific site called the promoter region.  RNA is composed 

of nucleotide bases, adenine, guanine, cytosine and uracil (U). When RNA 

polymerase transcribes the DNA, guanine pairs with cytosine and adenine pairs with 

uracil. RNA polymerase moves along the DNA until it reaches a terminator 

sequence. At that point, RNA polymerase releases the mRNA polymer and detaches 

from the DNA (Synder and Champness, 2007). 
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1.7.1.2 Translation 

 Protein synthesis is completed through a process called translation. 

After the DNA is transcribed into an mRNA during transcription, the mRNA is 

translated to produce a protein. In translation, mRNA along with transfer RNA 

(tRNA) and ribosomes work together to produce proteins. Translation is divided into 

three phases: initiatation (a special tRNA for initiation), elongation (addition of 

amino acids to the growing chain) and termination (release of the completed 

polypeptide) (Synder and Champness, 2007). 

 

1.7.2 Gene expression analysis:  

 

1.7.2.1 Polymerase chain Reaction (PCR) 

Mullis et al. (1986) developed the process known as PCR. This is a technique 

which allows amplification of particular regions of DNA. The procedure involves 

three major steps which are denaturation of the DNA template, annealing and 

extension. In order to initiate the process of replication of DNA, two informing 

sequence codes denominated primers are required which promote the beginning and 

reversion of the reaction of the polymerase (RNA-pol) at particular locations of the 

genome (Montaldo et al., 1998). The amplification of thousands of copies of a gene 

of interest is obtained by repeated cycles of synthesis and denaturation of the DNA 

using temperature changes. Since the primers are specific sequences to bond to a 

determined region of DNA, only the specific amplification of the desired sequence 

of DNA instead of amplifying the DNA in its totality is obtained (Burastowski, 

1994; Koleske and Young, 1995; Stein et al. 1996). 

 

1.7.2.1.1    PCR primer design 

 

Good primer design is essential for successful PCR reactions; since this is the 

key to specific amplification with high yield. The main factors to be considered are: 

(1) primer length is generally accepted that the optimal length of PCR primers is 18-
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22 bp; (2) primer melting temperature is defined as the temperature at which one half 

of the DNA duplex will dissociate to become single stranded and indicates the 

duplex stability. Primers melting temperatures should be in the range of 52-58 oC; 

(3) primer annealing temperature is the estimate of the DNA-DNA hybrid stability 

and critical in determining the annealing temperature.The primer annealing 

temperature should not be too high or too low. Primer annealing temperature can be 

calculated using formula Ta = (0.3 Х Tm of primer) + (0.7 Х Tm of product); (4) GC 

content - is the number of G's and C's in the primer as a percentage of the total bases. 

The GC content of the primer should be 40 – 60%; (5) Primary secondary structure- 

avoid secondary structure (self complimentarily) particularly in 3’ region to prevent 

primer dimer and (6) PCR product size should be more than 1000bp and not cross 

axon-intron junction. 

 

1.7.2.1.2  RT PCR (Reverse transcriptase PCR) 

RT PCR technique is used to study the gene expression; in this study RNA 

cannot be used as a template, and hence as the first step it is important to convert the 

RNA into cDNA. The procedure involves three main steps: denaturation, annealing 

and extension. Initially the denaturation of RNA secondary structure takes place, 

when the primer anneal to the RNA, the deoxynucleotide triphosphates (dNTPs), 

RNAse inhibitor, reverse transcriptase and RT buffer initiates their reaction. Finally 

the temperature is increased to inactive the enzyme. Oligo (dT) primers, random 

primers and gene specific primers are commonly used for the RT reaction. The 

successful amplification of DNA depends on good primer design and selection of taq 

enzyme, MgCl2 concentration and template concentration. The whole procedure is a 

cycle (Figure 1.10).  
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Figure 1.10: The profile of PCR temperature cycling. Step 1: 

the initial denaturation of template is accomplished at 95-100 °C. Step 2: 

annealing takes place at temperature ranging 50-60°C. Step 3: primer 

extension is usually performed at 72 °C. Step 1 to step 3 is one cycle and 

the process is usually repeated 35 times. (Adapted from 

http://www.mikeblaber.org/) 

 

1.7.2.2 Real time PCR (Quantitative polymerase chain reaction-qPCR)  

 Real time PCR is the technique to detect and quantify the increase in the 

amount of DNA as it amplified in real time. Real time PCR allows quantification of 

small transcripts and changes in gene expression (Pfaffl, 2001; Bustin, 2000). This 

method is very sensitive and can detect even a single copy of a specific transcript 

(Palmer et al. 2003), and it requires only less templates as starting material for gene 

expression and produces relatively high throughput. Analysis of gene expression is a 

multi-step procedure that includes RNA extraction, reverse transcription, real time 
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PCR data acquisition and data analysis. Several different methods are available for 

determining the amount of PCR product present at the end of each cycle, but it 

depends on measuring the amount of fluorescent molecule that is associated with 

newly synthesized DNA copy. Some of the methods are DNA-binding dyes, 

molecular beacons, hybridization probes and hydrolysis probes (Wittwer et al. 

1997).  

 

1.7.2.2.1 Quantification method of real time PCR   

 The data can be analysed by two methods namely absolute quantification 

and relative quantification. In absolute quantification the PCR signal is converted to 

Ct values (cycle number) and the concentration is evaluated using a calibration 

curve. In this method, a known concentration of oligonucleotides is run along with 

the experimental sample, at the end of the run the calibration curve was obtained and 

the transcript concentration was calculated. Relative quantification, or comparative 

quantification, measures the relative change in mRNA expression levels. It 

determines the changes in steady state mRNA levels of a gene across multiple 

samples and expresses it relative to the levels of RNA. Relative quantification does 

not require a calibration curve or standards with known concentrations and the 

reference can be any transcript, as long as its sequence is known (Bustin, 2002). To 

achieve optimal relative expression results, appropriate normalization strategies are 

required to control for experimental error (Vandesompele et al. 2002; Pfaffl  et al. 

2004), and to ensure identical cycling performance during real-time PCR. These 

variations are introduced by various processes required to extract and process the 

RNA, during PCR set-up and by the cycling process. There are two mainly 

mathematical models available to calculate mean normalised gene expression from 

relative quantification assay which are (1) without efficiency correction using 

equation below (Eqs. 1 & 2) and (2) With kinetic PCR efficiency correction (Eqs 3) 

(Pfaffl 2004) Fig 1.11. 
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Fig 1.11 Equation to calculate relative quantification 

 

 

1.8 Aim and rationale of the intended research project 

 Cryopreservation of fish reproductive tissue has important applications in 

aquaculture, conservation and biomedicine. The ability to cryopreserve both 

maternal and paternal gametes would provide a reliable source of fish genetic 

material for scientific and aquaculture purposes. Fish sperm cryopreservation of 

many species has been achieved, but cryopreservation of fish oocytes and embryos 

has not been successful (Zhang et al. 1995, Hagedorn et al. 1995). A number of 

studies on the cryopreservation of zebrafish oocytes have been carried out in our 

laboratory, the results showed that although ovarian follicle viability remained 

relatively high after cryopreservation and especially at early stages using vital stains, 

their ATP levels decreased dramatically after cryopreservation indicating damages to 

the energy system (Tsai et al. 2008). Ovarian tissue cryopreservation is a viable 

alternative to cryopreservation of oocytes or embryos in humans (Borges et al. 2009, 

Newton et al. 1999, Schmidt et al. 2003, Wood et al. 1997) and also proved to be 

effective on other species such as sheep, cattle and goat (Borges et al. 2009). 

Ovarian tissue cryopreservation has had much scientific and public attention due to 

their great potential use in human infertility treatment, in safeguarding the 

reproductive potential of the endangered species and in genome banking of 

genetically important lab animal strains (Agca. 2000). Cryopreservation of ovarian 

tissues has advantageous over the oocytes as they can be cultured and cryopreserved 

   R=2-[ΔCP sample- ΔCP control]                                            Eq 1 

   R=2-ΔΔCP                                                                 Eq 2 

   Ratio = (Etarget) ΔCP (target) (control-sample)                Eq 3 

                  (Eref) ΔCP (ref) (control- sample) 
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in small pieces which are rich in primary follicles. Late stage oocytes are much more 

difficult to cryopreserve as they are much larger and have low volume to surface area 

ratios, they have also been shown to have low membrane permeability and highly 

sensitive to chilling (Isayeva et al. 2004, Isayeva et al, 2005). Hence studies on 

cryopreservation of fish ovarian tissues would need to be accompanied by the 

development of in vitro culture method of these tissues as although some studies 

have been carried out on culturing of isolated zebrafish oocytes (Ge et al. 2003), 

zebrafish ovarian tissue culture has not been studied systematically. 

The present study focuses on:  

(i) Studies on cryoprotectant toxicity to ovarian tissue fragments containing stage I 

and stage II follicles. Selection of cryoprotectants is an important step in designing 

the cryopreservation protocols; in the present study, as the first step for zebrafish 

ovarian tissue cryopreservation the impact of cryoprotectants on zebrafish ovarian 

tissue fragments was studied. 

 (ii) Development of in-vitro culture protocol for zebrafish ovarian tissue fragments 

and growth assessment of stage I and stage II ovarian follicles using biomarkers. In 

vitro culture of zebrafish ovarian tissue fragments are studied here for the first time 

although preliminary work had been done for isolated early stage zebrafish ovarian 

follicles in our laboratory. Although follicle growth can be assessed by measuring 

the diameter of the follicles, biomarkers would provide more important information 

on follicle development. The present study also focuses on the development of 

biomarker to identify the growth of early stage follicles before and after in vitro 

culture. 

(iii) Development of cryopreservation protocols using controlled slow cooling for 

zebrafish ovarian tissue fragments. In the present study, cryopreservation of 

zebrafish ovarian tissue fragments containing stage I and stage II follicles are studied 

using controlled slow cooling. The effect of freezing medium, cooling rate, 

cryoprotectants, ovarian follicle developmental stage, different viability assessment 

methods were studied. The uses of disaccharides in the cryoprotectant mixture were 

also investigated.  
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CHAPTER 2 MATERIALS AND METHODS 

 

2.1 Introduction 

 There were 3 main areas of study in the project:  (i) cryoprotectant toxicity of 

ovarian tissue fragments containing stage I and stage II follicles; (ii) development of 

an in-vitro culture protocol for zebrafish ovarian tissue fragments and growth 

assessment of stage I and stage II ovarian follicles using biomarkers; and (iii) 

development of cryopreservation protocols using controlled slow cooling for 

zebrafish ovarian tissue fragments. All experimental work was carried out in the 

laboratories at the Institute of Research in the Applied Natural Sciences (LIRANS), 

University of Bedfordshire, UK.  

 

2.2 General Methods 

 

2.2.1 Maintenance of zebrafish (Danio rerio) 

 

2.2.1.1 General Information 

 Adult zebrafish (12-14 weeks old) were obtained from Aquascape Ltd. 

(Birmingham, UK). They) were maintained in 40L fish tanks (30 x 30 x 60 cm). 

Adult zebrafish (both males and females) were kept in filtered and aerated 40L glass 

fish tanks (30 x 30 x 60 cm); at the maintained room temperature 27°C±2°C (pH 7.2-

8) with a light/dark cycle of 12/12h. Approximately 40 fishes were kept in each tank 

with an in-tank filtration system. The water was replaced twice a week.  Tap water 

aged for 2 days was used in the tanks in order to decrease the contents of chlorine; 

and also alternatively the tank was filled with deionised water by adding 2.5 g of salt 

per 10L water. The water was aerated and filtered using an electric pump connected 

to upright funnel contained filter floss in 1 L beaker immersed in fish tank. The 
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funnel and floss were held in position by a layer of smooth gravel. Water was pulled 

through the gravel and floss by the suction effect generated by the rising air bubbles. 

 

2.2.1.2 Feeding  

 Fish were fed three times a day with ‘Tetramin’ (Tetra, Germany) dry fish 

flake food (ingredients: processed fish and fish derivatives, cereals, yeast, vegetable 

protein extracts, molluscs and crustaceans, oils and fats, derivatives of vegetable 

origin, algae, various sugars contains permitted colorants) and once in the afternoon 

with  fresh brine shrimp (Artemia salini). Brine shrimps cysts (ZM systems, UK) 

were prepared in sea-water- filled, aerated hatcheries (made up with 52.5g of sea salt 

(ZM systems, UK) in 1.5L distilled water maintained at 27±1° C.). During weekends 

and holidays, automatic fish feeders (Fish mate F14 aquarium fish feeder) were used 

to feed the fish. 

 

2.2.1.3 Collection of ovarian tissue fragments containing stage I and stage II 

follicles 

 Cryopreservation of ovarian tissue is advantageous over the oocytes as they 

can be cultured and cryopreserved in small pieces which are rich in primary follicles. 

There are several studies undertaken on zebrafish oocytes cryopreservation at 

different stages (Guan et al. 2008, Zampolla et al. 2008, Tsai et al. 2009), they have 

resulted in compromised viability. Hence cryopreservation of zebrafish ovarian 

tissue fragments provides a promising alternative for zebrafish oocytes 

cryopreservation. Since the follicles within the ovarian tissue fragments remain in 

the natural three-dimensional structure (Fabbri et al. 2003). Studies on zebrafish 

oocytes has also shown that early stage oocytes are less sensitive to chilling when 

compared to the late stage oocytes (Isayeva et al. 2004, Plachinta et al. 2004, Tsai et 

al. 2009), hence tissue fragments containing early stage follicles (stage I and stage 

II) were used in the present study. Experiments were conducted on tissue fragments 

of 0.35-0.45mm in length and 2.3mm in thickness containing stage I and stage II 

ovarian follicles. To obtain the ovarian tissue fragments (Fig 2.1); the ovaries were 
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collected from adult female zebrafish which were anaesthetized with a lethal dose of 

tricaine (0.6mg/ml for 5-10mins), ovaries were removed after decapitation and were 

immersed immediately in 90% Leibovitz-15 (L-15) medium at pH 9. L-15 medium 

is widely used in fish ovarian follicles culture and for in-vitro maturation (Pang and 

Ge, 2002, Seki et al. 2008, Tsai et al. 2010). The ovarian tissue fragments containing 

stage I and stage II follicles were carefully dissected from the ovaries and were cut 

into thin slices (2.3mm) using syringe needles. The ovarian tissue pieces were 

flattened and stretched until stage I and stage II was clearly visible. The stage III 

ovarian follicles were separated by gentle pipetting of the ovaries. After dissection, 

the ovarian fragments were washed three times in L-15 medium and then were 

randomly distributed in wells of 6-well plates containing L-15 medium. Ovarian 

fragment dissections were carried out within 20 min at the room temperature.  

 Ovarian follicles within the tissue fragments were determined by light 

microscopy according to the criteria of the developmental stages described by 

Selman et al. (1993).  Stage I ovarian follicles are transparent and the size ranges 

from 7-140µm; stage II ovarian follicles are translucent and are 140-340 µm. 

   

Figure 2.1: Ovarian tissue fragments containing stage I and stage II follicles 

 

2.2.2 Chemicals 

 Information on the chemicals used in the present study is given in Table 2.1 

of Appendix A. Fresh aqueous solutions were prepared in deionised water shortly 

before their use. If necessary, solutions were stored in the fridge (4°C) or freezer (-

20°C). 
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Table 2.1 The chemicals used in the present study 

Chemicals     Source    Product 

No. 

Agarose    Bioline    BIO41025 

Amphotericine B   Sigma    A2942 

Albumin from bovine serum  Sigma    A8022 

ATP assay kit    Sigma    FLAA213-579-1 

BIOTAQTMDNA Polymerase  Bioline    BIO21040 

Chronic gonadotropin, human (hCG) Sigma    C1063 

Dimethyl sulphoxide (DMSO) Sigma    472301 

dNTP mix    Bioline    BIO39053 

EDTA     BDH    16079 

Ethanol    Sigma    E7023 

Ethylene glycol (EG)   BDH    10324 

Ethidium bromide   Sigma    E1510 

EZNA gel extraction kit  Omega Bio-tek  A112907W 

Fluorescein diacetate (FDA)  Sigma    F7378 

Follicle stimulating hormone (FSH) Sigma    F4021 

Fetal bovine serum (FBS)  Sigma    F6178 

Gentamycin    Sigma    G1272 

HyperladderTMV   Bioline    BIO33031 

L-15 medium    Sigma    L4386 

Methanol    Sigma    154903 

Potassium chloride    Sigma    P3911 

Potassium hydroxide   Aldrich   22147-3 

Potassium iodide (PI)   Sigma    P4170 

PBS tablet    Sigma    P4417 
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Propylene glycol   BDH    29673  

Penicillin G    Sigma    P7794 

Sensimix SYBR no-ROX kit  Bioline    QT650-05 

Sucrose    Sigma    S5016 

Trehalose    Sigma    T0167 

Tris Buffer    Sigma    T5912 

Tricaine    Sigma    A5040   

Trypan blue (TB)   Sigma    T8154   

 

 

2.3 Ovarian tissue fragments viability assessment 

 In the present study different arrays of viability assessment have been used 

for zebrafish ovarian tissue fragments: trypan blue (TB) staining, fluorescein 

diacetate (FDA) and propidium iodide (PI) staining, ATP (Adenosine 5´-

triphosphate) assay. 

 

2.3.1 Trypan blue assay 

Trypan blue staining is a simple and widely used technique to assess the 

membrane integrity of cells. TB is a vital dye and does not penetrate the cells unless 

the membrane is damaged. To perform the TB assay, ovarian tissue fragments were 

incubated in 0.2% trypan blue for 3-5min at the room temperature and then washed 

with 90% L-15 medium. The stained follicles were considered non-viable and 

unstained follicles were considered viable. The follicles were observed under light 

microscope. And the viability of the follicles within the fragments was calculated as 

follows: 

Viability (%) =   Number of stained cells    ×   100 

                                    Total number of cells  
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2.3.2 Fluorescein diacetate (FDA) and propidium iodide (PI) staining 
  

 

FDA+PI staining assay is considered to be more sensitive to TB staining 

(Zampolla et al. 2006); this technique is used to assess both the physiological state 

and the membrane integrity of cells. In the FDA-PI assay, FDA stock solution was 

prepared by dissolving 5mg FDA in 1ml acetone and the PI stock was prepared by 

dissolving 1mg PI in 50ml Hank’s solution. The FDA working solution was prepared 

freshly each time by adding 20µl of FDA stock in 5ml Hank’s solution. To stain the 

ovarian tissue fragments, 0.1ml of FDA working solution and 30µl PI was added 

directly to the tissue fragments and the tissue fragments were incubated in the dark 

for 3-4 min at 22°C. The follicles were observed under an inverted fluorescence 

microscope (LEICA DM IL) with two filter cubes: 13 excitation filter: band pass 

(BP) 450-490nm; dichromatic mirror: 510; suppression filter: long pass (LP) 515 and 

N.2.1 filter excitation filters: BP: 515-560 nm; dichromatic mirror: 580; suppression 

filter: LP: 590. This filter arrangement does not permit both green and red 

fluorescing follicles to be seen simultaneously.  The bright green fluorescing follicles 

was considered to be viable and the bright red stained follicles were considered as 

non-viable (Fig 2.2). And the viability of the follicles within the fragments was 

calculated as follows: 

 

Viability (%)      =        Number of green stained cells             ×    100 

                              Total number of cells (Green+ Red)  
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Figure 2.2: Stained ovarian fragments after FDA (a) +PI (b) staining. Follicles 

fluorescing bright green colour were considered to be viable, and follicles 

stained red were considered non-viable. 

 

 

 

2.3.3 ATP (Adenosine 5´-triphosphate) assay 

ATP assay is based on the level of the ATP content present in the cytoplasm of the 

oocytes to evaluate the viability of the oocytes. ATP is a vital substance for the 

normal development and reproductive potential of the oocytes. High ATP content is 

required for progression of immature oocytes through maturation stage, as meiosis 

and the associated processes consume large amounts of energy. It has been used in 

fish oocytes (Knoll-Gellida and Babin, 2007; Guan et al. 2008). The ATP content of 

the zebrafish ovarian follicles within the tissue fragment was evaluated by using 

ATP bioluminescent assay kit (FL-AA, Sigma). 

 

 

Preparation of extract from the ovarian tissue fragments  

 

Ovarian tissue fragments from control group and fragments exposed to different 

conditions were used for the preparation of extracts for ATP determination. For the 

extract preparation, three pieces ovarian tissue fragments in 1ml of ice cold 0.5M 

perchloric acid and 4mM EDTA were homogenised with a conical glass pestle. The 

a b 



49 
 

homogenate was centrifuged at 20,000g for 5min at 0.2°C in a refrigerated 

centrifuge. The supernatant was separated and neutralised to between pH6 and 7 

with 2.5M KOH. The neutralised supernatant was centrifuged for 5min at 8000g and 

the new supernatant was collected. This extract was loaded into eppendorf tubes and 

stored at -20°C until ATP determination. For all experiments, three replicas were 

used for each treatment and experiments were repeated at least three times. 

