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DEVELOPMENT OF CRYOPRESERVATION TECHNIQUES FOR 

EARLY STAGES ZEBRAFISH (DANIO RERIO) OOCYTES 

SUJUNE TSAI 

ABSTRACT 

Cryopreservation of germplasm of aquatic species offers many benefits to 

the fields of aquaculture, conservation and biomedicine. Although successful 

fish sperm cryopreservation has been achieved with many species, there has 

been no report of successful cryopreservation of fish embryos and late stage 

oocytes which are large, chilling sensitive and have low membrane 

permeability. In the present study, the sensitivity to chilling and toxicity of 

cryoprotectants of early stage zebrafish ovarian follicles were studied before 

designing protocols for their cryopreservation using controlled slow cooling. 

The effect of cryoprotectant, freezing medium, cooling rate, method for 

cryoprotectant removal, post-thaw incubation time and ovarian follicle 

developmental stage were investigated. In vitro culture method for early stage 

zebrafish ovarian follicles were also developed. The studies showed that 

stage I and II ovarian follicles are less sensitive to chilling than stage III 

follicles and methanol was the least toxic cryoprotectant. 4M methanol in 

potassium chloride (KCl) buffer was found to be the optimal cryoprotective 

solution and the optimum cooling rate was 4 °C/min for stage I and II follicles. 

Although the highest survivals after 2 h post-thawed incubation were 50.7 ± 

4.0% for stage II ovarian follicles obtained with FDA+PI staining, ADP/ATP 

ratios of the cryopreserved follicles were significantly increased indicating 

increased cell death. Furthermore, in vitro culture experiments showed that 

there was no growth for stage I and II ovarian follicles after cryopreservation, 

indicating that successful cryopreservation of early stage zebrafish ovarian 

follicles at liquid nitrogen still remains elusive. From in vitro culture study, 90% 

L-15 medium at pH 9.0 containing 10 IU/ml hCG was effective for in vitro 

culture of stage I and II ovarian follicles. Systematic study on cryopreservation 

of early stage fish ovarian follicles at liquid nitrogen temperature is reported 
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here for the first time. The results will provide useful information on the future 

development of protocol design for successful cryopreservation of early stage 

fish ovarian follicles.  
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CHAPTER 1 INTRODUCTION 

 

 

1.1   Principles of Cryobiology 

 

Cryobiology is a multidisciplinary science to study the physical and 

biological factors affecting survival of living organisms at low temperatures, 

especially lower than the freezing point of water. One important goal of the 

field of cryobiology is to preserve and store viable biological systems in the 

frozen state for extended periods of time. Cryobiology considers the 

effects of freezing and thawing. In this chapter, factors and mechanisms of 

cryoinjury and its prevention are reviewed and discussed, including chilling 

injury, freezing injury, cryoprotective agents, lethal intracellular ice 

formation, osmotic injury during the addition or removal of cryoprotectants 

and during the cooling or warming process, as well as modelling or 

methods in cryobiological research. An extremely important part of the 

research in fundamental cryobiology is to reveal the underlying physical 

and biological mechanisms related to the injury of cells at low temperature 

(so-called cryoinjury), especially those associated with the phase change 

of water in both extracellular and intracellular environments.  

 

 

1.1.1 Chilling injury 

 

Chilling injury is one of the major limiting factors for achieving optimal 

cryopreservation of gametes. Many types of cells are damaged when 

cooled to temperatures close to 0 °C without freezing. This phenomenon 

has been called temperature shock, a term first used by Milanov in 1934 

(Watson and Morris, 1987) and temperature shock has been recognized in 

sperm. 

 

Direct chilling injury (cold shock) can be defined as irreversible 

damage or death following exposure of cells to low temperatures (close to 
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0°C) before the nucleation of ice. It is a widespread cellular reaction and 

one of the major limiting factors for achieving optimal cryopreservation 

(Morris and Watson, 1984). Direct chilling injury is a type of damage that 

occurs at subzero temperatures. It is cooling rate dependent and occurs 

mainly at fast cooling rates. The main characteristics of cold shock include: 

a) damage and death of cells occurs only at fast rates of cooling; b) 

incubation in hypertonic solutions just before cooling amplifies cold shock; 

c) ultra-rapid cooling (vitrification) doesn’t cause temperature shock. Direct 

chilling injury refers to acute injury and is thought to be due to damage to 

cell membranes (Morris and Watson, 1984). Cold shock damage has been 

directly linked to lipid phase transitions that cause the sperm membrane to 

become transiently leaky, therefore, compromising membrane integrity 

(Drobnis et al., 1993; Arav et al., 2000). The lipid phase transition from the 

liquid crystalline to the gel phase is accompanied by leakage of solutes 

across membranes (Watson and Morris, 1987). Phase separation which is 

associated with the lipid phase transitions is believed to damage 

membranes by several mechanisms. Rapid rates of cooling cause 

membrane phase separation which results in more defects than slow 

cooling (Jain, 1983). Studies on animals show that mitochondria of cells 

become over-permeable and swollen after tissue samples are stored at 

low temperatures after rapid cooling (Rauen et al., 1999). These facts 

show that cold shock damages cell membranes. Therefore, rapid chilling 

would be likely to produce leaky membranes and cause severe damage to 

cells. 

 

Indirect chilling injury is independent of cooling rate and is usually 

manifested after extended periods of exposure to low temperatures. 

Indirect chilling injury refers to delayed mortality and is thought to be due 

to irreversible damage to cell (Morris and Watson, 1984). Indirect chilling 

injury is not related to cooling rate, for example, studies with mammalian 

embryos showed that cooling rate has little influence on overall embryo 

survival after chilling, chilling injury may develop very rapidly (Martino et 

al., 1996), as in the case of early stage insect embryos (Leibo et al., 1996). 

The structure and activity of both proteins and lipids could be modified 
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following a reduction in temperature (Morris and Clarke, 1987), many 

biological properties of membrane are altered, and this leads to the 

alteration of the activities of membrane protein and membrane associated 

with enzymes (Cossins, 1983). Low temperature may affect the structure 

and function of proteins, such as decrease in the rate of enzyme activity 

and denaturation (Jaenicke, 1981). The disorder of metabolic and 

enzymatic processes can be detrimental in fast developing Drosophila 

embryos and this injury will increase rapidly at lower temperatures 

because the loss of co-ordination is increased with decreasing 

temperature (Mazur et al., 1992). In addition, reduced temperatures may 

also affect the cytoskeleton system. This