 

Preparation of FL-AA reagents 

 

FL-AAM (ATP assay mix): The ATP assay mix contained: a lyophilized powder 

containing luciferase, luciferin, MgSO4, DTT, EDTA, bovine serum albumin and 

tricine buffer salts, this mixture was dissolved in 5ml deionised water to make a 

stock solution with pH 7.8. The stock solution was stored at 5°C up to 2 weeks. Prior 

to the experiments, FL-AAM solution was diluted with FL-AAB (ATP assay mix 

dilution buffer) a 25-fold dilution was used for ATP concentrations of 2x10-10 to 

2x10-7 mol/l. 

 

FL-AAB (ATP assay mix dilution buffer): This mix contained lyophilizes powder 

containing MgSO4, DTT, EDTA, bovine serum albumin and tricine buffer salts, this 

mixture was dissolved in 50ml of deionised water. This solution was stored at 5°C 

up to 2 weeks. 

 

FL-AAS (ATP standard) - The ATP standard contained 1mg (2.0 x 10-6 mole) of 

ATP. The solutions were made in sterile deionised water. A number of solutions of 

decreasing ATP concentrations were prepared in sterile deionised water: 2 x 10-5, 2 x 

10-6, 2 x 10-7, 2 x 10-8, 2 x 10-9, 2 x 10-10, 2 x 10-11 and 2 x 10-12M. Solutions were 

stable for 2 weeks when stored at    -20°C or upto 24h at 5°C. A calibration curve 

was established from the fluorescence measurement emitted during reaction with FL-

AAM.  
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Determination of ATP level 

0.1ml of ATP assay mix solution was added to a vial, gently swirled and left to stand 

at room temperature for approximately 3 min. 0.1ml of the sample was added. The 

mixture was then swirled quickly and light emitted was immediately measured with 

a luminometer. To determine the amount of light produced, 0.1ml of deionised water 

was added to 0.01ml of ATP assau mix solution, the mixture was swirled and the 

luminescence was measured. The value obtained was subtracted from that of the 

samples. The final value was proportional to the amount of ATP in the sample. A 

calibration curve was established from different dilutions of FL-AAS, and this was 

then used to determine the ATP concentrations in the samples. ATP content of the 

ovarian fragments was measured using the luciferin-luciferase bioluminescence 

assay provided by a FL-AA kit. A luminometer (TD-20/20 luminometer-turner 

design) was used for all measurements. Light was measured and subtracted by 

running an appropriate blank. As directed by the manufacturer’s instructions (Sigma 

–A1), a fresh calibration curve was constructed for each assay. The curve was 

constructed by plotting the log of relative luminescence intensity (RLI) against the 

log of ATP concentration (moles/l) using a serial dilution of an ATP standard. The 

least square method was used to convert ATP-induced light to moles of ATP 

according to the calibration plot prepared each day. The regression parameter (slope 

and intercepts) were used to convert test measurement to ATP: 

 

log10 (RLImeasure-RLIbackground) = slope x log10 (ATP/M) + intercept 

 

log10 (ATP/M) = log10 (RLImeasure – RLIbackground)- intercept/ slope 

 

ATP/M = 10^ ((RLImeasure-RLIbackground) –intercept/ slope 

 

ATP released from the fragments was monitored using the luciferin-luciferase 

bioluminescence assay in a luminometer (TD-20/20 Luminometer). 10sec integration 

period was used, with 2sec delay period before each integration period. The total 

amount of light produced by the sample was measured 5 times over a period of 10 

minutes, in order to eliminate the quenching of luminescence with time. The mean 
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luminescence level of each sample was then calculated. For each treatment, three 

replicates were measured.  

 

 

Statistical Analysis  

Statistical analysis was carried out using SPSS (SPSS for windows version 16.0) and 

Microsoft Excel. The normality and homogeneity of the variance were tested. 

Comparisons were made by one-way ANOVA. Where difference was found, 

Tukey’s post hoc test was carried out to establish which samples were significantly 

different from the control group. All data were expressed as mean ± SEM across the 

three replicates and P values of less than 0.05 were considered to be significant. 

 

 

2.3.4 Confocal Microscopy 

 

The samples were examined using a Leica TCS-SP/DM IRBE (Leica, 

Microsystems (UK) Ltd, Miltonkeynes, UK) confocal microscope equipped with 

Ar/Kr laser. The ovarian follicle growth within the fragments was assessed through 

bright field. Objectives (20X, 40X water immersion), pinhole, filters, gain and offset 

were kept constant throughout the experiment. The digital images were obtained 

with Leica TCS software and stored in TIFF format. The TIFF images were 

processed with the Leica LAS-AF Lite software. Atleast 10-15 fragments were 

analysed in three repeated experiments.  

 

 

2.4 Studies on cryoprotectant toxicity to ovarian tissue fragment 

 

The first step in any cryopreservation protocol is the exposure of the cells to 

cryoprotectant; this procedure can result in extreme fluctuations in volume, causing 

cell damage or making the cells more susceptible to damage during subsequent 

cooling. Hence, it is important to determine the impact of cryoprotectants on 

zebrafish tissue fragments as a first step in cryopreservation protocol. The optimum 

cryoprotectant (CPA) should have low toxicity and be able to permeate the cells 
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(Pegg, 2007). In order to identify the CPA in a suitable concentration for zebrafish 

ovarian tissue cryopreservation, studies on toxicities of five permeating 

cryoprotectants methanol, ethanol, dimethyl sulfoxide (DMSO), ethylene glycol 

(EG) and propylene glycol (PG) were carried out. Methanol has been shown to be 

the most effective cryoprotectant in zebrafish ovarian follicle studies in our 

laboratory (Zhang et al. 1996, Plachinta et al. 2004, Tsai et al. 2008, Zampolla et al. 

2008). Ethanol has also been found to be an effective cryoprotectant for catfish 

(Muchlisin et al. 2009) sperm cryopreservation but it has not been used for zebrafish 

embryos or ovarian follicles cryopreservation before. DMSO is commonly used 

cryoprotectant in the cryopreservation of a wide range of cells types, tissues and 

organs. Both PG and EG have been widely used for mammalian oocytes and ovarian 

tissues.  

 

2.4.1 Exposure of zebrafish ovarian tissue fragments to different 

cryoprotectants 

 

The ovarian tissue fragments were placed in 90% L-15 medium at room 

temperature immediately after collection. Solutions of cryoprotectants were made up 

in 90% L-15 medium at a range of concentrations: 1M, 2M, 3M and 4M.  

For cryoprotectant toxicity studies, 10-12 ovarian tissue fragments were 

placed into each well of the 6 well tissue culture plates. Ovarian tissue fragments 

were treated in 3ml cryoprotectant solution for 30min at room temperature. Control 

ovarian tissue fragments were incubated in 90% L-15 medium for 30min at room 

temperature. After incubation, the tissue fragments were washed twice in 90% L-15 

medium and the viability of the ovarian tissue fragments were assessed immediately.  

Ovarian tissue viability after cryoprotectant treatment was assessed using 

three different assays: TB staining, FDA+PI staining and ATP assay. Statistical 

analysis was carried out using SPSS (SPSS for windows version 16.0) and Microsoft 

Excel. The normality and homogeneity of the variance were tested. Comparisons 

were made by one-way ANOVA, where difference was found Tukey’s post hoc test 
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was carried out to establish which samples were different. All data were expressed as 

mean ± SEM across the three replicates and P values of less than 0.05 were 

considered to be significant. Normalised ovarian follicles survival (Guan et al. 2008) 

was used to compare viability results obtained from the three different viability 

assessment methods following cryoprotectant exposure:   

 

 

Normalised ovarian follicles survival (%) = (100/untreated control survival) 
x experimental survival 

 

 

2.5 Development of in-vitro culture protocol for zebrafish ovarian tissue 

fragments  

Development of in vitro culture protocol for zebrafish ovarian tissue 

fragments is important since cryopreserved early stage ovarian follicles  would need 

to be matured in vitro. Studies on in vitro culture of ovarian tissue fragments has 

been reported here for the first time although preliminary work has been done for 

isolated early stage zebrafish ovarian follicles (Tsai et al. 2010). Although several 

procedures that can be applied on late stage of ovarian follicles have been reported 

(Seki et al. 2008) only a little is known about the early follicle development. Thus, 

the main aim of the present study was to develop an optimum in- vitro culture 

condition for zebrafish ovarian tissue fragments containing stage I and stage II 

follicles. The culture medium with growth supplements bovine serum albumin (BSA) 

and foetal bovine serum (FBS) provides better growth of ovarian follicles than when 

cultured in normal medium. And the use of growth hormones human chorionic 

gonadotropins (hCG) and follicle stimulating hormones (FSH) along with growth 

supplement enhance the culture system by stimulating proliferation and 

differentiation of granulose cells in-vitro.  In these experiments, procedures for in-

vitro culture of ovarian tissue fragments were developed. The effect of growth 

supplements BSA and FBS; and the effect of growth hormones hCG and FSH were 
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studied. The ovarian tissue fragments were cultured in 90% L-15 medium. In total, 

three replicates were used for each experiment with 3 tissue fragments (containing 

stage I and stage II follicles) in each replicate. The experiments were repeated at 

least three times. 

 

2.5.1 Effect of growth supplements on the ovarian follicle growth competence 

within the tissue fragment   

2.5.1.1 Effect of FBS on early stage ovarian follicle growth competence within the 

tissue fragment 

Ovarian fragments were prepared for culture by washing three times in 

washing medium (0.01M PBS, 400µg/ml gentamycin, 200 U/ml penicillin and 

2.5mg/ml amphotericine B). Ovarian fragments containing stage I and stage II 

follicles were placed in 1.5ml of 90% L-15 medium (pH 9) containing 10, 20, 25% 

FBS for 24h at 28° C in 6-well tissue culture plates. The culture medium was freshly 

made and filter sterilized. One piece of ovarian fragment was individually cultured. 

Control ovarian fragments were incubated in 90% L-15 medium (pH 9). After in 

vitro culture, ovarian follicle growth within the fragment was assessed by measuring 

the diameter in bright field with confocal microscope. 

 

2.5.1.2 Effect of BSA on early stage ovarian follicle growth competence within the 

tissue fragment 

 Ovarian fragments were prepared for culture as described above. 

Ovarian fragments containing stage I and stage II follicles were placed in 1.5ml of 

90% L-15 medium (pH 9) containing 0.5% BSA (Seki et al. 2008)  for 24h at 28°C 

in 6-well tissue culture plates. The culture methods and assessment methods 

described in (see paragraph 2.5.1.1) were used in this experiment. 
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2.5.2 Effect of growth hormones on the ovarian follicle growth competence 

within the tissue fragment   

 

2.5.2.1 Effect of hCG on early stage ovarian follicle growth competence within the 

tissue fragment 

Ovarian fragments were prepared for culture as described above. Ovarian 

fragments containing stage I and stage II follicles were placed in 1.5ml of 90% L-15 

medium (pH 9) containing 10IU/ml hCG for 24h at 28° C in 6-well tissue culture 

plates. The culture methods and assessment methods described in (see paragraph 

2.5.1.1) were used in this experiment. 

 

2.5.2.2 Effect of FSH on early stage ovarian follicle growth competence within the 

tissue fragment 

Ovarian fragments were prepared for culture as described above. Ovarian 

fragments containing stage I and stage II follicles were placed in 1.5ml of 90% L-15 

medium(pH 9) containing 10, 20, 30, 40, 60, 80, 100 and 120 mIU/ml FSH for 24h 

at 28° C in 6-well tissue culture plates. The culture methods and assessment methods 

described in (see paragraph 2.5.1.1) were used in this experiment. 

 

2.5.3  Confocal microscopy 

The cultured samples were examined using a Leica TCS-SP/DM IRBE 

(Leica, Microsystems (UK) Ltd, Miltonkeynes, UK) confocal microscope equipped 

with Ar/Kr laser (see paragraph 2.3.4). 
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2.6 Growth assessment of early stage follicles within the tissue fragments using 

biomarkers before and after in-vitro culture 

Based on the results obtained from the in-vitro culture study in the present 

study, the tissue fragments containing stage I and stage II follicles could be cultured 

in 90% L-15 medium (pH 9) with 20% FBS and 100IU/ml FSH for 24 h at 28°C. 

The study demonstrated the follicle growth in size from stage I and stage II or stage 

II to stage III respectively. Although the follicle growth could be assessed by 

measuring the diameter of follicles using confocal microscopy (see paragraph 2.3.4), 

biomarkers would provide more vital information on the follicular development. The 

aim of the present study was to develop a biomarker to identify stage II and stage III 

ovarian follicles after in vitro culture. Studies on the levels of vtg1 and p450aromA 

genes in stage I, II, III ovarian follicles of zebrafish before and after culture were 

carried out using PCR. Vtg1 and p450aromA genes are known to be expressed in 

zebrafish ovary (Munck et al. 2006; Ings et al. 2006).  

 

2.6.1 To study the p450aromA and vtg1 gene expression on early stage ovarian 

follicles  

In the present study, gene expression studies were carried out in zebrafish ovarian 

follicles. Gene expression experiment was carried out for vtg1 gene and p450aromA 

gene at different ovarian follicle developmental stages (stage I, stage II and stage III 

follicles). The process includes RNA extraction, DNAse treatment, reverse 

transcription, polymerase chain reaction (PCR), and analysis of PCR product using 

agarose gel. 

 

2.6.1.1 RNA extraction 

Total RNA was extracted from ovarian follicles using trizol (Invitrogen, UK) 

method; using manufacturer’s protocol. RNA was extracted from stage I, stage II and 

stage III ovarian follicles. 20-30 ovarian follicles were collected for each stage in 

separate effendorf tubes respectively. The steps involved in RNA extraction are 

detailed below: 
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1. 125µl of trizol was added into each tube. 

2. The tubes were vortexed until the samples are digested completely. 

3. 25µl of chloroform per 1ml trizol was added and was mixed vigorously. This 

gives rise to a pale pink colour solution. 

4. Centrifuged the tubes at 12000g for 15min at 4°C, and the aqueous layer 

were transferred into the new effendorf tubes.  

5. Isopropanol was added to the aqueous solution in a 1:1 ratio; and the tubes 

were vortexed. 

6. The tubes were refrigerated for 20min at 4°C, after which, the excess 

isopropanol was removed. 

7. 1ml of 75% ethanol was added to these tubes and was centrifuged at 7500g 

for 8 min at 4°C. 

8. The excess ethanol was removed and the samples were air dried. The 

extracted RNA was dissolved in 50µl PCR water for DNAse treatment.   

 

2.6.1.2 DNAse treatment 

 DNAse treatment was performed to remove any genomic DNA 

contamination in the extracted RNA. The steps involved in the DNAse treatment are 

detailed below: 

1. 0.1 volume of DNAse buffer I(100mM Tris, 25mM MgCl2, 1mM CaCl2) and 

1µl DNAse I enzyme was added to the extracted RNA sample and incubated 

at 37°C for 20min. 

2. 0.1 volume of DNAse inactivation reagent was added to the sample-enzyme 

mixture and was incubated for 2min at room temperature. 

3. Sample mixture was centrifuged at 13000rpm for 1.5min to pellet the 

inactivation reagent and genomic DNA. 

4. RNA containing the supernatant was collected and stored at -80°C until 

further use. 
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2.6.1.3 Total RNA quantification 

 RNA quantification was carried out using BiophotometerTM(Eppendorf, 

Germany). RNA was diluted 1:50 with PCR water (Sigma, UK) in the 

cuvette(Eppendorf, Germany) and the absorbance was read at 260 and 280nm. The 

BiophotometerTM automatically calculated the RNA concentration in the original 

sample using the following equation: 

(Absorbance at 260nm x RNA’s co-efficient) X Dilution factor = µg/ml of RNA 

Where the RNA coefficient= 40ng/µl and dilution factor= 50 

The BiophotometerTM also showed the purity of the RNA by calculating the 

absorbance ratio at 260nm and 280nm. The pure RNA sample was ranged from 1.7-

2.1. 

 

2.6.1.4 cDNA synthesis ( Reverse transcription) 

RNA was converted into cDNA using reverse transcriptase. Aliquots of total 

RNA(1µg) was transcribed using the precision qScript reverse transcription kit 

(Primer design Ltd, UK) according to the manufacturers protocol. The steps involved 

are detailed below: 

1. 1 μg RNA was mixed with 1µl oligodT primers; and the mixture was made 

up to 10µl volume with RNAse/DNAse free water. 

2. The RNA mixture was incubated at 65°C for 5min and chilled for 2min on 

ice. 

3. To the mixture in step 2; nanoscript buffer (2 μl), dNTP mix (10 mM each -1 

μl), DTT (100 mM – 2 μl), nanoscript reverse transcriptase (1 μl) was added 

and the final volume of 20 μl was made up using DNAse/RNAse free water. 

4. The reaction mixture (step 3) was incubated at 55°C for 20min, followed by 

the termination of the reaction by inactivation enzyme at 75°C for 15min.  

5. Thermocycler PCR machine (Techne, UK) was used in both incubation steps 

(in step 2 and step 4).   
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6. For conventional PCR, undiluted cDNA was used subsequently; and for real 

time PCR experiment, cDNA was diluted 1:2 in molecular biology grade 

water (Sigma, UK) and stored at -80°C. 

 

 

2.6.1.5 Conventional polymerase chain reaction (PCR) 

 Polymerase chain reaction (PCR) was performed for each gene and internal 

control housekeeping genes. For each gene specialized primer pairs were designed 

and used for amplification and detection. Forward and reverse primers, annealing 

temperatures and product sizes are given in Table 2.2. 

 

Table 2.2 

Information of gene name, accession ID and primer sequences inclusing annealing 
temperature and product size 

Gene name    Accession ID      Forward/reverse primer(5’-3’)                         Annealing temp. (ºC)        Amplicon 

                size (bp)  

P450aromA    AF226620.1    F:CAGACTGGACTGGCTGCACAAGAA                     67                                 221 
                                           R:TGTCTGGAGCCGCGATCACCAT 
                      

Vtg1          NM_22.4             F:ACTACCAACTGGCTGCTTAC                                   63                                 100 
                                         R:ACCATCGGCACAGATCTTC 
 
 
EF1-α     NM_131263.1    F:CTGGAGGCCAGCTCAAACAT 
                                                R:ATCAAGAAGAGTAGTACCGCTAGCATTAC       60                                  87 
 

 

The PCR reactions consisted of NH4 PCR buffer (Bioline, UK), 200µM dNTP 

(Bioline), 1.5mM MgCl2 (Bioline), 2U BIOTAQTM DNA polymerase (Bioline), 0.5 

µM each primer (see Table), 1µg RNA template and PCR water. The conditions for 

PCR were initial denaturation at 94°C for 5min, 40 cycles of amplification at 94°C 

for 30s, annealing temperature(see Table 2.3) for  30s and the extension step at 72°C 

for 10min. The PCR products were run on 2% agarose gels. PCR reactions was 

performed at the same time for samples from different ovarian follicle 
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developmental stages (stage I, II & III) along with control housekeeping gene EF1-α. 

Housekeeping genes are responsible for basic cellular function and expressed similar 

level across many types of cells. 

 

Table 2.3 

Gene name        Intial Denaturation       Amplification temperature           Additional 
extension      

P450aromA          94°C for 5 min                40 cycles   72°C 
                                                                     94 for 30 seconds 
                   67 for 30 seconds 
                                                                     72 for 30 seconds 
                      

Vtg1                     94°C for 5 min                 40 cycle   72°C 
                                                                      94 for 30 seconds 
                    63 for 30 seconds 
                                                                      72 for 30 seconds 
 
 
 
EF1-α                 94°C for 5 min                    40 cycle   72°C 
                                                                      94 for 30 seconds 
                    60 for 30 seconds 
                                                                      72 for 30 seconds 
 
                                                     
 

2.6.1.6 Analysis of PCR product  

The PCR product was analysed usin agarose gel electrophoresis and ethidium 

bromide stain. 2% agarose gel was prepared by dissolving 2% agarose powder in 

TAE buffer (Sigma, UK); the mixture was dissolved by warming gently. 0.5 μg/ml 

of ethidium bromide (Sigma, UK) was added to the warm agarose solution, the 

solution was mixed and poured into the gel cast with comb immersed to form wells 

to load the samples, and the gel cast was left to set for 20min. Samples were mixed 

with the gel loading buffer (Sigma, UK) and loaded into well along with 

HyperladderTM V (Bioline, UK). The Gel was run at constant voltage at 100V for 

2hours and the gel was visualized using Genosmart UV gel documentation system 

(VWR, UK). 
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2.6.2 Studies of p450aromA and vtg1 gene expression on early stage ovarian 
follicles using quantitative qPCR 

This experiment investigates the level of expression at different ovarian follicle 

development stages. In order to assess the gene expression level at stage I, II and III 

ovarian follicles quantitative analysis has been done. Quantification measures the 

relative change in mRNA expression levels. This assay can detect gene expression 

difference as least as 23% between the samples (Gentle et al. 2001). 

 

2.6.2.1 RNA extraction and cDNA synthesis 

RNA was extracted from ovarian follicles using trizol (Invitrogen, UK) method; 

using manufacturer’s protocol. RNA was extracted from stage I, stage II and stage 

III ovarian follicles. 20-30 ovarian follicles were collected for each stage in separate 

effendorf tubes respectively. The protocol for RNA extraction and DNAse treatment 

was given in section 2.6.1.1-2.6.1.2. 

RNA was then converted into cDNA using reverse transcriptase. RNA (1µg) was 

reverse transcribed using Precision nanoscript reverse transcription kit 

(Primerdesign, UK) according to manufacturer’s protocol. The protocol involved 

denaturation and annealing (see section 2.6.1.4). cDNA was diluted in 1:2 with 

molecular biology grade water before use in real time PCR. 

 

2.6.2.2 Generation of standards for Real time PCR 

The standards for real time PCR of p450aromA and vtg1 along with housekeeping 

gene EF-1α were produced using conventional PCR. The primer sequences were 

given in the Table 2.1. PCR reaction was performed according to the procedure 

given in the section 2.6.1.5. The PCR product was run on 2% agarose gel and the 

DNA was isolated from the excised bands using EZNA gel extraction kit (Omega 

Bio-Tek) according to the manufacturer’s protocol. The isolated DNA was 

quantified using BioPhotometer (Eppendorf, UK) at 260nm. The steps involved are 

detailed below: 
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1. The excised gel slice containing DNA fragment of interest is transferred into 

a 1.5 ml centrifuge tube, and added an equal volume of binding buffer and 

incubated at 55-60°C for 7 min or until the gel melts completely. 

2. The solution was applied to the HiBind® DNA mini column containing 2 ml 

collection tubes and the whole assembly was centrifuged at 13000 x g for 1 

min. 

3. The HiBind® DNA mini column was washed with 300µl of binding buffer 

and the flow through was discarded. 

4. The HiBind® DNA mini column was followed by two other washes using 

700µl of SPW wash buffer and air dried by centrifugation at 13000 x g for 2 

min. 

5. The flow through was discarded and the empty HiBind® DNA mini column 

was centrifuged at 13000 x g for 2 min to dry the column. 

6. The HiBind® DNA mini column was placed into a sterile centrifuge tube and 

the DNA was eluted with 30-50 µl of elution buffer. 

 

 

2.6.2.3 Quantification of p450aromA and vtg1 genes using real time PCR 

Real time PCR was performed on RotorGene 6000 cycler (Corbett Research, UK) 

using a 72 well rotor to quantify expressions levels of p450aromA and vtg1. The 

reaction tube contained 7.5µl of sensimix 2X reaction buffer (contains heat activated 

DNA polymerase, Ultrapure dNTPs, MgCl2, SYBR® Green I), 333nm of each 

primers (see Table 2.1) and 2 µl of cDNA sample diluted in PCR water (Sigma, 

UK). The reaction conditions were 1 cycle at 95°C for 10 min, followed by 50 cycles 

at 95°C for 10 seconds, at appropriate annealing temperature ( see Table 2.1) for 15 

sec and at 72°C for 15 sec. Data were acquired on FAM/SYBR channel at the end of 

each extension step. Melt cure was analysed to check the absence of mis-priming and 

amplification efficiency from a standard curve (R2 should be close to 1). The relative 

gene expression data were obtained using RotorGene software (version 1.7, Corbett 

research) and Microsoft excel. Relative gene expression levels were calculated using 

relative quantification method. 
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SYBR green I dye fluoresces when it is bound to the double strand DNA. At the end 

of each extension step, florescence data was collected (Fig 2.3a). Early PCR cycle 

shows very low florescence which is undetectable, as the cycle progresses the 

florescence level also increases until plateau is reached. The standards of 10-fold 

dilution of DNA showed equally spaced curves on the florescence graph (Fig 2.3b). 

The cycle number at which threshold level is reached can be used to create a 

standard curve from which sample data can be quantified (Fig 2.3c). The melting 

point of the PCR product is also determined using the melting curve. The melting 

point of the product is also determined at the end of amplification (Fig 2.3d). 

Amplification curve (Fig 2.3a is mainly divided into four phases: (1) linear ground 

phase (2) early exponential phase (3) exponential phase and (4) plateau phase 

(Tichopad et al.2003). During linear ground phase, florescence emission does not 

increase above the background. At the early exponential phase, the amount of 

florescence starts to increase and reach threshold where it is significantly higher 

from the ground phase. The cycle number at this time is called the crossing point; 

this value is used to calculate gene expression (Heid et al. 1996). The PCR product 

doubles every cycle during the linear phase and reaches the optimal amplification 

period in the plateau stage. During the plateau stage the reactions starts lacking PCR 

components and the florescence intensity is no longer useful for data collection 

(Bustin, 2000) 
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(a) 

 

(b) 

 

 

(c) 
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(d) 

 

Fig 2.3 Graph produced during real time PCR experiments: (i) fluorescence 

measurement after each cycle (ii) standards of decreasing concentration crossing the 

threshold line with increasing cycle numbers (iii) standard curve produced from 10-

fold dilution concentration of equally spaced standard concentration (iv)  melting 

curve using real time PCR  

 

2.6.2.4 Relative quantification 
 

Relative gene expression levels were calculated using the two- standard curve 

quantification method with kinetic PCR efficiency correction (equation below) in the 

rotorgene software (Pfaffl 2003). Relative quantification is calculated based on the 

expression levels of the targer versus the housekeeping gene (Pfaffl, 2003). 

Calculations are based on the comparison of the distinct cycle determined by 

crossing points (CP) and threshold values (Ct) at a constant level of fluorescence. 

Kinetic PCR efficiency correction (see equation below) was used to quantify relative 

gene expression. 

  

                         Relative quantification = (Etarget) ΔCP (target) (control-sample) 

                                                                         (Eref) ΔCP (ref) (control-sample) 
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Where E is the real time PCR efficiency and ΔCP is the crossing point difference 

between the unknown sample and the control sample. 

Negative control (reverse transcriptase control and no template control) was used in 

all experiment and data was omitted where both controls showed gene expression. 

 

 

2.7 Development of cryopreservation protocols for zebrafish ovarian 

fragments using controlled slow cooling 

 

 Several studies has been undertaken on zebrafish oocyte 

cryopreservation at different stages (Guan et al. 2008, Zampolla et al. 2008, Tsai et 

al. 2009); however they resulted in compromised viability. Hence cryopreservation 

of zebrafish ovarian tissue provided a promising alternative for zebrafish oocytes 

cryopreservation. Cryopreservation of ovarian tissue fragments is advantageous over 

oocytes as they can be cryopreserved in small pieces which are rich in primary 

follicles and the follicles within the fragments could stay intact in their natural three-

dimensional structure. Investigations were carried out on cryopreservation of 

zebrafish ovarian tissue fragments using controlled slow cooling method. In this 

experiment, the effect of different freezing medium; the effect of different cooling 

rate and the effect of different cryoprotectants were studied. In total, three replicates 

were used for each experiment with 3-5 fragments in each replicate. The experiments 

were repeated at least three times. 

 

2.7.1.1    Effect of different freezing medium 

 

 L-15 medium is widely used in fish culture and in-vitro studies. The 

amino acid supplemented medium has been widely used for the in-vitro growth of 

animal cells. KCl buffer has been used in cryopreservation of zebrafish oocytes 

(Guan et al. 2008, Tsai et al.2009). Therefore, KCl buffer and 90% L-15 medium 
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were used as freezing media in the present study. As methanol was found to be the 

most effective cryoprotectant in the previous experiment, the no observed effect 

concentrations (NOECs) of 2M methanol was used for these experiments. 2M 

methanol was made up in 90% L-15 medium or KCl buffer (KCl buffer composition: 

55mM KCl, 55mM potassium acetate, 1mM MgCl2, 2mM CaCl2, 10mM HEPES ). 

Ovarian tissue fragments were exposed to cryoprotectant solutions for 30 min at 

22°C and then were loaded into 0.5ml plastic straws before placing in a 

programmable cooler (Planer KRYO 550). Ovarian tissue fragments incubated in 

cryoprotectant-free L-15 medium or KCl buffer were used as controls. The following 

cooling protocol was used: cooling at 2°C/min from 20°C to seeding temperature (-

7.5°C for 2M methanol). Manual seeding and hold for 5 min, freezing from seeding 

temperature to -40°C at 2°C/min, from -40°C to -80°C at 10°C/min and hold for 10 

min, samples were then plunged in liquid nitrogen at -196°C and held for at least 

10min. Samples were thawed using a water bath at 28°C. Removal of cryoprotectant 

was conducted in four steps (1M methanol, 0.5M methanol and 0.25M methanol in 

90% L-15 medium, 2.5 min for each step). Ovarian tissue fragments viability was 

assessed using trypan blue and FDA-PI staining after thawing.  

 

2.7.1.2  Effect of cooling rate  

 

 In these experiments six different cooling rates were used: 0.3°C/min, 

0.4°C/min, 1°C/min, 2°C/min, 4°C/min and 7°C/min. As 90% L-15 medium was 

shown effective in the previous experiments, it has been used in these experiments. 

Ovarian tissue fragments were exposed to 2 M methanol (made up in 90% L-15 

medium) for 30 min at room temperature and then loaded into 0.5ml plastic straws 

before placing in a programmable cooler (Planar KRYO 550). Ovarian tissue 

fragments incubated in cryoprotectant-free 90% L-15 medium were used as controls. 

The following cooling protocols were used: cooling at 2°C/min from 20°C to 

seeding temperature (-7.5°C for 2M methanol), manual seeding and held for 15 min, 

freezing from seeding temperature to -40°C at 0.3°C/min, 0.4°C/min, 1°C/min, 

2°C/min, 4°C/min and 7°C/min, from -40°C to -80°C at 10°C/min and hold for 10 
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min, samples were then plunged in liquid nitrogen at -196 °C and held for at least 10 

min. Samples were thawed using a water bath at 28°C. Removal of cryoprotectant 

was conducted in four-step (1M methanol, 0.5M methanol and 0.25M methanol in 

90% L-15 medium, 2.5 min for each step). Ovarian tissue fragments were incubated 

in 90% L-15 medium at room temperature for 10 min and 120 min after thawing. 

The ovarian follicles within the tissue fragment was assessed using trypan blue 

staining, FDA-PI staining, ATP assay and in-vitro culture after freeze thawing. 

 

2.7.1.3 Effect of different cryoprotectants     

 

 Two cryoprotectants were used in these experiments: methanol and 

ethanol. The no observed effect concentrations (NOECs) for methanol and ethanol 

for stage I and stage II follicles within the follicles were 2M in the previous 

experiments, therefore 2M were used in the controlled slow cooling experiments. 2M 

methanol and 2M ethanol was made up in 90% L-15 medium. The ovarian tissue 

fragments were exposed to cryoprotectant solutions for 30 min at room temperature 

and then were loaded into 0.5ml plastic straws before placing in a programmable 

cooler. Ovarian tissue fragments incubated in cryoprotectant-free 90% L-15 medium 

were used as controls. The following cooling protocols were used: cooling at 

2°C/min from 20°C to seeding temperature (-7.5°C for 2M), manual seeding and 

held for 15 min, freezing from seeding temperature to -40°C to -80°C at 10°C/min 

and hold for 10 min, samples were then plunged in liquid nitrogen at -196 °C and 

held for at least 10 min. Samples were thawed using a water bath at 28°C. Removal 

of cryoprotectant was conducted in four-step (1M methanol, 0.5M methanol and 

0.25M methanol in 90% L-15 medium, 2.5 min for each step). Ovarian tissue 

fragments were incubated in 90% L-15 medium at room temperature for 10 min and 

120 min after thawing. The ovarian follicles within the tissue fragment was assessed 

using trypan blue staining, FDA-PI staining, ATP assay and in-vitro culture after 

freeze thawing. 
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2.7.2 In-vitro culture after cryopreservation of ovarian tissue fragments 

  90% L-15 medium (pH 9) containing 100mIU/ml FSH and 20% FBS 

was found effective for culturing the ovarian tissue fragments containing stage I and 

stage II follicles in previous experiment. The tissue fragment were cultured under 

these conditions after freeze-thawing, the ovarian fragments were washed twice in 

90% L-15 medium (pH 9) and were prepared for culture by washing three times in 

the washing medium (0.01M PBS, 400µg/ml gentamycin, 200 U/ml penicillin and 

2.5mg/ml amphotericine B). One fragment were cultured in 1.5ml of 90% L-15 

medium (pH 9) containing 100mIU/ml FSH and 20% FBS in 6 welled plates for 24 

h. Ovarian follicle growth within the fragment was assessed by measuring the 

diameter with an ocular micrometer under microscope. Three replicates were used 

for each experiment. The experiments were repeated at least three times. 

 

2.7.3 Study the effect of using non-permeating cryoprotectants on the ovarian 

tissue fragments  

 

 Research has demonstrated that sugars are useful in the stabilization of 

lipid membranes and proteins when cells are dehydrated (Crowe et al. 1998). In 

nature, a variety of organisms including arctic frogs, salamanders, insects, brine 

shrimps, bacteria, yeasts, fungi, some plant seeds tolerate extreme conditions due to 

accumulation of large amounts of intracellular sugars (Crowe et al. 1992, Potts, 

1994). Cells contain free water and water that is bound to atoms and proteins and 

membrane phospholipids (Shaw and Jones, 2003). As cells are dehydrated during 

cryopreservation, a balance is maintained between the removal of free water that 

could form ice crystals without the excessive removal of bound water, resulting in 

loss of structural support to the proteins and lipids. It is thought that the sugars may 

serve as a replacement for bound water on the membranes to diminish injury from 

dehydration stresses (Wright et al. 2004). 
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2.7.3.1 Studies on cryoprotectant toxicity on ovarian tissue fragment using 

disaccharides 

 In order to identify the disaccharides in a suitable concentration for 

zebrafish ovarian tissue cryopreservation, studies on toxicities with sucrose and 

trehalose were carried out. As methanol was found to be the most effective 

cryoprotectant for cryopreservation in the previous experiments, 2M methanol was 

used for these experiments. Studies on toxicities were carried out in the following 

condition: 2M methanol along with sucrose or trehalose and 2M methanol along 

with 20%FBS and sucrose or trehalose. 20% FBS was used in this study since it was 

found to be effective for zebrafish ovarian tissue fragment culture in the previous 

experiment.The ovarian tissue fragments were placed in 90% L-15 medium at room 

temperature immediately after collection. Solutions of 2M methanol were made up in 

90% L-15 medium at a range of concentrations of sucrose and trehalose: 0.1M, 0.2M 

and 0.5M. 

For cryoprotectant toxicity studies, 10-15 ovarian tissue fragments were put into 

each well of the 6-well culture plate. The 90% L-15 medium was then removed and 

3ml cryoprotectant solution made up with sugars was added. The ovarian fragments 

were incubated in this mixture for 30 min at room temperature. Control ovarian 

fragments were incubated in 90% L-15 medium without the CPA + sugar mixture 

under the same conditions. After incubation, the ovarian fragments were washed 

twice with 90% L-15 medium and the viability tests were conducted. Three viability 

assessment methods were used in this study: trypan blue staining, fluorescein 

diacetate (FDA) + propidium iodide (PI) staining and ATP assay. 

 

2.7.3.2 Controlled slow cooling procedure for zebrafish ovarian tissue 

fragments with the addition of sucrose and trehalose 

 After the toxicity studies, investigations were carried out on 

cryopreserving the ovarian tissue fragments using controlled slow cooling. In this 

experiment the effect of freezing medium were studied. In total, three replicates were 

used for each experiment with 3-5 fragments in each replicate. The experiments were 

repeated at least three times. 
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2.7.3.2.1 Effect of different cryoprotective medium 

 As 2M methanol along with 0.1M Sucrose and 0.1M Trehalose was 

found to be the most effective cryoprotectant mixture in the previous experiment, 

this medium were used as freezing media in the present study. Ovarian tissue 

fragments were exposed to cryoprotectant solutions for 30 min at 22°C and then 

were loaded into 0.5ml plastic straws before placing in a programmable cooler 

(Planer KRYO 550). Ovarian tissue fragments incubated in cryoprotectant-free L-15 

medium were used as controls. The following cooling protocol was used: cooling at 

2°C/min from 20°C to seeding temperature (-7.5°C for 2M methanol). Manual 

seeding and hold for 5 min, freezing from seeding temperature to -40°C at 4°C/min, 

from -40°C to -80°C at 10°C/min and hold for 10 min, samples were then plunged in 

liquid nitrogen at -196°C and held for at least 10min. Samples were thawed using a 

water bath at 28°C. Removal of cryoprotectant was conducted 4 steps (1M 

methanol+0.1M sucrose or 0.1M trehalose, 0.5M methanol +0.05M sucrose or 

trehalose and 0.25M methanol or 0.025M sucrose or trehalose in 90% L-15 medium, 

2.5 min for each step). Ovarian tissue fragments viability was assessed using trypan 

blue and FDA+PI staining after thawing.  

 

2.7.3.2.2 Effect of different cooling rate 

 

In these experiments two different cooling rates were used: 2°C/min 

and 4°C/min. The optimal cooling rates for the ovarian tissue fragments containing 

stage I and stage II follicles were found to 4°C/min from the previous experiment. 

Hence these cooling rates have been used in these experiments. Ovarian tissue 

fragments were exposed to 2 M methanol (made up in 90% L-15 medium) along 

with 0.1 M Sucrose or 0.1M Trehalose for 30 min at room temperature and then 

loaded into 0.5ml plastic straws before placing in a programmable cooler (Planar 

KRYO 550). Ovarian tissue fragments incubated in cryoprotectant-free 90% L-15 

medium were used as controls. The following cooling protocols were used: cooling 

at 2°C/min from 20°C to seeding temperature (-7.5°C for 2M methanol), manual 

seeding and held for 15 min, freezing from seeding temperature to -40°C at 2°C/min 
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and 4°C/min, from -40°C to -80°C at 10°C/min and hold for 10 min, samples were 

then plunged in liquid nitrogen at -196 °C and held for at least 10 min. Samples were 

thawed using a water bath at 28°C. Removal of cryoprotectant was conducted in 

four-step (1M methanol+0.1M sucrose or 0.1M trehalose, 0.5M methanol +0.05M 

sucrose or trehalose and 0.25M methanol or 0.025M sucrose or trehalose in 90% L-

15 medium, 2.5 min for each step). Ovarian tissue fragments were incubated in 90% 

L-15 medium at room temperature for 10 min and 120 min after thawing. The 

ovarian follicles within the tissue fragment was assessed using trypan blue staining, 

FDA-PI staining, ATP assay after freeze thawing. 

 

2.8 Data analysis 

 

2.8.1 Statistical analysis 

 In the study, nearly 10-15 ovarian tissue fragments were used in each 

treatment and each treatment was replicated for at least three times. Statistical 

analysis was carried out using SPSS (version 18.0). One-sample kolmogorov-

smirnov test was used to make sure the data was normally distributed. One-way 

ANOVA was performed and homogeneous of variance was tested using Levene’s 

test (p >0.05). Where differences were found Tukey’s post –hoc test was carried out 

in order to find out which groups differ. Independent sample student’s t-tests were 

used if only two-groups were compared. All data were expressed as mean ±SEM 

across the three replicates and p values of less than 0.05 were considered to be 

significant. 

 

 

 

 

 

 

 



73 
 

CHAPTER 3 STUDIES ON CRYOPROTECTANT TOXICITY TO 

ZEBRAFISH (Danio rerio) OVARIAN TISSUE FRAGMENTS 

 

3.1 Introduction 

 

Cryopreservations of gametes of aquatic species play an important role in 

preserving the genetic heritage of these species and development of cryobanks 

allows storage of the genetic materials for unlimited periods. One of the important 

factors that lead to successful cryopreservation is the addition of cryoprotectants 

during the course of freezing. Cryoprotectants (CPAs) are the chemical substances 

characterised by their ability to reduce cryoinjury during freezing. They help to 

prevent ice nucleation within the cells (Yang et al.2009). However, cryoprotectants 

can be toxic to cells especially used at higher concentrations. They may cause 

osmotic stress to cells and disarrangements of lipid bilayer (Fahy 1986). Toxicity of 

the cryoprotectants is dependent on the type and concentration of the 

cryoprotectants, the temperature and duration of exposure (Fahy et al. 1984; 

Steponkus et al. 1991). Hence the ideal cryoprotectant should have low toxicity and 

be able to permeate the cells. As a first step in cryopreservation protocol, it is 

important to determine the impact of cryoprotectants on zebrafish tissue fragments. 

 

In order to identify the CPA in a suitable concentration for zebrafish ovarian 

tissue cryopreservation, studies on toxicities of five permeating cryoprotectants 

methanol, ethanol, dimethyl sulfoxide (DMSO), ethylene glycol (EG) and propylene 

glycol (PG) were carried out. Methanol is a widely used cryoprotectant in fish 

gamete cryopreservation. Methanol has been found to protect cells during 

cryopreservation in zebrafish oocytes and embryo cryopreservation (Zhang et al. 

1996, Plachinta et al. 2004, Tsai et.al 2008, Zampolla et al. 2008). It has been found 

that methanol was an effective cryoprotectant in zebrafish embryo cryopreservation 

because it has low toxicity (Zhang and Rawson 1995) and it protects the cells from 

chilling injury, due to possible depression of phase transition temperatures in the 
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lipid membranes (Zhang et al.2003).Ethanol has also been found to be an effective 

cryoprotectant for catfish (Muchlisin et al. 2009) sperm cryopreservation but it has 

not been used for zebrafish embryos or ovarian follicles cryopreservation before. The 

effect of ethanol and methanol on yeast during rapid cooling is a result of their 

ability to induce increased membrane permeability, allowing rapid water equilibrium 

during extracellular freezing and avoidance of intracellular ice crystal formation 

(Lewis et al. 1994). DMSO is commonly used cryoprotectant in the cryopreservation 

of a wide range of cells types, tissues and organs. The functions of DMSO in the 

cryopreservation solution, protects the cells from excessive dehydration during 

freezing process and to avoid intracellular ice formation (Lovelock and Bishop 

1959). Both EG and PG have been widely used for mammalian oocytes and ovarian 

tissues cryopreservation. These compounds differ only by the presence of the 

additional methyl group in the PG molecule. These compounds promote small-

granular crystallisation and amorphous solidification due to their high viscosity 

during freezing. They also reduce the quantity of unbound water within the cells, 

hence reducing the intracellular ice formation (Picton et al. 2002, Plachinta et al. 

2004). 
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3.2 Results 

 

3.2.1 Effect of cryoprotectant on viability of zebrafish ovarian follicles within 

the tissue fragments 

 

 For the present studies, the No Observed Effect Concentrations (NOECs) 

were determined basing on the statistical results of ANOVA. The NOEC is the 

highest concentration of the compound used in a test that still has no statistically 

significant effect on the exposed sample as compared with the controls. 

 

The No Observed Effect Concentrations (NOECs) of methanol, ethanol, 

DMSO, PG and EG for ovarian tissue fragments at two different developmental 

stages (Stage I and Stage II) using three viability assessment methods are given in 

Table 3.1. For ATP assay, stage I and stage II follicles were assessed together since 

it is not possible to separate follicles at different stages embedded in tissue fragment. 

The results showed that the NOECs of the five tested cryoprotectants for stage I 

ovarian follicles are 2M for both methanol and ethanol and 1M for DMSO, PG and 

EG. The NOECs for stage II ovarian follicles are 1M for all five cryoprotectants. 

Both TB and FDA-PI staining provided same results. 
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Table 3.1. No Observed Effect Concentrations (NOECs) of cryoprotectants 

obtained from TB, FDA+PI and ATP tests with ovarian tissue fragments 

CPA Stage I 

 

Stage II 

 

Stage I & II 

 

TB          FDA+PI                 

 

TB      FDA+PI ATP 

Methanol 2M             2M       

 

1M             1M 1M 

Ethanol 2M           2M 

 

1M             1M 1M 

DMSO <1M             <1M 

 

<1M             <1M <1M 

PG 

 

<1M             <1M 

 

<1M             <1M - 

EG 

 

<1M             <1M <1M             <1M 

 

- 

 

 

 

3.2.1 Effect of cryoprotectant on viability of zebrafish ovarian follicles within 

the tissue fragments 

 

The effect of cryoprotectants at different concentrations on stage I and stage II 

ovarian follicles in tissue fragments are shown in Figure 3.1 and 3.2 respectively. 

The results indicated that methanol and ethanol were the least toxic cryoprotectants 

when compared with other tested cryoprotectants and the toxicity increased in the 

order of methanol/ethanol, DMSO, PG and EG. Both TB and FDA+PI tests showed 

that cryoprotectant toxicity increased with concentration. 
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(a) 

 

(b) 

 

Figure 3.1. Viability of stage I zebrafish ovarian follicles in tissue fragments 

assessed with (a) Trypan blue staining and (b) Fluorescein diacetate + Propidium 

iodide staining.  Stage II ovarian follicles were exposed to different concentrations of 

methanol, ethanol, DMSO, PG and EG for 30min at 22°C. Different letters indicate 

significant differences between control and treated groups (P<0.05). 
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Figure 3.2. Viability of stage II zebrafish ovarian follicles in tissue fragments 

assessed with (a) Trypan blue staining and (b) Fluorescein diacetate + Propidium 

iodide staining.  Stage II ovarian follicles were exposed to different concentrations of 

methanol, ethanol, DMSO, PG and EG for 30min at 22°C. Different letters indicate 

significant differences between control and treated groups (P<0.05).3.2.3 

Comparison of the three viability assessment methods  
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    The results of viabilities of stage I and stage II ovarian follicles after 2M 

cryoprotectants exposure assessed by TB and FDA+PI staining are shown in Figure 

3.3. Both stage I and stage II ovarian follicle viabilities were significantly lower than 

those of controls assessed by either TB or FDA+PI staining. 
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Figure 3.3 : Viability of stage I (a) and stage II (b) ovarian follicles after 2M cryoprotectants 

exposure assessed by Trypan blue (TB) or Fluorescein diactate + Propidium iodide (PI) 

staining. Ovarian tissue fragments of size 0.35mm- 0.45mm containing stage I and stage II 

zebrafish ovarian follicles were exposed to 2M cryoprotectants for 30min at 22°C. The 

average controls for stage I (a) and stage II (b) are 96.5± 0.64% and 79.5± 0.316% 

respectively. Different letters indicate differences between control and treated groups 

(P<0.05).  
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Viabilities of stage I and stage II ovarian follicles in ovarian fragments following 2M 

cryoprotectant exposure assessed by TB staining, FDA+PI staining and ATP assay 

of ovarian fragments are shown in Figure 3.4. Comparisons of the three viability 

assessment methods indicated that ATP is the most sensitive method when compared 

with TB and FDA+PI staining. For the ATP assay stage I and stage II follicles were 

assessed together since it is impossible to separate them in tissue fragments. All 

ovarian follicle viabilities was normalised with respect to that of the control 

incubated in 90% L-15(pH 9) medium for 30 min at 22°C.  
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Figure 3.4 : Viability of stage I and stage II ovarian follicles following 1M (a), 2M 

(b), 3M (c) and 4M (d) cryoprotectant exposure assessed by Trypan blue(TB) 

staining, Fluorescein diacetate+Propidium iodide (PI) staining and ATP (Adenosine 

5’-triphosphate) assay. Ovarian tissue fragments of size 0.35mm-0.45mm containing 

both stages I & II zebrafish ovarian follicles were exposed to methanol, ethanol and 

DMSO for 30min at 22°C. Ovarian fragment viabilities was normalised with respect 

to that of the controls incubated in 90% L-15 (pH 9) medium for 30 min at 22°C. 

Different letters indicate difference among the viability assessed by TB, FDA+PI 

and ATP tests of the treated groups (P<0.05). 
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3.3 Discussion 

 

3.3.1 Effect of cryoprotectants 

 

The results obtained from the present study showed that methanol and 

ethanol were the least toxic cryoprotectants when compared with other tested 

cryoprotectants. Cryoprotectant toxicity increased in the order of methanol/ethanol, 

DMSO, PG and EG. Methanol has been shown to be the least toxic cryoprotectant 

for isolated zebrafish ovarian follicles in our laboratory (Tsai et al. 2008; Zampolla 

et al. 2008); the results from the present study on methanol toxicity to zebrafish 

ovarian follicles in tissue fragments are in agreement with previous findings. 

Methanol penetrates the zebrafish ovarian follicles at a rate comparable with the rate 

of water transport and therefore incubation of cells with methanol doesn’t lead to 

pronounced osmotic stresses (Zhang et al. 2005).  Ethanol has been reported to be an 

effective cryoprotectant for catfish sperm cryopreservation (Muchlisin et al. 2009) 

and therefore used in the present study. The results showed that ethanol toxicity to 

follicles in ovarian tissue fragment was comparable to that of methanol. Ethanol is a 

small molecular weight cryoprotectant, which permeates the plasma membrane 

readily due to its low viscosity; it would render the interstitial and intracellular water 

hyperosmotic without posing an enormous osmotic stress to the cells (Meryman et 

al. 1970; Wang et al. 1992). It has also been reported that ethanol is relatively non-

toxic making it a favourable cryoprotectant for cryopreservation of mammalian 

cardiac explants (Wang et al.1992). 

As methanol has been shown to be the most effective cryoprotectant for zebrafish 

ovarian follicles cryopreservation in our laboratory, the use of ethanol will also be 

considered in assisting future freezing protocol design for follicles in ovarian 

fragments. Results obtained from the present study also showed that DMSO is more 

toxic than methanol, which is in agreement with a previous study on zebrafish 

ovarian follicles (Tsai et al. 2008). DMSO has also been reported to cause membrane 

labilisation and denaturation of proteins (Orvar et al. 2000). DMSO can also increase 

the concentration of calcium ions in cytoplasm, causing various chronic negative 
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metabolic responses such as cytoskeleton depolymerisation and reassembly 

(Yamamoto, 1989). The present study showed that EG and PG is highly toxic to 

zebrafish ovarian follicles embedded within ovarian tissue fragments. EG and PG 

decreases the polarity of the aqueous phase and the external phase, causing 

dehydration of the phospholipid bilayer and possible damage on fish spermatozoa 

(Leung, 1991). These are in agreement with results obtained from previous studies 

on zebrafish oocytes and isolated ovarian follicles (Plachinta et al. 2004; Tsai et al. 

2008).  

 

3.3.2 Effect of developmental stage 

 

The results obtained from the present study indicated that the sensitivity of 

stage II ovarian follicles in tissue fragments were more sensitive than stage I follicles 

when exposed to different cryoprotectants. These results are in agreement with 

previous studies on isolated zebrafish ovarian follicles (Tsai et al 2008). The 

sensitivity of stage II follicles may be due to structural differences between stage I 

and II follicles. Stage I follicles are transparent and the nucleus of the follicle is 

visible. The follicle is surrounded by a single layer of squamous follicle cells. In 

stage II the follicles increase in size, the cortical alveoli proliferate, the follicle 

becomes opaque (Selman et al.1993) and the granulosa cells multiply to form an 

epithelial coating of cubic cells joined together by gap junctions (Babin et al.2007).  

The matured follicles are less permeable to solutes, due to the loss of membrane 

channel proteins while the immature follicles are much more permeable to water and 

solutes (Ecker and Smith, 1971). It has also been reported that, the presence of 

granulosa cells and the absence of microtubule spindles in early stage oocytes protect 

them against cryoprotects, while the spindle damage is high for late stage oocytes 

exposed to cryoprotectants (Van der Elst et al. 1992; Fabbri et al. 2001). However, 

the viability assessment methods used in the present study only inform on the impact 

of cryoprotectants on membrane integrity and metabolic activity. 
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3.3.3 Comparison of the three viability assessment methods 

 

ATP assay has been considered to be a sensitive assay for cell viability (Tsai 

et al 2009). Although it has been used in assessing quality of isolated zebrafish 

ovarian follicles (Guan et al.2008, Zampolla et al. 2009, Tsai et al.2009), it has not 

been used in zebrafish ovarian tissues. The results from the present study showed 

that ATP assay is the most sensitive method for assessing the quality of the follicles 

in tissue fragments after cryoprotectant exposure when compared with TB and 

FDA+PI staining. ATP plays an essential role in gamete maturation and embryo 

development and high quality oocytes contain significantly higher levels of ATP 

(Bradbury et al. 2000, Tsai et al. 2009). The present study also showed that the 

sensitivity of TB and FDA+PI tests are comparable to each other although previous 

studies on isolated zebrafish ovarian follicles showed that FDA+PI staining was 

more sensitive than TB staining (Plachinta et al.2004, Tsai et al. 2008, Zampolla et 

al. 2008).  TB is a vital dye and does not penetrate the cell unless the membrane is 

damaged, as it assesses only the membrane integrity (Isayeva et al. 2004, Plachinta 

et al. 2004, Tsai et al. 2008). FDA+PI staining assess both metabolic activities and 

membrane integrity.  FDA+PI and TB staining are rapid tests that are useful in 

screening ovarian follicles after cryoprotectant treatment and after cryopreservation. 

 

3.4 Summary 

 

In this study, the effects of cryoprotectant toxicity to zebrafish ovarian tissue 

fragments have been reported for the first time. Three different assays were used to 

assess the ovarian follicles with the tissue fragments viability: trypan blue staining, 

FDA-PI staining, ATP assay. These assays indicated that cryoprotectant toxicity 

increased in the order of methanol/ ethanol, DMSO, PG and EG. The NOECs of the 

five tested cryoprotectants for stage I ovarian follicles are 2M for both methanol and 

ethanol and less than 1M for DMSO, PG and EG. The NOECs for stage I and II 

ovarian follicles are 1M for both methanol and ethanol and less than 1M for DMSO, 
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PG and EG. ATP assay is the most sensitive method for assessing the quality of the 

follicles in tissue fragments after cryoprotectant exposure. The results obtained in 

this study provided useful information for ovarian tissue fragment cryopreservation 

protocol design. 
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CHAPTER 4 DEVELOPMENT OF IN-VITRO CULTURE PROTOCOL FOR 

ZEBRAFISH OVARIAN TISSUE FRAGMENTS AND GROWTH 

ASSESSMENT OF STAGE I AND STAGE II OVARIAN FOLLICLES USING 

BIOMARKERS 

 

4.1 Introduction 

 

Development of in-vitro culture protocol for ovarian tissue fragments is important 

since cryopreserved ovarian tissue fragments would need to be matured in vitro. 

Studies on in-vitro culture of ovarian tissue fragments are reported here for the first 

time although preliminary work had been done for isolated early stage zebrafish 

ovarian follicles (Tsai et al.2010). Although several procedures that have been 

successfully applied on late stage of ovarian follicles have been reported (Seki et 

al.2008) little is known about the early follicle development. The main aim of the 

present study was to develop an optimum in vitro culture condition for zebrafish 

tissue fragments containing stage I and stage II follicles.   

In this study, in vitro culture of ovarian tissue procedure was investigated using 

growth supplements- foetal bovine serum (FBS) and bovine serum albumin (BSA) 

and growth factors- human chorionic gonadotropin (hCG) and follicle stimulating 

albumin (FSH). 

Serum and serum components may provide beneficial factors to the culture 

environment, including energy substrates, vitamins, amino acids, and growth factors 

(Bavister, 1995). However, a major biological role of serum is to search ions and 

small molecules in addition to providing factors in the culture medium (Maurer, 

1992).  FBS has rich content of growth factors and low content of gamma-globulin, 

which makes it become the great supplement in culture media for promoting cell 

growth. The immune system of the FBS is not mature and contains fewer molecules 

that could inhibit the growth of the cells. Other advantageous in using FBS as the 

media supplement includes: FBS is a mixture of most of the growth factors, protein, 

cholesterol required for cell proliferation, it is hence the universal growth 
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supplement effective in most cell types of human and animal cells (Gstraunthaler, 

2003). It has been reported that growth medium foetal bovine serum (FBS) enhances 

cell growth (Frazer et al.1999). FBS has been used in cat fish cell culture 

experiments and has been shown to increase the cellular growth rate (Kumar et 

al.2001). BSA is added to cell culture media as a supplement to increase the growth 

and proliferation of cells. Serum albumin carries and delivers important nutrients to 

the cells. BSA binds toxins to avoid toxic effects, binds excessive proteins to act as a 

buffer and binds hormones and growth peptides to keep them stable. Albumin also 

binds free radicals to reduce damage to cells (Peters, 1995).  

One of the commonly used substances for in vitro culture of early stage follicles is 

the follicle stimulating hormone (FSH). Follicle-stimulating hormone receptors are 

expressed in granulose cells from the primary follicle stage onwards (Rossetto et al. 

2009). Gonadotropins hormones play a critical role in the growth and development 

of the vertebrate ovarian follicles. In teleosts fishes, the gonadotropic hormones 

(GtH I) functions to stimulate follicle production and secretion of estrogen and 

vitellogenin uptake by oocytes, and GtH II induces follicle cell production of steroid 

maturation-inducing substance (MIS) which acts directly on oocyte to induce 

maturation (York et al. 1993). A change in terminology replacing the two different 

gonadotropins GtH I and GtH II with follicle-stimulating hormone (FSH) and 

luteinizing hormone (LH) has been well justified (Kwok et al.2005). The pituitary 

secretes FSH, and LH which acts upon the gonads, stimulating their growth, 

production of eggs or sperms and synthesis of gonadal hormones (Moles et al. 2008). 

The growth stage is controlled by FSH and the maturation stage by LH (Nagahama 

et al. 1994). Unlike in mammals little is known about the physiological roles of FSH 

and LH in teleosts. It has been reported that FSH is important in promoting follicular 

development and growth in zebrafish (Tyler 1991) and also follicular development in 

most of mammalian cultures in-vitro (Rosetto et al. 2009). FSH is widely used in 

reproduction technologies, and for in-vitro maturation of immature oocytes in 

humans (Kreeger et al. 2006). The gonadotropins are the major hormones involved 

in initiating the majority of processes in the ovary including follicle cell growth and 

survival, steroidogenesis, oocyte maturation, and ovulation (Clelland and Peng, 

2009). Studies in zebrafish have shown that ovarian activin expression is stimulated 
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by the gonadotropin analogue human chorionic gonadotropin (hCG) and goldfish 

pituitary extract, suggesting that activins are downstream mediators of gonadotropin 

signalling (Pang and Ge, 2002). Pang and Ge (2002) reported that hCG significantly 

promoted the maturation of zebrafish stage III oocytes. 

Although follicle growth can be assessed by measuring the diameter of the follicles, 

biomarkers would provide more important information on follicle development. 

Development of the fish oocytes can be followed both at the morphological level by 

visual inspection of their size, colour and transparency (Selman and Wallace, 1986; 

Selman et al. 1993) and also at the molecular level by following changes in the 

protein and mRNA patterns accompanying their maturation (Bobe et al. 2004). The 

aim of the present study was to develop a biomarker to identify stage II and stage III 

ovarian follicles after in vitro culture.   

Vitellogeninis (Vtgs) are yolk precursor proteins with a high molecular weight (250-

600 kD) glycophospholipoprotein synthesised in the liver in response to the steroid 

hormone 17-β estradiol (E2) (Ng and Idler, 1983; Wallace 1985; Specker and 

Sullivan, 1994). It is secreted into the bloodstream from where it is taken up by 

developing oocytes and cleaved into the two yolk proteins, lipovitellin and phosvitin 

(Wallace and Jared, 1969; Tyler et al. 2000). In oviparous vertebrates, the yolk is 

critical for embryonic development as it is rich in source of nutrients, including 

amino acids, phosphate, carbohydrates, lipids, and vitamins. In oviparous species the 

Vtgs they are divided into three –lipovitellin I (LVI), phosvitin (PV), and lipovitellin 

II (LVII)- in oocytes in vertebrates. Male fishes also possess the Vtg gene but 

expression is not normally found, due to the absence of lower levels of estrogens 

(Harries et al. 1997). It is only recently that sufficient N terminal sequence data for 

Vtg-derived egg yolk proteins in fishes have become available (Finn, 2007). 

Analysis of teleost Vtg genes has identified from one (La Fleur et al. 1995) to 

several distinct Vtg genes (Lee et al. 1994; Trichet et al. 2000; Wang et al. 2000). 

The zebrafish genome contains at least seven vtg genes (vtg 1-7) encoding 

heterogeneous vitellogenins with three disteinct types of Vtgs: type I (Vtg 1, 4-7), 

type II (Vtg 2) and, type III (Vtg 3) (Wang et al.2005). Expression of Vtgs is under 

hormone regulation and is stage, sex and tissue dependent. The Vtg genes expression 

in the zebrafish is found in liver, intestestines, and ovary in female fish, and testis 
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and muscle in E2 treated male fish. However, not all three types of Vtgs are found in 

the same species because of incomplete sequence. Vitellogenesis is where the 

majority of growth occurs and is where the actions of the gonadotropins have been 

well established. FSH is suggested to be the key hormone regulating follicular 

growth and this is due to high levels of FSH receptor mRNA levels in ovarian 

follicles during vitellogenesis (Kwok et al., 2005). FSH stimulates production of 

17β-estradiol (E2) in the follicle, which in turn stimulates the production of 

vitellogenin from the liver (Patino and Sullivan, 2002). 

Cytochrome P450 aromatase (P450) is the key enzyme for conversion of testosterone 

to estadiol-17β in the granulosa cells (Simpson et al. 1994). It is the product of the 

cyp 19 gene. In contrast to the human cyp19 gene, which is believed to occur as a 

single copy in the haploid genome and has multiple tissue-specific promoters and 

first exons, the goldfish has at least two separate and distinct cyp19 loci. 

cyp19b/P450aromB is constitutively expressed at high levels in the brain and is 

further up-regulated by estrogen, which is the basis for 6- to 8-fold seasonal 

variations in enzyme protein and messenger RNA (mRNA) (Gelinas et al.1998). 

cyp19a/P450aromA is expressed in ovary where enzyme levels and mRNA are 

relatively low. The cDNAs encoding the zebrafish orthologs of P450aromB and 

P450aromA, also determine the patterns of expression by tissue-type in adult fish 

and at defined developmental stages in embryos and larvae (Kishida et al.2001). 

P450arom cDNAs have been isolated and characterised in several teleost species, 

including rainbow trout (Tanaka et al. 1992), Catfish ( Trant et al. 1994), medaka 

(Fukada et al. 1996), tilapia (Chang et al. 1997) and red sea bream (Gen et al. 2001). 

Early vitellogenesis is characterised by further increase in plasma FSH and E2, and 

increased expression of ovarian FSH receptor (Kwok et al. 2005), In salmonids, 

steroidogenic thecal cells supply androgen substrate to ovarian granulosa cells that 

express p450 sromatase and produce E2 (Lubzens et al. 2010) 

In order to further assess the growth of the ovarian follicles after 24h culture, vtg1 

gene and p450aromA gene were studied to evaluate their pattern of expression in 

stage I, II and III ovarian follicle developmental stage and a quantitative RT-PCR 

approach to investigate the level of gene expression. 4.2 Results 
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4.2.1 Development of in-vitro culture method for zebrafish ovarian tissue 

fragments 

 

4.2.1.1 Effect of BSA on early stage ovarian follicle growth competence within 

the tissue fragment  

The growth of stage I and stage II ovarian follicles within the ovarian tissue 

fragment after culturing in various concentrations (0.125, 0.25 and 0.5%) of BSA in 

90% L-15 for 24 h culture at 28°C are shown in Figure 4.1. The results showed that 

there has not been an increase in diameter in stage I and stage II follicles cultures 

with BSA following 24 h incubation compared to the control follicles (No BSA) 

Figure 4.1a at 0h and 24 h. Results obtained by TB staining showed that BSA 

exposure (0.25% and 0.5%) induced a decrease in membrane integrity (Figure 4.1b). 

There were no significant differences when 0.125% BSA was used. 
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(a) 

 

 

 

 

 

 

 

(b) 

                

  

Figure 4.1: The diameter of stage I and II ovarian follicles (a) and membrane 

integrity of stage I and stage II ovarian follicles (b) within the ovarian tissue 

fragments in 0.125, 0.25 and 0.5% bovine serum albumin made up in 90% L-15 

medium after 24 h culture at 28°C. Follicles before culture were used as controls 

(0h). Error bars represent Standard Errors of the Mean. Groups with no common 

superscript differ significantly (P<0.05). 
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4.2.1.2 Effect of FBS on early stage ovarian follicle growth competence within 

the tissue fragment 

 

 The growth of stage I and stage II ovarian follicles within the ovarian tissue 

fragment after culturing in various concentrations (10, 20 and 25%) of FBS in 90% 

L-15 for 24 h culture at 28°C are shown in Figure 4.2a. The results showed that the 

diameter of stage I and stage II ovarian follicle increased with samples cultured with 

20% FBS. There was no significant difference in diameter between control and 

follicles cultured with 10% or 25% FBS (P>0.05). And the membrane permeability 

results are shown in Figure 4.2b. The results indicated that 10 and 20% FBS 

treatment on the tissue fragments did not show any difference from the control group 

but the treatment with 25% FBS decreased the membrane integrity of the fragments 

significantly. Hence 20% FBS was compared with other growth factors in the 

subsequent experiment. 
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(a) 

                        

  

 

 

 

 

 

(b) 

       

Figure 4.2: The diameter of stage I and II ovarian follicles (a) and membrane 

integrity of stage I and stage II ovarian follicles (b) within the ovarian tissue 

fragments in 10, 20 and 25% fetal bovine serum made up in 90% L-15 medium after 

24 h culture at 28°C. Follicles before culture were used as controls (0h). Error bars 

represent Standard Errors of the Mean. Groups with no common superscript differ 

significantly (P<0.05). 
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4.2.1.3 Effect of hCG on early stage ovarian follicle growth competence within 

the tissue fragment 

 

The growth of stage I and stage II ovarian follicles in ovarian tissue 

fragments after culturing in 10IUhCG (Tsai et al 2010) along with 0.125% BSA and 

20% FBS in 90%L-15 for 24 h culture at 28°C are shown in Figure 4.3a. There were 

no significant differences in follicle diameter between controls (0h) and the treated 

groups for stage I and stage II follicles within the tissue fragments. There were no 

significant differences in membrane integrity assessed by TB staining between 

follicles incubated in hCG with 20% FBS and those for the control groups at 24h but 

there is significant difference when treated in hCG with 0.125% BSA (Figure 4.3b). 

 

(a) 

 

Figure 4.3a: The effect of 10IU/ml human chorionic gonadotropin with 

0.125% bovine serum albumin and 20% fetal bovine serum on stage I and II 

ovarian follicles within the ovarian tissue fragments in 90% L-15 medium at 

pH 9.0 after 24 h culture at 28°C. Follicles before culture were used as controls 

(0h). Error bars represent Standard Errors of the Mean. Groups with no 

common superscript differ significantly (P<0.05). 
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(b) 

 

 

Figure 4.3b : The membrane integrity of stage I and II ovarian follicles within the 

ovarian tissue fragments in 90% L-15 medium at pH 9.0 after 24 h culture at 28°C 

containing 100mIU/ml follicle stimulating hormone with 0.125% bovine serum 

albumin and 20% fetal bovine serum. Follicles before culture were used as controls 

(0h). Error bars represent Standard Errors of the Mean. Groups with no common 

superscript differ significantly (P<0.05). 
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4.2.1.4   Effect of FSH on early stage ovarian follicle growth competence within 

the tissue fragment 

 

The growth of stage I and stage II ovarian follicles within the ovarian tissue 

fragment after culturing in various concentrations (40, 60, 80, 100 and 120 mIU/ml) 

of FSH in 90% L-15 for 24 h culture at 28°C are shown in Figure 4.4a and 

membrane integrity of stage I and stage II ovarian follicles (Figure 4.4b). The results 

showed that the diameter of stage I and stage II ovarian follicle increased with 

samples cultured with 100mIU/ml FSH. Hence 100 mIU/ml FSH is considered in the 

subsequent experiment.  

 

(a) 

 

Figure 4.4a : The effect of Follicle stimulating hormone (40, 60, 80, 100 and 120 

mIU/ml) on stage I and II ovarian follicles within the ovarian tissue fragments in 

90% L-15 medium at pH 9.0 after 24 h culture at 28°C. Follicles cultured in 90% L-

15 medium were used as controls (24h). Error bars represent Standard Errors of the 

Mean. Groups with no common superscript differ significantly (P<0.05). 
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(b) 

 

 

 

Figure 4.4b: The viability of stage I and II ovarian follicles within the ovarian tissue 

fragments in 90% L-15 medium at pH 9.0 after 24 h culture at 28°C containing 

different concentration of Follicles stimulating hormones. Follicles cultured in 90% 

L-15 medium were used as controls (24h). Error bars represent Standard Errors of 

the Mean. Groups with no common superscript differ significantly (P<0.05). 
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The growth of stage I and stage II ovarian follicles in ovarian tissue fragments after 

culturing in 100mIU/ml FSH along with 0.125% BSA in comparison to 100mIU/ml 

FSH with 20% BSA in 90%L-15 for 24 h culture at 28°C are shown in Figure 4.4c. 

The results showed that treatment with FSH and FBS showed increased in diameter 

in both stage I and stage II ovarian follicles within the fragments. There were no 

significant differences in membrane integrity assessed by TB staining between 

follicles incubated in FSH with 20% FBS and those for the control groups at 24h 

Figure 4.4d.  

(c)  

 

Figure 4.4c: The effect of 100mIU/ml follicle stimulating hormone with 0.125% 

bovine serum albumin and 20% fetal bovine serum on stage I and II ovarian follicles 

within the ovarian tissue fragments in 90% L-15 medium at pH 9.0 after 24 h culture 

at 28°C. Follicles before culture were used as controls (0h). Error bars represent 

Standard Errors of the Mean. Groups with no common superscript differ 

significantly (P<0.05). 
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(d) 

 

 

Figure 4.4d: The membrane integrity of stage I and II ovarian follicles within the 

ovarian tissue fragments in 90% L-15 medium at pH 9.0 after 24 h culture at 28°C 

containing 100mIU/ml follicle stimulating hormone with 0.125% bovine serum 

albumin and 20%FBS. Follicles before culture were used as controls (0h). Error bars 

represent Standard Errors of the Mean. Groups with no common superscript differ 

significantly (P<0.05). 
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4.2.2 Experimental design 

 

The two step reverse transcriptase PCR (RT-PCR) was used to determine 

patterns of gene expression in different developmental stages of zebrafish ovarian 

follicles. Gene expression studies were performed for P450arom A and Vtg1 genes. 

Stage I, II and III ovarian follicles were collected and subjected to RNA extraction, 

cDNA synthesis and PCR. PCR product was analysed using agarose gel 

electrophoresis. Housekeeping gene EF1-α was used as internal control. EF1-α was 

used in the study as this gene was shown to have the highest stability during 

zebrafish studies (Lin et al. 2009; McCurley and Calland, 2008). Housekeeping 

genes are responsible for basic cellular function and expressed at relatively similar 

levels across many types of cells.  

 

4.2.2.1 Determination of P450arom A gene expression in zebrafish ovarian 

follicles at different ovarian follicle developmental stages 

Gene expression was evaluated in different developmental stages-stage I, 

stage II, and stage III ovarian follicles. PCR product was analysed on 2% agarose gel 

stained with 0.5 µg ethidium bromide staining and visualised under Genosmart UV 

gel documentation system (VWR, UK). EF1-α housekeeping gene was used for each 

ovarian follicle stage RNA, PCR was also performed to check any variation in RNA. 

No template control was used to check reagent purity. 

Expression of P450arom A was observed from stage I, stage II and stage III ovarian 

follicles (Figure 4.5). The band intensity was observed to be higher in stage II 

ovarian follicle. PCR product size was determined using HyperladderTM V which 

was 221 bp for P450arom A gene. 
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(a) 

 

(b) 

 

Figure 4.5 Agarose gel electrophoresis (2% agarose) of P450aromA PCR product. EF1-α 
was used as an internal control. Lanes 3-5(a) show P450aromA PCR product of stage I, 
stage II and stage III ovarian follicles respectively. Lanes 3-5(b) show EF1-α PCR product 
of stage I, stage II and stage III ovarian follicles respectively.  No template controls for 
P450arom A(a) (lane 6) were also used in this experiment. No template controls for EF1-α 
(b) (lane 6) were also used in this experiment.HyperladdedTMV (25 bp ladder) (lane 1 and 8) 
was used to determine PCR product size 221 bp for P450arom A gene and 87bp for EF-1α. 

       1         2         3         4         5        6        7        8 
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4.2.2.2 Determination of Vtg1 gene expression in zebrafish ovarian follicles at 

different ovarian follicle developmental stages 

Expression of Vtg1 gene was observed from stage I, stage II and stage III ovarian 

follicles (Figure 4.6). PCR product size was determined using HyperladderTM V 

which was 100 bp for Vtg1 gene. 

 

 

Figure 4.6 Agarose gel electrophoresis (2% agarose) of Vtg1 PCR product. Lanes 3-

5 show Vtg1 PCR product of stage I, stage II and stage III ovarian follicles 

respectively. No template controls for P450arom A (lane 6) are also used in this 

experiment. HyperladdedTMV (25 bp ladder) (lane 1 and 8) was used to determine 

PCR product size 100 bp for Vtg1 gene. 
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4.2.3 Experimental design 

 

Based on the gene expression profile obtained from previous study (section 4.2.2) 

the gene expression levels were quantified using quantitative RT-PCR. This 

experiment investigates the level of expression at different ovarian follicle 

development stages. In order to assess level at stage I, II and III ovarian follicles 

quantitative analysis has been done. Quantification measures the relative change in 

mRNA expression level. 

 

4.2.3.1 Studies on the expression of P450arom A gene on different ovarian 

follicle developmental stages  

The results showed that the expression of p450aromA gene was higher in stage II 

compared to stage I and stage III ovarian follicles.  

 

 

 

 

 

 

 

Figure 4.7 Relative mRNA expression of P450aromA in zebrafish stage I, stage II 

and stage III ovarian follicles. The values are normalised to EF1-α. Values represent 

the mean SEM of the relative expression as determined by RT-PCR. Different letters 

indicate significant differences. 
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4.2.3.2 Studies on the expression of Vtg1 gene on different ovarian follicle 

developmental stages  

The results showed that the expression of Vtg1gene was higher in stage III when 

compared to stage I and stage II ovarian follicles.  

 

 

 

Figure 4.8 Relative mRNA expression of Vtg1 in zebrafish stage I, stage II and stage 

III ovarian follicles. The values are normalised to EF1-α. Values represent the mean 

SEM of the relative expression as determined by RT-PCR. Different letters indicate 

significant differences. 
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4.2.3.3 Fluorescence measurements melt curves and standard curve evaluation 

of P450arom A and Vtg1 genes 

 

Fluorescence levels within each tube were measured at the end of each cycle 

(Figure 4.9). Amplification efficiency and a correlation coefficient from standard 

curve of cDNA at different 10-fold dilution were also determined for each gene 

using accompanied real time PCR software (Figure 4.10). All the target genes have 

acceptable efficiencies and correlation coefficients from 0.7 to 1.1 (Pfaffl 2003a). 

Melting curve was performed to ensure that the primers amplified a single product. 

The melting cure (Figure 4.11) indicates no contamination in samples. 
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P450aromA 

 

 

Vtg1 

 

 

Figure 4.9 Example of fluorescence measurement of P450arom A and Vtg1 genes. 

Fluorescence graphs shows fluorescence measurement obtained for standard 

(brown), negative control (light blue) and the other colours related to ovarian follicle 

samples. 
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P450aromA 

 

 

Vtg1 

 

 

Figure 4.10 Example of standard curves for P450arom A and Vtg1 genes. Mean ± 

SEM Ct values are plotted against the log concentrations of the standards for 10-fold 

dilutions. Each standard curve has an R2 value > 0.99, due to an equal number of 

cycles separating standards of 10-fold dilution concentration difference. Each curve 

has an efficiency value within acceptable range of between 0.7 and 1.1 (Pfaffl 

2003a). 
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P450aromA 

 

 

Vtg1  

 

 

Figure 4.11 Example of melting curves for P450arom A and Vtg1 genes. Standard 

(brown), negative control (light blue) and the other colours related to ovarian follicle 

samples. All samples produced same peak, therefore sample have no contamination, 

mispriming and primer dimmers. 
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4.2.3 Studies on the expression of p450aromA gene and Vtg1 gene on different 

ovarian follicle developmental stages after in vitro culture treatment 

 

Results from these experiments show that after 24 h in-vitro culture, the level 

of expression of P450aromA gene on stage I showed the level of expression of stage 

II obtained prior to culture. This indicates that stage I have developed to stage II 

follicles. Similarly the level of expression of Vtg1 gene on stage II showed the level 

of expression of stage III obtained prior to culture, indicating stage II have developed 

to stage III follicles. As a result P450aromA and vtg 1 gene can be used as  markers 

to assess the growth of stage II and stage III ovarian follicles in vitro. 
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(a) 

 

 

(b) 

 

Figure 4.12: Relative mRNA expression of P450aromA gene (a) and Vtg1gene (b) 

after 24h in-vitro culture showing the growth from stage I to stage II follicles and 

from stage II to stage III follicles respectively. The values are normalised to EF1-α. 

Values represent the mean SEM of the relative expression as determined by RT-

PCR. Different letters indicate significant differences. 
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4.3 Discussions 

 

4.3.1 Effect of media supplements on the ovarian tissue fragment 

 

Results obtained in the present study showed that after 24h of in-vitro 

culture, increase in follicle diameters were observed when ovarian fragments were 

incubated in 20% FBS when compared to the other concentrations.  FBS has been 

shown as an effective growth factor in most fish culture and has been reported to 

increase the cellular growth rate (Goswami et al. 2009, Kumar et al. 2001) but it has 

not been used in zebrafish cultures until now. The FBS is also proven to be the 

essential supplement for the survival and optimal growth of fish cells (Lakra et al. 

2010). FBS at concentration of 20% has been proven to favourable for cell growth 

and attachment for fin and heart tissues of common carp, after subculture the 

replication rate of the cell lines increased as the FBS  concentration increased from 

5- 20% (Lakra et al. 2010). The result obtained in the present study is also in line 

with the studies undertaken by Otala et.al (2002) on human ovarian tissues, Chen et 

al. (2004) and Kang et al. (2003) on marine fish. They reported in their study that 

culture medium supplemented with FBS preserved the integrity of the oocyte 

granulosa-stroma interaction, which is important for the development of early 

follicles.  

Incubation of follicles with 0.5% BSA did not increase follicle diameter when 

compared to the controls whilst incubation with 20% FBS induced a significant 

increase in follicle diameter. Furthermore, incubation of fragments in 0.5% BSA in 

some samples induced damage to early stage follicles within the tissue fragments. 

Although lower concentrations of BSA were investigated, it showed lower 

membrane integrity when compared to FBS. In medaka, it has been reported that 

BSA is effective for the maturation of oocytes after LH surge (Iwamatsu, 1973). Seki 

et al. (2008) reported that BSA was proven effective for the cytoplasmic maturation 

of later stage zebrafish oocytes. But the in-vitro studies conducted on human ovarian 

tissue showed that incubation with albumin induced cell death (Otala et al. 2002). In 

the present study, FBS was shown to have a significant effect in stimulating the 
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ovarian follicle growth competence. This is in line with the study undertaken by 

Newton et al. (1999) who reported that FBS increased oocytes development in 

murine when compared to those cultured in BSA. In zebrafish oocytes, the 

mechanism of the effect of FBS on maturation is unknown, but FBS get endocytosed 

into the fish oocytes. Further studies are necessary to understand the mechanism of 

FBS on zebrafish oocytes. In the present study, 20% FBS was shown to have a 

significant effect in stimulating the ovarian follicle growth competence. 

 

4.3.2 Effect of gonadotropins on the ovarian tissue fragments 

 

In teleosts, as in other oviparous vertebrates, estrogens play important roles 

in reproduction. Biochemical analyses and molecular cloning studies on teleosts 

have demonstrated that there are two distinct gonadotropins (GTHs) namely, GTH-1, 

which is homologous to FSH; and GTH-II, which is homologous to LH (Melamed et 

al.1998). FSH and LH are expressed differently during the reproductive cycle. The 

level of FSH is high in oocytes growth stage and LH is high in the maturation stage 

(Clellan and Peng, 2008, Weil et al. 1995, Kwok et al. 2005). Since fish 

gonadotropins are not easily available, hormones from mammalian sources have 

been commonly used as the alternatives in various studies in fish (Tsai et al. 2010). 

In contrast to the high specificity of mammalian gonadotropins, the specificity of 

gonadotropins to their receptors has been shown to be less apparent in teleosts 

according to the limited studies in salmonids and catfish (Oba et al. 1999; Vischer et 

al. 2003). The only report on receptor specificity in cyprinids was conducted in an 

Indian carp using purified GTH receptors. However the study used heterologous 

salmon FSH and LH and its results interpreted with caution because of the high 

plasticity of gonadotropin-receptor interaction in teleosts (So et al. 2005). 

The results obtained after the exposure to hCG did not aid follicle growth when 

compared with controls. This result is in line with the study undertaken by Wu et al. 

(2000) on zebrafish ovary that the treatment with hCG does not respond on stage I 

and stage II follicles, and also on stage III oocytes unless they are larger than 

0.52mm. However the promotion of oocyte maturation competence by hCG has been 
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well documented in teleosts (Pang and Ge, 2002) they have reported that hCG 

significantly promoted the maturation of zebrafish stage III oocytes. Also studies 

with hCG treatment has shown to stimulate the growth in only later stage ovarian 

follicles in human (Filicori et al. 2002).   

The results obtained from the present study showed that the treatment with FSH 

induced follicle size increase.  It is known that FSH treatment increases the number 

of preantral and small antral follicles in mouse, it is also reported that the follicular 

growth up to antrum formation is controlled by FSH (Wang et al. 1993). FSH is 

involved in early folliculogenesis (Javed et al. 2008). In zebrafish, FSH act in early 

folliculogenesis and is essential to an adequate development up to the vitellogenesis 

(Kwok et al. 2005). The presence of FSH receptor in granulose cells suggests that 

FSH promote follicular development and growth (Magalhaes, 2009). However in 

Salmonoids, it has been proposed that FSH is likely to be important for promoting 

follicle growth in the ovary (Tyler et al. 1991). In trouts, FSH is elevated during pre-

vitellogenesis, whereas LH appears during final oocyte maturation and ovulation in 

females (Gomez et al.1999). Furthermore, Meduri et.al (2008) has reported that FSH 

receptors appear during early stage ovarian follicle development. Treatment with 

FSH significantly increased the follicular diameter in most of mammalian in-vitro 

cultures (Rosetto et al. 2009, Rajarajan et al. 2006). FSH is essential for the 

differentiation of granulose cells and it regulates the transzonal connection between 

the oocytes and surrounding granulose cells (Chaves et al. 2012).  

 

4.3.3 Optimum in-vitro culture protocol for zebrafish ovarian tissue fragments 

An in-vitro culture protocol for zebrafish ovarian tissue fragments is 

identified here for the first time. The results obtained from the present study showed 

that FSH was most effective on the tissue fragments containing stage I and stage II 

ovarian follicles. The tissue fragments were cultured in 90% L-15 medium (pH 9) 

containing 100mIU/ml FSH with 20% FBS. The treatment increased the follicular 

diameter from stage I to stage II and from stage II and stage III.  A different protocol 

will be required in order to grow stage III oocytes to more advanced developmental 
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stages as this requires vitellogenin. Hence further studies on oocyte maturation are 

required. However, the in-vitro culture method developed here will provide a reliable 

method for the practical use of ovarian tissue fragments containing stage I and stage 

II follicles. 

 

4.3.4 The levels of expression of P450aromA gene and Vtg 1 genes at different 

stages of ovarian follicular development 

The objective of this study was to investigate the levels of expression of 

P450aromA gene and Vtg 1 genes at different stages of ovarian follicular 

development in zebrafish and to employ the genes as biomarkers to assess the 

growth of ovarian follicles according to their developmental stages. The different 

developmental stage used for RNA extraction includes the granulosa and theca 

layers of the grown ovarian follicles. The gene expressions monitored were located 

in the fully-grown follicles. Little is known about the expression of the genes 

involved throughout follicle development in the zebrafish. 

The present study (Section 4.2.3.1) demonstrated that the expression of 

P450aromA gene was higher in stage II ovarian follicles when compared to stage III 

ovarian follicles. This is in agreement with the studies undertaken by Ings et al. 

(2006) in zebrafish, where they reported that the expression of P450aromA peaked in 

previtellogenic follicles and dropped off to almost non-detectable levels in maturing 

follicle. Kumar et al. (2000) also showed that P450aromA expression decreased as 

follicles matured in the channel catfish. Other studies have found that the expression 

of P450aromA peaks during mid-vitellogenesis with a drop in expression during 

maturation in medaka (Fukada et al. 1996) and tilapia (Chang et al. 1997), although 

expression was not measured in earlier developmental stages. P450arom mRNA 

levels increase in association with increase of enzyme activity during vitellogenesis 

in medaka (Fukada et al. 1996). In salmonids, P450 arom enzyme activity and its 

mRNA levels increse during the vitellogenic oocyte growth (Kagawa et al.2003). 

Studies have shown that the highest levels of expression of P450aromA expression 

during maturation in artificially matured Japanese eels (Matsubara et al. 2003) and 

artificially matured red seabream (Gen et al. 2001), although this could be due to 
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hormonal stimulation, so therefore may not reflect the natural expression patterns of 

these species (Ings et al. 2006). 

The present study (Section 4.2.3.2) demonstrated that the expression of Vtg1 

gene was higher in stage III follicles when compared to stage I and stage II ovarian 

follicles. Vtgs are the most abundant proteins in the mature teleost oocytes. In late 

stage zebrafish oocytes, very large amounts of Vtgs in their large forms were 

observed (Ziv et al. 2008). The variability of protein and mRNA levels defines the 

specific maturation stage. Until recently, liver was assumed to be the main site for 

Vtg synthesis in teleosts. Levi et al. (2011) had reported that Vtgs are well expressed 

in ovary. The higher expression levels of Vtg 1 gene, may suggest the differential 

regulation by E2 from differences in the estrogen in the promoter region (Levi et al. 

2009). The mRNA expression reflects the in vivo gene expression in zebrafish, in 

which maturational competence was acquired through in vitro gonadotropin 

stimulation (Bobe et al. 2004). 

In (Section 4.2.4), results from these experiments show that after 24 h in-

vitro culture, the level of expression of P450aromA gene on stage I showed the level 

of expression of stage II obtained prior to culture and the level of expression of Vtg1 

gene on stage II showed the level of expression of stage III obtained prior to culture. 

This shows that stage I has grown to stage II follicles and stage II has grown to stage 

III follicles respectively. Hence P450aromA and vtg 1 gene can be used as  markers 

to assess the growth of stage II and stage III ovarian follicles in vitro. 

The present gene expression study is focussed on mRNA levels of the target 

genes, and neither the corresponding proteins levels nor the functionality were 

assessed. P450aromA and Vtg1 genes have proved to be simple and sensitive 

markers for assessing the growth competence of the developing zebrafish ovarian 

follicles. In zebrafish, it is possible to use these genes to distinguish the growth 

pattern and confirm the structural difference in terms of the ovarian follicle 

development. 
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4.4 Summary 

The results from these experiments demonstrated that the zebrafish ovarian 

tissue fragments containing stage I and stage II follicles can be cultured in-vitro for 

24h, treated in 90% L-15 medium (pH 9) containing 100mIU/ml FSH with 20% 

FBS. It showed growth competence from stage I to stage II and from stage II to stage 

III respectively. Growth assessment can be confirmed by determining the expression 

of P450arom A and Vtg1 gene. The result from this study demonstrates that the in-

vitro culture method and marker developed can be a positive indication for 

understanding the mechanism of maturation in zebrafish oocytes in-vitro.  
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CHAPTER 5 DEVELOPMENT OF CRYOPRESERVATION PROTOCOL 

FOR ZEBRAFISH OVARIAN FRAGMENTS USING CONTROLLED SLOW 

COOLING 

 

5.1 INTRODUCTION 

 

Cryopreservation of gametes is an important method of conservation of 

germplasm and has wide range of applications in aquaculture and fisheries 

management. Cryopreservation is the most efficient method for long term storage of 

genetic materials. Though fish sperm cryopreservation has been a success, 

developing successful protocols for eggs and embryo cryopreservation still remains 

elusive. Several studies have been undertaken on cryopreservation of isolated fish 

ovarian follicles at different stages (Guan et al. 2008; Tsai et al. 2009; Zampolla et 

al. 2008), yet the protocols used lead to compromised viability. It has been reported 

that early stages of zebrafish ovarian follicles are less sensitive to chilling than late 

stages (Tsai et al. 2009) and that the membrane permeability of zebrafish immature 

oocytes to water and cryoprotectants is higher than in mature oocytes (Seki et al. 

2007a; Seki et al. 2007b). Cryopreservation of follicles within ovarian tissue has 

attracted considerable attention in recent years. It has become a valid alternative to 

cryopreservation of oocytes in human (Hovatta et al. 1996; Newton et al. 1996; Abir 

et al. 2001; Gook et al. 2001; Oktay et al.2001), sheep (Gosden et al. 2002; Cecconi 

et al. 2004), cattle (Celestino et al. 2008), goat (Rodrigues et al. 2004) and pig 

(Borges et al. 2009). Along with the cryoprotectants, varying concentrations of 

serum and serum substitutes have been used for cryopreservation of ovarian tissue. 

In sheep, supplementation with 10% bovine calf serum was used (Gosden et al. 

1994), in human 10% foetal bovin serum was used (Oktay et al. 1997). No 

comparative studies regarding serum supplementations in cryopreservation of 

zebrafish ovarian tissue have been carried out, they are therefore investigated here. 

The present study was undertaken to determine the effect of cryopreservation on 

zebrafish ovarian tissue fragments containing the stage I and stage II follicles. The 

effect of cryopreservation medium, the effect of cryoprotectant, cooling rate and 

ovarian follicle viability assessment after controlled slow cooling were investigated. 
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Ovarian follicle membrane integrity was assessed by trypan blue (TB) and 

fluorescein acetate-propidium iodide (FDA-PI) staining. ATP levels were measured 

to assess the metabolic status following cryopreservation. 
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5.2 Results 

 

The penetrating cryoprotectants, methanol and ethanol were chosen for this part of 

study. Each of the cryoprotectants was used at the highest No Observed Effect 

Concentration (NOEC) according to the viability test (for stage I and stage II ovarian 

follicles), which was determined in toxicity studies (Chapter 3).  

 

5.2.1 Effect of medium 

 KCl buffer and 90% L-15 medium were used as freezing medium in this 

study. Methanol (2M) was used as a cryoprotectant in this experiment. The results of 

TB staining assessed the membrane integrity of stage I and stage II ovarian follicles 

with freezing rates of 2°C/min from seeding temperature (-12.5°C) to -40°C and then 

frozen to -196°C are shown in Figure 5.1. The result showed that KCl buffer and 

90% L-15 medium were not significantly different from each other. Stage I ovarian 

follicles survival within the tissue fragments in 90% L-15 medium+2M methanol 

and KCl buffer + 2M methanol after cryopreservation at a cooling rate of 2°C/min 

was 41.3±1.0% and 39.6±1.9%, and survival of stage II ovarian follicles within the 

ovarian fragments was 63.3±1.5% and 60.8±1.8% respectively. Also the post-culture 

results obtained from (Chapter 4) showed that 90% L-15 medium was the optimum 

culture medium for zebrafish ovarian tissue culture. Hence 90% L-15 medium was 

therefore used as the base medium for the subsequent freezing experiment.  
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Figure 5.1 Effect of two freezing media on stage I and stage ovarian follicles 

survival with the tissue fragment. Ovarian follicles were frozen to -196°C in either 

90% L-15 medium or KCl buffer in 2M methanol at cooling rate of 1°C/min. Stage I 

and stage II zebrafish ovarian follicles were incubated in 90% L-15 and KCl buffer 

in 2M methanol at room temperature for 10 min after thawing, and cryoprotectant 

was removed in one-step. Ovarian follicle membrane integrity was assessed with TB 

staining. Error bars represent standard errors of the mean. Different letters indicate 

significant differences between the stages (p<0.05). 
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5.2.2 Effect of different cryoprotectants  

 

The comparison of ovarian follicle survivals within the tissue fragments after 

cryopreservation in 2M methanol, 2M methanol+20% FBS, 2M ethanol and 2M 

ethanol + 20% FBS under different cooling conditions  are shown in Figure in 5.2 (a-

f). The cryoprotectants were made up in the 90% L-15 medium. Cryopreservation of 

zebrafish ovarian tissue fragments in 90% L-15 as the base medium along with 

different cryoprotectant combination was studied here for the first time. The results 

indicated that methanol diluted in 90% L-15 medium in combination with 20% FBS 

is a better cryoprotectant than ethanol for both stages showing the least damaging 

effect on membrane integrity. There were significant difference in stage I and II 

ovarian follicles within the tissue fragments when methanol or ethanol was used. The 

membrane integrity of the ovarian follicles within the tissue fragments was assessed 

with TB staining. The highest survival after cryopreservation was obtained with 2M 

methanol + 20% FBS. The addition of serum to the cryoprotectant combination 

increased the membrane integrity of the follicles. Hence this medium was used in 

subsequent experiments. 
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(b) 

  

 

(c) 
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(d) 

 

 

(e) 
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(f) 

 

Figure 5.2: Comparison of different cryoprotectants (2M methanol, 2M 

methanol+20% FBS, 2M ethanol and 2M ethanol + 20% FBS made up in 90% L-15 

medium) on ovarian fragments survival after cryopreservation and post-thaw 

incubation for 10min at room temperature. Ovarian fragments were incubated in the 

cryoprotective medium for 30 min at room temperature and then frozen to -196ºC, 

post-seeding cooling rates of 0.3ºC/min (a), 0.5ºC/min (b), 1ºC/min (c), 2ºC/min (d), 

4ºC/min (e) and 7ºC/min (f).  The cryoprotectant was removed in four steps. The 

membrane integrity was assessed with trypan blue staining. Error bars represent 

standard errors of the mean. Different letters indicate significant differences between 

the treatment groups (p<0.05). 
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5.2.3 Effect of post-seeding cooling rate  

 

 A number of post-seeding cooling rates, ranging from 0.3 -7°C/min were 

tested. Moderate cooling rates appear to be more advantageous when compared with 

faster or slower cooling rates (Figure 5.2). Ovarian follicles survivals obtained with 

4°C/min post-seeding cooling rates were significantly higher when compared to 

other cooling rates, whilst survivals obtained with slower and faster rates were 

significantly lower. 4°C/min was therefore used in the subsequent experiments. 

 

   

Figure 5.3 Effect of post-seeding cooling rate on stage I and stage II zebrafish 

ovarian follicles within the tissue fragments after cryopreservation and incubation at 

the room temperature. Ovarian follicles were frozen to 196°C in 2M methanol in 

90% L-15 medium+20% fetal bovine serum at different cooling rates. The ovarian 

tissue fragments were incubated in 90% L-15 medium at room temperature for 10 

min after thawing and four step cryoprotectant removal. Ovarian follicle membrane 

integrity was assessed using TB staining. Error bars represent standard errors of the 

mean. Different letters indicate significant differences between the treatment groups 

(p<0.05). 
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5.2.4 Effect of viability assessment method 

 

The comparisons of the three viability assessment methods used in this study 

are shown in Fig 5.4 and 5.5. In experiment Fig 5.4, the comparisons of the two 

staining methods (TB and FDA-PI staining) were performed. TB staining assesses 

the membrane integrity of the follicles and FDA+PI staining assesses the membrane 

integrity and metabolic activity of the cells.   Results showed that FDA+PI staining 

are more sensitive than TB staining and the sensitivity appeared to be increased with 

the increase in post-thaw incubation time. The percentage of undamaged follicles 

after cryopreservation assessed by FDA+PI was always lower than the follicles 

evaluated by TB. The FDA+PI proved to be more sensitive than TB staining of 

ovarian tissue fragments as microscopic observation showed a decrease of green 

fluorescence in the follicles with intact membrane after cryopreservation.  

 

Figure 5.4: Membrane integrity of ovarian follicles within the fragments assessed using 

trypan blue staining (TB) and fluorescein diacetate + propidium iodide (FDA+PI) staining 

after cryopreservation and post-thaw incubation for 10min and 120 min (90% L-15 medium) 

at room temperature. The tissue fragments were incubated in 2M methanol in 90% L-15 

medium+20% FBS for 30min at room temperature and then frozen to -196ºC at post-seeding 

cooling rate 4ºC/min. Cryoprotectants was removed in four-steps. Error bars represent 

standard errors of the mean. Different letters indicate significant differences between the 

staining methods (p<0.05). 
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The ATP levels in ovarian fragments were measured following cryopreservation. 

The results showed that the ATP levels were affected by cryopreservation (Figure 

5.5). The ATP levels of the ovarian tissue fragments significantly decreased with 2M 

methanol+ 20% FBS in 90% L-15 medium. 

 

 

Figure 5.5: The Adenosine 5’-triphosphate (ATP) levels measured after 

cryopreservation and post-thaw incubation for 10min and 120 min (90% L-15 

medium) at room temperature. The tissue fragments were incubated in 2M methanol 

in 90% L-15 medium+20% FBS for 30min at room temperature and then frozen to -

196ºC at post-seeding cooling rate 4ºC/min. Cryoprotectants was removed in four-

steps. Error bars represent standard errors of the mean. * Significantly different from 

corresponding control value, p<0.05 
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5.2.5 In-vitro culture of cryopreserved ovarian tissue fragments 

  

The optimum in-vitro culture protocol developed in the previous experiment 

(Chapter 4) was used to assess the ovarian follicle growth competence after 

cryopreservation. The ovarian tissue fragments containing stage I and stage II 

follicles were cryopreserved using the freezing protocol identified in the previous 

experiments using controlled slow cooling. The tissue fragments were incubated in 

2M methanol in 90% L-15 medium+20% FBS for 30min at room temperature and 

then frozen to -196ºC at post seeding cooling rate of 4ºC/min. Ovarian fragments 

were then incubated in 90% L-15 at room temperature for 10 min after thawing and 

cryoprotectants were removed in four steps. The ovarian fragments were then placed 

in the in-vitro medium containing 100mIU/ml FSH with 20% FBS and incubated for 

a 24h period. After 24h post-culture the follicle growth was measured using confocal 

microscopy and their membrane integrity was assessed using trypan blue staining. 

The results showed that stage I and stage II follicles from the freeze-thawed 

group did not show any increase in diameter when measured at different time points 

(0h, 2h, 6h and 24h) (Figure 5.6). The results obtained from TB staining assessing 

the membrane integrity of the cryopreserved stage I and stage II follicles indicated a 

significant decrease when compared to the control (unfrozen groups). 
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(a) 

 

(b) 

 

Figure 5.6: The growth of stage I (a) and stage II (b) ovarian follicles within the ovarian 
fragments after freeze-thawing and cultured in 90% L-15 medium (pH 9) containing 
100mIU/ml follicle stimulating hormone(FSH) with 20% fetal bovine serum(FBS) for 24 hr 
at 28ºC. The tissue fragments were incubated in 2M methanol in 90% L-15 medium+20% 
FBS for 30min at room temperature and then frozen to -196ºC at post-seeding cooling rate 
4ºC/min. Cryoprotectants was removed in four-steps. The diameters of ovarian follicles were 
measured with an ocular micrometer under microscope. Error bars represent standard errors 
of the mean. Different letters indicate significant differences between the control and 
cryopreserved groups (p<0.05) and * represent the significant difference between the time 
points. 

0

50

100

150

200

0h 2h 6h 24h

O
va

ria
n 

fo
lli

cl
e 

di
am

et
er

 (u
m

)

Time points

Control

Cryopreserved fragments

b

a

a a a a
a

a

*

0

50

100

150

200

250

300

350

0h 2h 6h 24h

O
va

ria
n 

fo
lli

cl
e 

di
am

et
er

 (u
m

)

Time points

Control

Cryopreserved fragments

a a a a

a

b

a

b

a*



131 
 

 

 

Figure 5.7: Viability of stage I and stage II follicles within the ovarian fragments 

after freeze-thawing and cultured in 90% L-15 medium (pH 9) containing 

100mIU/ml follicle stimulating hormone (FSH) with 20% fetal bovine serum (FBS) 

for 24 hr at 28ºC. The tissue fragments were incubated in 2M methanol in 90% L-15 

medium+20% FBS for 30min at room temperature and then frozen to -196ºC at post-

seeding cooling rate 4ºC/min. Cryoprotectants was removed in four-steps. The 

viability was assessed by TB staining. Error bars represent standard errors of the 

mean. Different letters indicate significant differences between the control and 

cryopreserved groups (p<0.05). 
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5.2.6 The effect of using non-permeating cryoprotectants on the zebrafish 

ovarian tissue fragments 

 

 Saccharides are frequently used as extracellular cryoprotectants, often in 

combination with permeating cryoprotectants to maximize the cryoprotection. 

Sugars are useful in the stabilization of lipid membrane and proteins when cells are 

dehydrated (Crowe et al. 1998). As cells are dehydrated during cryopreservation, a 

balance must be maintained between the removal of free water that could form ice 

crystals without excessive removal of bound water, resulting in loss of structural 

support to the proteins and lipids. Therefore, sugars may be served as a replacement 

for bound water on the membranes to decrease the injury from dehydration stresses 

(Wright et al. 2004). One of the major advantages of sugars is their high glass 

transition temperature compared with permeating cryoprotectants (Chen et al. 2002). 

The high glass transition temperatures allow long-term storage of cells at high 

subzero and even supra zero temperatures. In fact, many organisms including arctic 

frogs, salamanders, some nematodes, insects, brine shrimps can survive at extremely 

low temperatures for years by undergoing a glassy state due to the accumulation of 

large amounts of intracellular sugars; therefore sugars offer a unique prospect for 

high-sub zero temperature storage of mammalian cells (Crowe et al. 1992).  

In order to identify the disaccharides in a suitable concentration for zebrafish 

ovarian tissue cryopreservation, studies on the toxicities with sucrose and trehalose 

were carried out. As methanol was found to be the most effective cryoprotectant for 

cryopreservation in the previous experiments, 2M methanol was used in these 

experiments. Studies on toxicities were carried out under the following conditions: 

2M methanol along with different concentrations of sucrose and trehalose, 2M 

methanol +20% FBS along with different concentrations of sucrose and trehalose 

were incubated for 30 min at room temperature and the membrane integrity was 

assessed using TB staining. 

 The effect of cryoprotectants at different concentrations on stage I and stage 

II follicles within the ovarian fragments are shown in Figure 5.8 (a-c). The results 

indicated that 0.1Msucrose+2M methanol in 90%L-15 medium were the least toxic 



133 
 

cryoprotectants when compared with other combinations. Hence this cryoprotectant 

combination was used for the subsequent freezing experiment. 
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(c)  

 

 

Figure 5.8: Membrane integrity of stage I and stage II zebrafish ovarian follicles in 

ovarian tissue fragments assessed with TB staining. The tissue fragments were 

exposed to different concentration of sucrose and trehalose 0.1M (a), 0.2M (b) and 

0.5M (c) in 2M methanol for 30min at room temperature. Controls were incubated in 

90% L-15(pH 9) for 30 min at room temperature. Different letters indicated 

significant differences between control and the cryoprotectant treated groups 

(P<0.05). 
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5.2.7 Effect of non-permeating cryoprotectants on ovarian tissue fragments 

 

The comparison of ovarian follicles survivals within the tissue fragments 

after cryopreservation in 2M methanol+0.1M sucrose, 2M methanol+20% 

FBS+0.1M sucrose, 2M methanol+0.1M trehalose and 2M methanol+20% 

FBS+0.1M trehalose made in L-15 medium are shown in Figure 5.9. The results 

indicated that 2M methanol+20% FBS+0.1M Sucrose in L-15 medium is better 

combination cryoprotectant for both stages. There were significant difference in 

stage I and stage II follicles within the fragments when sucrose and trehalose was 

used with 2M cryoprotectant. The viability of the ovarian follicles within the tissue 

fragments was assessed using TB staining. Although the highest survival after 

cryopreservation was obtained with 2M methanol+20% FBS+0.1M sucrose the 

viability of the follicles lowered significantly to the control.  

 

Figure 5.9 Comparison of different cryoprotectants 2M methanol+0.1M Sucrose, 2M 
methanol+0.1M Sucrose+20% FBS, 2M methanol+0.1M Trehalose and 2M methanol+0.1M 
Trehalose+20% FBS on ovarian fragments after cryopreservation and post-thaw incubation 
for 10min in 90% L-15 medium at room temperature. Ovarian fragments were incubated in 
the cryoprotective medium for 30 min at room temperature and then frozen to -196ºC, post-
seeding cooling rates 4ºC. The cryoprotectant was removed in four steps. The membrane 
integrity was assessed with TB staining. Error bars represent standard errors of the mean. 
Different letters indicate significant differences between the control and cryopreserved 
groups (p<0.05). 
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5.2.8 Effect of cryopreservation with non-permeating cryoprotectant on the 
membrane integrity 

 

 The ovarian tissue fragments were incubated in 2M methanol+20% FBS+ 

0.1M sucrose for 30min at room temperature and were frozen to -196°C at post 

seeding cooling rate 4°C/min. After cryopreservation the cryoprotectant was 

removed in four steps and the survival was assessed using TB and FDA+PI staining. 

The results showed that cryopreservation using the non-permeating cryoprotectant 

appeared to have significant effect on the membrane integrity of the cryopreserved 

group assessed by trypan blue and FDA-PI tests. 

 

 

Figure 5.10: The ovarian follicles within the fragments viability assessed using 

trypan blue (TB) and fluorescein diacetate + propidium iodide (FDA-PI) staining 

after cryopreservation and post-thaw incubation for 10min at room temperature. The 

tissue fragments were incubated in 2M methanol+20% FBS+0.1M Sucrose in 90% 

L-15 medium for 30min at room temperature and then frozen to -196ºC at post-

seeding cooling rate 4ºC/min. Cryoprotectants was removed in four-steps. Error bars 

represent standard errors of the mean. Different letters indicate significant 

differences between the treatment groups (p<0.05). 
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5.2.9 Effect of cryopreservation with non-permeating cryoprotectant on ATP 

levels 

  

 The ATP levels in the ovarian tissue fragments were measured following 

cryopreservation. The ovarian tissue fragments were incubated in 2M 

methanol+20% FBS+ 0.1M sucrose for 30min at room temperature and were frozen 

to -196°C at post seeding cooling rate 4°C/min. After cryopreservation the 

cryoprotectant was removed in four steps and the survival was assessed using ATP 

assay. The results showed that ATP levels of the ovarian tissue fragments 

significantly decreased after cryopreservation with sugars.  

 

 

Figure 5.11: The Adenonosine 5’-triphosphate (ATP) levels measured after 

cryopreservation and post-thaw incubation for 10min at room temperature. Control: 

ATP levels were assessed in ovarian fragments held in 90% L-15 medium at room 

temperature; Treated: ATP levels were assessed after cryopreservation of ovarian 

fragments in 2M methanol+20% FBS+ 0.1M sucrose Error bars represent standard 

errors of the mean. * Significantly different from corresponding control value, 

p<0.05. 
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5.3 Discussion 

 

 Cryopreservation of fish ovarian tissue has proven to be a major challenge. 

Low permeability and surface volume ratio and high internal water are the 

fundamental reason for the failure of fish eggs and embryos cryopreservation 

(Saragusty and Arav, 2011). Several factors that assist survival of ovarian tissue 

cryopreservation include cryoprotectants, cryopreservation medium, cooling rates, 

removal of cryoprotectants. 

 

5.3.1 Effect of medium 

 

 L-15 medium has been widely used as base medium in various ovarian tissue 

cryopreservations in human (Schmidt et al. 2003). L-15 medium is also used in 

various fish ovarian follicle culture and in-vitro maturation. It has been reported by 

Onions (2008) that L-15 medium has no negative effects on freezing of whole ovine 

ovary. Under physiological conditions, sodium ions diffuse freely into the cell, but 

the excess is removed by sodium pumps to balance the considerable proportion of 

the cell’s energy outflow (Wolfe, 1993). During freezing, the rise in the extracellular 

solute concentration due to the ice formation helps the flow of water out of the cell 

and also increases diffusion of sodium into the cell. In this process, the sodium pump 

may be expected to stop due to decrease in temperature. It is therefore likely that the 

intracellular sodium will have increased by the time the cell is transferred to LN2. 

This situation will still exist immediately after thawing and could lead to post-thaw 

damage. Hence sodium containing freezing medium would help overcome this 

problem (Stachecki et al. 2000). The present study also showed that L-15 medium is 

advantageous in using as a base medium in freezing experiments. 
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5.3.2 Effect of different cryoprotectants  

 

 Cryoprotectants are essential component to maintain the cell viability and 

functions for storage at very low temperature. The results obtained in the present 

study showed that methanol is a better cryoprotectant than ethanol for freezing the 

zebrafish ovarian tissue fragments. These results are in agreement with the results 

obtained with zebrafish embryos, oocytes and isolated follicles (Zhang et al. 1993; 

Liu et al. 2001; Guan et al. 2008; Tsai et al. 2009; Zampolla et al. 2009). The 

relative effectiveness of methanol as a cryoprotectant is thought to be due to its rapid 

penetration and low toxicity (Zhang and Rawson, 1995).  The results in the present 

study also showed that the viability of the cells increased when methanol was used in 

the combination with FBS. These results are in agreement with the study undertaken 

by YunHa et al. (2005) on human embryonic stem (ES) cells, which reported that 

FBS in the combination of cryoprotectant increased the survival rate after 

cryopreservation, showing that serum is needed for the cryopreservation of human 

ES cells, freezing cells without FBS is associated with a poor survival rate (YunHa 

et al. 2005). This study is also in agreement with studies in fish cells (Choresca et al. 

2011; Han et al. 2011) and European eel sperm (Macro-Jimenez et al. 2006) that 

addition of FBS in the freezing medium increased the cell viability. Also in the study 

of cryopreservation of rat hepatocytes, the best survival rate was found with 

cryoprotectant and 30% FBS (Son et al. 2006). The cell survival was found to be 

80% higher when compared to the cryoprotectant without serum. FBS is a mixture 

that contains various low level antibodies and growth factors that are beneficial to 

cells. It has been reported that cryopreservation of oocytes may lead to hardening of 

the zona pellucida and the addition of FBS can protect the mouse zona from 

hardening as long as it is present throughout the thawing procedure (Schroeder et al. 

1990, George et al. 1993, Carroll et al. 1993). Hence FBS is beneficial combination 

along with cryoprotectants in a freezing protocol. 
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5.3.3 Effect of post-seeding cooling rate  

 

 In the present study, the optimal post-seeding cooling rate for zebrafish 

ovarian tissue fragments was found to be 4ºC/min.  This rate is comparable to the 

study with isolated early ovarian follicles identified as 2- 4ºC/min (Tsai et al. 2009) 

but much higher than 0.3ºC/min identified for stage III isolated ovarian follicles 

(Guan et al. 2008). As stage III ovarian follicles larger with limited membrane 

permeability, slower post-cooling rates would be required for their cryopreservation 

(Zhang et al. 2005). During the process of ovarian tissue freezing, if the cooling rate 

is fast the intracellular water will have no time to flow out and the cells within the 

tissue fragments will be unable to maintain the equilibrium, and ice crystals will 

form intracellularly. The cooling rate must also be slow enough to overcome the 

difficulty of heat transfer and equilibrium due to the space between the inner cells 

and the ovarian tissue fragment surface. However, slowly cooled cells suffer damage 

due to long exposure to high electrolyte concentrations, excessive cell dehydration, 

and mechanical effects of the external ice. Thus the cooling rates should be fast 

enough to minimize the long exposure of ovarian tissues to the adverse freezing 

conditions, but slow enough to avoid the damaging effects of intracellular ice 

formation. Therefore it requires higher post-seeding cooling rate for ovarian tissue 

fragments.  

 

5.3.4 Effect of viability assessment method 

 

 In the present study after cryopreservation of the zebrafish ovarian tissue 

fragment their viability was assessed using TB staining, FDA+PI staining and ATP 

assay. The results showed that the cryopreservation appeared to have effect on the 

membrane integrity and metabolic activity as assessed by TB and FDA+PI staining 

(Figure 5.4). TB staining is one of most common method to assess the cell viability 

by assessing the cells membrane integrity (Narayana et al. 2005). In TB dye, the 

chromophore is negatively charged and does not penetrate the cell unless the 

membrane is damaged. The present study showed that FDA+PI staining is more 
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sensitive than TB staining because after cryopreservation of the ovarian tissue 

fragment the follicles stained by FDA+PI showed a lower level of green 

fluorescence when compared to the TB stained groups. The FDAs reaction is 

characterised by the appearance of bright –green fluorescence inside the cell. In 

viable cells the fluorescein is unable to pass through intact membrane accumulating 

in the cytoplasm of the cells, while damaged cells show a distinct loss of fluorescein 

through the cell membrane. And PI is a DNA-binding probe which can be performed 

as single or in combination with other fluorochromes (Cai et al. 2005).   Live cells 

with intact membranes are differentiated by their ability to exclude the dye that 

easily penetrates dead or damaged cells, intercalating with DNA and RNA to form 

bright red fluorescence. Since the dye is excluded by intact cell membranes, PI is an 

effective stain to identify non-viable cells (Zampolla, 2009). The live follicles 

produced fluorocein, producing bright green stain remain unstained by PI. These 

results are in agreement with the previous studies on isolated follicles (Zampolla et 

al.  2009, Tsai et al. 2009).  

 In the present study the ATP levels in ovarian tissue fragments were 

measured following cryopreservation (Fig 5.5). Cryopreservation induced a 

significant decrease in viability with 2M methanol + 20% FBS when compared to 

the control. The ATP content in the cell is a reliable parameter for evaluation of 

viability of different types of cells, including fish sperm cells (Perchec et al. 1995), 

fish oocytes (Wendling et al.  2004). ATP plays an essential role in gamete 

maturation and embryo development, and high quality oocytes contain significantly 

higher levels of ATP (Bradbury et al. 2000). The result from the present study 

showed that ATP assay is the most sensitive method for assessing the quality of 

follicles in tissue fragments after cryopreservation. Guan et al. (2008) also reported a 

decrease of ATP levels following cryopreservation of isolated stage III follicles and 

same results were observed in the study conducted by Tsai et al. (2009), where 

ADP/ATP ratio was evaluated.    

 

 

 



142 
 

5.3.5 In-vitro culture of cryopreserved ovarian tissue fragments 

 

 When the cryopreserved ovarian tissue fragment were cultured using the 

optimum protocol developed (Chapter 4), the results showed that the ovarian 

follicles within the fragment did not show any growth after the in-vitro treatment 

(Figure 5.6). The results also showed that the ovarian follicles viability was 

significantly lower than those of the controls after 24h culture (Figure 5.7). These 

results are in agreement with the previous information on cryopreserved ovarian 

tissue fragments which showed damage in the membrane integrity and metabolic 

activity of the cryopreserved tissues (Sec 5.2.4). The primary causes of cellular 

damage during cryopreservation is (a) intracellular ice formation occurs from rapid 

super-cooling inside the cell (b) an increase in solute concentration as the sample 

cools down and extracellular ice forms, solutes become concentrated in the 

remaining liquid. The cryopreserved ovarian follicles within the fragments did not 

show any growth, possibly this may due to the damage of theca and granulosa cells 

by intracellular ice formation. The freezing/thawing process severely damages 

preantral follicles (Cecconi et al. 2002). This is because the early follicles are 

sensitive to cryodamage. The physiological differentiation of mammalian ovarian 

follicles is strictly dependent on the existence of a bidirectional function between the 

germinal and somatic cell compartments. This function is applied either through the 

production of paracrine/autocrine factors or through the presence of functional gap 

junctions (Simon et al.1997). Further studies are required on the effect of 

cryopreservation procedures and the possible intracellular ice formation. 

  

5.3.6 The effect of using non-permeating cryoprotectants on the zebrafish 

ovarian tissue fragments 

 

 In this study, different non-permeating cryoprotectants were tested. 

Methanol, the intracellular compound that impair the crystal ice formation inside the 

cells and two extracellular compounds (sucrose and trehalose) which improve 

freezing osmotic imbalance was used. 
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 The result in the present study showed that 0.1M sucrose+2M methanol in 

90% L-15 medium were the least toxic cryoprotectants with higher follicle survival 

when compared with the other combination. But after cryopreservation of the 

ovarian tissue fragments the membrane integrity and ATP level of the ovarian 

follicles decreased significantly to the control. Osmotic shock is one of the main 

problems occurring during the freezing process. And this can be minimized by using 

non-permeating cryoprotectants, such as sucrose which minimize the osmotic stress 

of the cell. When inside the cell, sugars may serve to stabilize membranes, proteins 

and supra-molecular structures during dehydration (Crowe et al. 1998). However, 

sugars are unable to cross the cell membrane naturally, limiting their beneficial 

effects to enhancing cellular dehydration by osmotic pressure. Sugars such as 

sucrose and trehalose have been widely used as natural cryoprotectants for freezing. 

The precise mechanism by which disaccharides act to preserve biological systems 

during freezing and drying is not well understood. The fact that they do not enter in 

cells is the main advantage, facilitating their removal after thawing (Rodrigues et al. 

2008). But the use of sucrose or trehalose has led to low rate of zebrafish ovarian 

follicles viability. These results are in line with the study on aminotic fluid stem cells 

cryopreservation, which showed significant decrease in viability on using sucrose or 

trehalose (Janz et al. 2012). This may be because these sugars as extracellular agents 

do not prevent the formation of ice crystal within the cells. Some studies have 

demonstrated the beneficial nature of having intracellular sugars offering additional 

protection for the cell during freezing. Hence the use of sugars as a extracellular 

agent is not beneficial in the improvement of freezing protocol for zebrafish ovarian 

tissue fragments. Instead develop the technique to insert sugars into the oocyte which 

has demonstrated success in mouse models and in human oocytes (Wright et al. 

2004).  
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5.4 Summary 

  

 The aim of the present study was to develop a cryopreservation protocol by 

using a controlled slow cooling method for zebrafish ovarian tissue fragments. 

Cryopreservation of ovarian tissue fragments containing stage I and stage II 

fragments were carried here for the first time. The results from the present study 

indicated that the tissue fragments can be incubated in 2M methanol+ 20% FBS in 

L-15 medium for 30 min at room temperature and then frozen to -196º C at post-

seeding cooling rate 4ºC/min and the removal of the cryoprotectant in 4 steps. After 

cryopreservation the survival rate of the follicles was assessed using TB staining, 

FDA+PI staining and ATP assay. The survivals after cryopreservation procedure 

were 55.4±2.3% for stage I and 68.2±1.9% for stage II using TB staining and 

48.2±2.9% for stage I and 54.2±2.6% for stage II follicles using FDA+PI staining. 

The results obtained from ATP assay showed compromised survival of the ovarian 

follicles. The results obtained from this study provides an improved cryopreservation 

protocol since it enhanced survival of the follicles with the use of 2M methanol + 

20% FBS in 90% L-15 medium when compared to the previous study (Guan et al. 

2008; Tsai et al. 2009) with 4M methanol in KCl buffer which are highly toxic to the 

cells. The present study also indicated that the use of non-permeating cryoprotectants 

is not beneficial for the zebrafish ovarian tissue cryopreservation since it decreased 

the survival rate of the follicles when compared to the use of permeating 

cryoprotectants. The results also showed that 90% L-15 medium in the freezing 

medium did not show any significant difference from KCl buffer on the survival of 

follicles after cryopreservation. The results obtained after the in-vitro culture of the 

cryopreserved fragments showed that there was no growth of follicles obtained after 

in-vitro culture treatment and the survival rate of the cryopreserved follicles were 

significantly lower to those of the non-cryopreserved follicles. Although a successful 

cryopreservation protocol for ovarian tissue fragments has not been achieved, the 

present study provides useful information for future cryopreservation protocol 

development. 
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CHAPTER 6 CONCLUSION 

 

6.1 Reiteration of Aims 

 

Cryopreservation of fish ovarian tissue fragments can be a viable alternative 

to cryopreservation of oocytes and embryos. Cryopreservation of ovarian tissues are 

advantageous over the embryos and oocytes as they can be cultured and 

cryopreserved in small pieces which are rich in primary follicles. There are several 

advantages in cryopreservation of ovarian tissue fragments; including the storage of 

large number of ovarian follicles, and the ovarian follicle remains in their natural 

three-dimensional structure which can tolerate cryopreservation. 

Studies on isolated zebrafish ovarian follicle cryopreservation have been carried out 

in our laboratory (Isayeva et al. 2004; Plachinta et al. 2004; Guan et al. 2008; Tsai et 

al. 2009), the results from these studies showed that early stage oocytes are less 

sensitive to chilling when compared to the late stage oocytes (Tsai et al. 2009) and 

the sensitivity to cryoprotectant also appeared to increase with development stage. 

Cryopreservation of early stage follicles showed compromised viability using TB 

staining but the result after ATP assay indicated that it failed to preserve cells energy 

systems after cryopreservation. Previous study on the in-vitro culture of stage I and 

stage II follicles also showed that the cryopreserved ovarian follicles did not grow 

after 24h culture. The protocol developed in the previous study did not support the 

growth of follicles possibly be due to the exposure of follicles to hCG which has 

been reported that it does not respond to zebrafish stage I and stage II follicles (Wu 

et al. 2000). Hence developing an in-vitro culture method for zebrafish ovarian tissue 

fragments is a significant step since if cryopreservation of the tissues can be 

achieved, in-vitro procedures for the ovarian follicle development after 

cryopreservation would be needed. Developing a biomarker is also important after 

in-vitro culture study; because although the growth in size and development from 

one stage to another can be assessed by measuring the diameter the use of 

biomarkers would provide more accurate information on the follicle development. 
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The growth in size of the follicle can be mistaken due to the increase in cell size due 

to the uptake of solutions, but biomarkers measure the level of expression at each 

development stage and confirm the specific stage.  

Hence the main aim of the present study was to develop an in-vitro culture protocol 

and cryopreservation protocol for the zebrafish ovarian tissue fragments. 

In order to achieve the aim the following investigation were carried out: (i) 

Studies on cryoprotectant toxicity to ovarian tissue fragments containing stage I and 

stage II follicles. Although toxicity studies have been carried out on isolated 

follicles, studies on cryoprotectant toxicity to zebrafish ovarian tissue fragments 

were studied here for the first time. (ii) Development of in-vitro culture protocol for 

zebrafish ovarian tissue fragments and growth assessment of stage I and stage II 

ovarian follicles using biomarkers. In-vitro cultures of tissue fragments containing 

early follicles provide an alternative for generating mature oocytes. This system will 

contribute significantly to the utilization of cells and tissues after thawing. The 

development of biomarkers has been studied here for the first time on zebrafish 

ovarian follicles. This study is important to assess the specific development stage 

after in-vitro culture.   (iii) Development of cryopreservation protocols using 

controlled slow cooling for zebrafish ovarian tissue fragments. Cryopreservation of 

isolated ovarian follicles carried out in previous studies were not successful, hence 

cryopreservation of zebrafish ovarian tissue fragments using controlled slow cooling 

were studied here for the first time since the tissue fragments may tolerate 

cryopreservation better.  

 

(i) Studies on cryoprotectant toxicity to ovarian tissue fragments containing 

stage I and stage II follicles: In the present study, as the first step in designing 

cryopreservation protocol the impact of cryoprotectants on zebrafish ovarian 

tissue fragments was studied. Although cryoprotectant protects cells against 

freezing damage, they can be toxic and cause damage to the cells especially 

used at higher concentrations (Fahy et al.1990). In order to identify the CPA 

in a suitable concentration for zebrafish ovarian tissue cryopreservation, 

studies on toxicities of five permeating cryoprotectants methanol, ethanol, 
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dimethyl sulfoxide (DMSO), ethylene glycol (EG) and propylene glycol (PG) 

were carried out. The cryoprotectant toxicity tests were carried out on tissue 

fragments containing stage I and stage II follicles and the follicle survival 

rate was assessed using TB staining, FDA+PI staining and ATP assay. The 

staining method assessed the membrane integrity and metabolic activity of 

the cell and ATP assay assessed the ATP level of the fragments assessing the 

quality of the follicles within the fragments. The result obtained in this study 

provided useful information for ovarian tissue fragment cryopreservation 

protocol design. 

 

 

(ii) Development of in-vitro culture protocol for zebrafish ovarian tissue 

fragments and growth assessment of stage I and stage II ovarian follicles 

using biomarkers: The second part of the study (Chapter 4) focussed on 

developing an in-vitro culture protocol for zebrafish ovarian tissue fragments 

containing stage I and stage II follicles. Since it has been reported that stage I 

and stage II ovarian follicles are less sensitive to chilling damage when 

compared to later stage indicating stage II is the most suitable stage for 

cryopreservation(Tsai etal. 2009), tissue fragments containing early stage 

follicles has been used in this study. Developing an in-vitro culture protocol 

for ovarian tissue fragments is very important since cryopreserved ovarian 

tissue fragments would need to be matured in vitro. In this study, the effect of 

growth supplements- foetal bovine serum (FBS) and bovine serum albumin 

(BSA) and growth factors- human chorionic gonadotropin (hCG) and follicle 

stimulating albumin (FSH) in culture medium were evaluated. The survival 

of follicles within the fragments was assessed using TB staining and their 

follicle growth was measured using confocal microscopy. The results 

obtained in this study would provide reliable method to grow stage I and 

stage II follicles in-vitro. Chapter 4 is focussed on developing a biomarker to 

assess the growth of ovarian follicles. Although follicle growth can be 

assessed by measuring the diameter of the follicles, biomarkers would 

provide important information on the follicular development stage. Selection 

of genes is important since the selected gene should be associated with the 
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developmental process through ovarian follicle development. Vtg1 gene and 

p450aromA gene were used in this study. Both these genes are well 

expressed in the ovary. The Vtgs are the yolk precursor proeins, and the 

expression of Vtgs in under hormone regulation and is sex and stage specific 

(Wang et al. 2005). P450aromA gene is also used to study the level of 

expression in follicles. P450aromA genes are found to be expressed during 

estradiol production prior vitellogenesis (Nagahama, 1994; Jalabert, 2005). In 

this study,  vtg1 gene and p450aromA gene were studied to evaluate their 

pattern of expression in stage I, II and III ovarian follicle developmental 

stage and a quantitative RT-PCR approach to investigate the level of gene 

expression. The results from this study provide important information to 

distinguish the growth pattern and confirm the structural difference in terms 

of the ovarian follicle development. The method developed here can be used 

for assessing the growth pattern of the ovarian follicles in-vitro and after 

cryopreservation. 

 

 

(iii)Development of cryopreservation protocols using controlled slow cooling for 

zebrafish ovarian tissue fragments: Several studies have been undertaken on 

cryopreservation of isolated follicles at different stages, although the protocol 

used lead to a compromised viability. The present study is focussed on 

developing cryopreservation protocol of ovarian tissue fragments. Based on 

the toxicity results obtained from previous study (Chapter 3), the effect of 

cryopreservation on zebrafish ovarian tissue fragments were investigated 

using controlled slow cooling. The present study differs from the previous 

studies undertaken and indicates the effect of lower concentration of 

cryoprotectants during cryopreservation. In order to optimize the 

cryopreservation protocol for the tissue fragments, studies using non-

permeated cryoprotectant were also investigated. The effects of 

cryopreservation medium, cryoprotectants, cooling rate and ovarian follicle 

viability assessment after controlled slow cooling method were investigated. 

The survival rate was assessed using TB staining, FDA+PI staining and ATP 

assay. The effect of cryopreserved cells after in-vitro culture was also 
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investigated. Results from these studies would provide optimized 

cryopreservation protocol for zebrafish ovarian tissue fragments. 

 

6.2 Review of the main findings 

 

6.2.1 Studies on cryoprotectant toxicity to ovarian tissue fragments containing 

stage I and stage II follicles 

 

 The objective of this study was to identify the least toxic cryoprotectant to 

ovarian tissue fragments. One of the important factors that lead to successful 

cryopreservation is the addition of cryoprotectants during the course of freezing. In 

this study, toxicity of five penetrating cryoprotectants: methanol, ethanol, dimethyl 

sulfoxide (DMSO), ethylene glycol (EG) and propylene glycol (PG) at a range of 

concentration (1M -4M) were carried out. Methanol has been shown to be the most 

effective cryoprotectant to isolated zebrafish ovarian follicles study in our laboratory 

(Zhang et al. 1996, Plachinta et al. 2004, Tsai et.al 2008, Zampolla et al. 2008). 

Ethanol has also been found to be an effective cryoprotectant for catfish (Muchlisin 

et al. 2009) sperm cryopreservation but it has not been used for zebrafish embryos or 

ovarian follicles cryopreservation before. Ethanol has been used in this study for the 

first time. The survival of the follicles were assessed using TB staining, FDA+PI 

staining and ATP assay. The results showed that methanol and ethanol were the least 

toxic cryoprotectant compared to the other tested cryoprotectants. Cryoprotectant 

toxicity increased in the order of methanol/ ethanol, DMSO, PG and EG. The No 

Observed Effect Concentrations (NOECs) of the five tested cryoprotectants for stage 

I ovarian follicles are 2M for both methanol and ethanol and 1M for DMSO, PG and 

EG. The NOECs for stage II ovarian follicles are 1M for all five cryoprotectants. The 

study also indicated that the sensitivity of stage II ovarian follicles in the tissue 

fragments were more sensitive than stage I follicles when exposed to different 

cryoprotectants. It was also observed that ATP assay was the most sensitive method 
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for assessing the quality of the follicles in the tissue fragments after cryoprotectant 

exposure. Based on the results obtained from this study, 2M methanol and 2M 

ethanol will be used as the optimal cryoprotectant for the development of the 

zebrafish ovarian tissue cryopreservation protocol. In the present study the optimal 

cryoprotectant which are least toxic to the early stage ovarian follicles within the 

tissue fragments has been identified.   

 

6.2.2 Development of in-vitro culture protocol for zebrafish ovarian tissue 

fragments and growth assessment of stage I and stage II ovarian follicles using 

biomarkers 

 

 The aim of this study was to develop an in-vitro culture protocol for zebrafish 

ovarian tissue fragments containing stage I and II follicles. Studies on the effect of 

using growth supplements - foetal bovine serum (FBS) and bovine serum albumin 

(BSA) and growth factors - human chorionic gonadotropins (hCG) and follicle 

stimulating albumin (FSH) were carried out. The culture media plays an important 

role in the development of in-vitro culture systems, the addition of growth 

supplements and growth factors in the culture system can increase the success of the 

oocyte maturation and fertilization. Viability was assessed using TB staining; follicle 

growth was measured using confocal microscopy and the follicle developmental 

stage was confirmed using biomarkers. The results obtained from this study showed 

that after 24h culture, increase in follicle diameter was observed when the ovarian 

fragments were incubated in 20% FBS when compared to the other concentrations 

and other growth supplements. The results also showed that 100mIU/ml FSH was 

most effective in stimulating follicle growth when compared with other 

concentrations of FSH and hCG. The results indicated that the tissue fragments 

cultured in 90% L-15 medium (pH 9) containing 100mIU/ml FSH with 20% FBS 

showed increase in follicle diameter from stage I to stage II and stage II to stage III 

ovarian follicles.  
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Although follicle growth can be assessed by measuring the diameter of the 

follicles, the follicular developmental stage can be confirmed using a biomarker. In 

order to develop a biomarker to identify stage II and stage III ovarian follicles after 

in vitro culture, studies on vtg1 gene and p450aromA gene were examined to 

evaluate their pattern of expression in stage I, II and III ovarian follicle 

developmental stage and a quantitative RT-PCR approach to investigate the level of 

gene expression. The results demonstrated that the expression of P450aromA gene 

was higher in stage II ovarian follicles when compared to stage III ovarian follicles 

and the expression of Vtg1 gene was higher in stage III follicles when compared to 

stage I and stage II ovarian follicles. After 24 h in-vitro culture, the level of 

expression of P450aromA gene on stage I showed the level of expression of stage II 

obtained prior to culture. This indicates that stage I have developed to stage II 

follicles. Similarly the level of expression of Vtg1 gene on stage II showed the level 

of expression of stage III obtained prior to culture, indicating stage II have developed 

to stage III follicles. As a result P450aromA and vtg 1 gene can be used as  markers 

to assess the growth of stage II and stage III ovarian follicles in vitro. 

The successful in-vitro culture method and biomarker developed here will 

provide a reliable method for the practical use of ovarian tissue fragments and 

assessing ovarian follicles development competence in-vitro. 

 

6.2.3 Development of cryopreservation protocols using controlled slow cooling 

for zebrafish ovarian tissue fragments 

 

The aim of this study was to develop a cryopreservation protocol for 

zebrafish ovarian tissue fragments using controlled slow cooling. In this study effect 

of permeating (Chapter 3) and non-permeating cryoprotectant (Chapter 5) with and 

without the addition of serum in the ovarian tissue fragments cryopreservation was 

investigated. The effect on freezing medium and the optimal cooling rate for ovarian 

tissue cryopreservation was investigated. To design the optimal controlled slow 

cooling procedure, several factors need to be considered: type and concentration of 
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cryoprotectants, freezing medium, cooling rate, ice-seeding temperature, thawing 

rate and removal of cryoprotectants. The survival rate of the follicles after 

cryopreservation was assessed using TB and FDA+PI staining. TB staining method 

assesses the membrane integrity and FDA+PI staining method assesses the 

membrane integrity and metabolic activity of the cryopreserved cells. The ATP level 

was also measured after cryopreservation using the ATP assay. The growth of the 

cryopreserved follicles within the fragments was assessed using in-vitro culture 

method (Chapter 4). 

The quality of the follicles was studied by evaluating the membrane integrity 

and metabolic activity of the follicles.  

The results from these studies showed that, a) L-15 medium or KCl buffer in 

the freezing medium did not show any significant difference in their survival rate for 

both the stages. Hence L-15 medium was used as a base medium in subsequent 

experiments. L-15 medium was used in this study since it has been widely used in 

ovarian tissue cryopreservation studies and found to be the optimal freezing medium 

(Schmidt et al. 2003) and KCl buffer was used in this study since it has been used in 

previous studies on isolated ovarian follicles (Guan et al. 2008; Tsai et al. 2009). b) 

In these experiments, combination of 2M methanol and 2M ethanol, 20% FBS in 

methanol and ethanol as the cryoprotectant mixture, different combination of sucrose 

and trehalose in 2M methanol as the cryoprotectant mixture were tested. It has been 

reported that on using serum in the combination with cryoprotectants increased the 

survival rate after cryopreservation (YunHa et al. 2005). The results showed that 2M 

methanol along with 20% FBS was a better cryoprotectant than other tested 

cryoprotectant for zebrafish ovarian tissue fragments. c) The result also indicated 

that the optimal cooling rate for the ovarian tissue fragments cyropreservation was 

found to be 4ºC/min. d) The result also indicated that ATP assay informed about the 

quality of follicles of the cryopreserved fragments and was therefore more accurate 

assessment method for the follicles survival after cryopreservation. e) To further 

understand the growth of the cryopreserved fragment, in-vitro culture of the 

cryopreserved fragments was evaluated and the results indicated that there was no 

growth in follicles after 24h in-vitro culture compared to the non-cryopreserved 

follicles within the tissue fragments. In the present study, optimal cryopreservation 
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protocol for zebrafish ovarian tissue fragments containing stage I and stage II 

follicles has been identified.  

 

6.3 Conclusions 

 

In the present study the aim to achieve an in-vitro culture protocol was 

successful and this can be used to grow the early stage follicles in-vitro. The 

biomarkers developed here in this study are also a successful approach to evaluate 

the growth of follicles in-vitro. Although the optimal cryoprotectant which are least 

toxic to the early stage ovarian follicles within the tissue fragments has been 

identified in this study, a successful cryopreservation protocol for the tissue 

fragments has not been achieved due to the morphological interactions and loss of 

metabolic activity of the follicles, but the outcome of this study have provided 

information for future ovarian tissue cryopreservation protocol development. 

 

 In the present study original contributions to knowledge has been made in the 

following areas: 

 

(i) Identifying a potential cryoprotectant for zebrafish ovarian tissue fragments. 

Although toxicity studies have been carried out on isolated follicles, studies 

on cryoprotectant toxicity to zebrafish ovarian tissue fragments were studied 

here for the first time.  The effect of ethanol was studied here for the first 

time on zebrafish follicles. It was found that methanol and ethanol was the 

least toxic cryoprotectant to the tissue fragments at 2M concentration for 

stage I follicles and 1M concentration for stage II follicles. Stage II follicles 

was found to be more sensitive to higher concentrations of cryoprotectants 

than stage I follicles. Methanol has been shown to be the least toxic 

cryoprotectant for isolated follicles in our laboratory (Tsai et al. 2008; 
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Zampolla et al. 2008), the results from the present study on methanol toxicity 

are in agreement with the previous findings. The present study also indicated 

that the sensitivity of stage II follicles within the tissue fragments were more 

sensitive than stage I follicles. These results were also in agreement with the 

previous findings on isolated follicles (Tsai et al. 2008).The information on 

the cryoprotectant toxicity to the tissue fragments obtained in this study 

provided important and essential information prior to any further 

development of optimal cryopreservation protocols for zebrafish ovarian 

tissue fragments. 

 

(ii) An in-vitro culture protocol was developed for the zebrafish ovarian tissue 

fragment containing stage I and II follicles. The culture conditions developed 

here for the ovarian tissue fragments have been studied for the first time. An 

optimal protocol was identified; the ovarian tissue fragments were cultured in 

90% L-15 medium (pH 9) containing 100mIU/ml FSH with 20% FBS. This 

culture method showed growth of stage I and II follicles to stage II and stage 

III respectively. The protocol developed here is a major step forward, since 

these tissue fragments enable the storage of large number of ovarian follicles, 

which offer a source of immature oocytes that could be matured in-vitro. The 

present study showed that the stage I and stage II follicles within the 

fragments reached the size of stage II and stage with FSH and FBS treatment 

after 24h culture when compared to the previous study (Tsai et al. 2010). In 

the present study, the use of hCG (Tsai et al. 2010) on the tissue fragments 

did not aid follicle growth when compared to FSH. This result is in 

agreement with Wu et al. (2000) on zebrafish follicles that hCG does not 

respond on oocytes unless they reach the size of 0.52mm (stage III) but they 

promote maturation of stage III oocytes.  

Identifying the expression of genes for assessing the follicle growth in 

zebrafish has been studied here for the first time. Increase in size of the cells 

after in-vitro culture could be due to osmolality, but the use of biomarkers 

confirms the ovarian follicle development stage.  Identifying P450aromA 
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gene and Vtg1 gene as biomarkers for assessing the growth competence of 

the early stage zebrafish ovarian follicles is another important part of this 

study. P450aromA gene can be used to assess the growth of stage II follicles 

and Vtg1 gene can be used for stage III follicles. This study provided new 

information to assess the growth of follicles in-vitro.  

 

(iii) Ovarian tissues cryopreservation are advantageous over the embryos and 

oocytes as they can cryopreserved in small pieces and can store large number 

of follicles. In addition, ovarian follicle can remain in the natural three-

dimensional structure which may tolerate cryopreservation (Matrinez-Madrid 

et al. 2004). Identifying optimum protocol using controlled slow cooling for 

zebrafish ovarian tissue fragments. Several important facts were discovered 

in the controlled slow cooling studies: 2M methanol along with 20% FBS 

was found to be the optimal cryoprotectant for the cryopreservation of the 

tissue fragments containing stage I and stage II follicles. 4°C/min cooling 

rates was indicated as the optimal cooling rate. The study also showed that 

90% L-15 medium in the freezing medium did not show any significant 

difference from KCl buffer on the survival of the follicles after 

cryopreservation. The cooling rates of the present study are in agreement 

with the previous studies on isolated follicles (Tsai et al. 2009) that reported 

2-4°C/min cooling rates was indicated as the optimal cooling rate for isolated 

early stage follicles. The present study also showed that 2M methanol was 

more effective for cryopreservation of the ovarian fragments although 

subsequent cryopreservation induced decreases in ATP levels.  

The optimal protocol for cryopreservation of zebrafish ovarian tissue 

fragments is identified as: incubation of the ovarian tissue fragments in 2M 

methanol+ 20% FBS in 90%L-15 medium for 30 min at room temperature, 

load tissue fragments into 0.5ml plastic straws and place the straws in a 

programmable cooler (Planer KRYO 550); controlled slow cooling at 

2ºC/min from -12.5ºC to seeding temperature (-7.5 ºC for 2M methanol), 

manual seeding and hold for 5min, freezing from seeding temperature to -
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40ºC at 4ºC/min; from -40ºC to -80ºC at 10ºC/min and hold for 10 min. 

Samples were then plunged in LN(-196 ºC) and held in LN for atleast 10 

min. Samples were thawed using water bath at 28ºC. Removal of 

cryoprotectant should be conducted in 4 steps. This study provides improved 

cryopreservation protocol since it enhanced survival of the follicles with the 

use of 2M methanol +20% FBS in 90% L-15 medium when compared to the 

previous study (Guan et al. 2008; Tsai et al. 2009) with 4M methanol in KCl 

buffer which are highly toxic to the cells. The present study showed the 

highest survival obtained for stage II follicles within the tissue fragment was 

68.2±1.9% and 55.4±2.3% for stage I follicles within the fragment using TB 

staining, but showed significant decrease in ATP levels. When the 

cryopreserved ovarian tissue fragments were cultured, the results showed that 

the ovarian follicles did not show any growth in follicles after in-vitro 

treatment, and the survival rate of the cryopreserved follicles were 

significantly lower to those of the non-cryopreserved follicles. This could be 

due to the cellular damage of the theca and granulosa cells during 

cryopreservation. Although the development of successful cryopreservation 

protocol for zebrafish ovarian tissue fragments has not been achieved in the 

present study, the outcomes of this study have provided useful information 

for future cryopreservation protocol development.   

 

6.4 Future work 

Following the findings obtained from the present study, further studies need to be 

carried out in the following areas:  

6.4.1 Vitrification Studies 

 In the present study on the cryopreservation of zebrafish ovarian tissue 

fragments using controlled slow cooling procedure the results indicated a 

compromised survival rate after staining method, but when the cryopreserved 

fragments were cultured the follicles were not able to grow in-vitro compared to the 

non-cryopreserved follicles. This may be due to the damage of thecal and granulosa 



157 
 

cells affected by intracellular ice formation (Cecconi et al.2004).This could be 

avoided by using vitrification process which eliminates the structural damage and 

cell injury related to intracellular ice formation.  

Vitrification has been stated as a promising option, and has been performed for 

various fish embryos (Liu et al. 1998; Robles et al. 2003; Cabrita et al. 2003; Chen 

and Tian, 2005). However there is no commonly accepted method for vitrification of 

fish embryos or oocytes. Despite the successful use of ovarian tissue 

cryopreservation in humans and some domestic mammals, vitrification of fish 

oocytes has been almost unexplored to date (Guan et al. 2010). Therefore more 

research is needed regarding vitrification of fish ovarian tissues. 

 

6.4.2 Microinjection of cryoprotectants   

 Although in the present study using sucrose or trehalose in the extracellular 

environment did not show any improvement in the cryopreservation procedure it 

could be possible to improve cryopreservation if they are induced internally. The 

formation of intracellular ice is one of the major causes to cell death during freezing 

and thawing (Mazur, 1984). Reduction of the ice nucleation temperature is normally 

achieved by introducing cryoprotectants that change the process of crystallisation 

and enhance the outflow of intracellular water. Depression of intracellular ice 

temperature below that of extracellular ice is believed to be essential to successful 

cryopreservation using slow cooling protocol (Hagerdon et al. 2004). The impact of 

microinjections on the physical process of crystallisation with zebrafish embryos has 

been studied earlier (Kopeika et al. 2006), but has not been successful. And this has 

not been studied in zebrafish oocytes so far. But this novel approach of injecting 

sugar into the oocytes has demonstrated success in the mouse oocytes (Eroglu et al. 

2008) and also in human oocytes (Eroglu et al. 2001). Hence study needs to be 

carried forward on the approach of injecting sugars into the ovarian follicles within 

the tissue fragments. 
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6.4.3 In-vitro maturation studies 

In the present study, an optimal protocol for in-vitro culture of ovarian tissue 

fragments containing stage I and stage II follicles was developed. This offers a 

reliable way to store large number of ovarian follicles, which offers a source of 

immature oocytes. However, the present study maintains the follicles growth from 

stage I to stage II and stage II to stage III within the fragments respectively and did 

not grow the follicles to reach the maturation stage. The primary growth phase is 

usually characterised by pre-vitellogenic oocytes, while the secondary growth phase 

is characterised by vitellogenic oocytes and maturation phase by advanced 

vitellogenic oocytes undergoing germinal vesicle migration (Adebiyi et al. 2011). To 

grow follicles from early stages to maturity in-vitro has proven to be difficult, only 

few works has been reported on the reproductive biology of fish (Khan et al. 1990; 

Christianus et al. 1999; Picton et al. 2003; Muchlisin and Azizah, 2009). Hence 

further study on the artificial induction of ovulation therefore requiring certain 

conditions that allow the oocyte to undergo accurate biological reaction leading to 

ovulation needs to be carried out. 

Oocyte maturation in lower vertebrates is activated by maturation-inducing hormone 

(MIH), which acts as unidentified receptors on the oocyte surface and induces the 

activation of maturation-promoting factor (MPF) in the oocyte cytoplasm (Tukomoto 

et al. 2005). During the course of maturation, oocytes undergo morphological 

changes which lead to meiotic cell cycle and germinal vesicle break down (GVBD). 

In zebrafish two types of MPR (membrane progesterone receptor) which is a MIH 

receptor, α and β were identified (Zhu et al. 2003).  17α, 20β-DHP has been shown 

to induce oocyte maturation by stimulating the de-novo synthesis of cyclin B, a 

regulatory subunit of MPF. 

 

6.5 Closing Words 

The research was focused on two major areas (i) Development of in-vitro culture 

protocol for early stage ovarian follicles within the tissue fragments (ii) 

Development of cryopreservation protocol for ovarian tissue fragments. The work in 
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this research has led to the successful development of an in-vitro culture protocol. 

This research has also demonstrated various optimizations for controlled slow 

cooling cryopreservation protocol. Since the attempts to develop a controlled slow 

cooling cryopreservation protocol have not been successful, it is intended that 

vitrification technique would be studied to develop a cryopreservation protocol for 

ovarian tissue fragments. This work has advanced number of areas for further 

investigation, which would redefine the current situation in cryopreservation of fish 

maternal genome. 
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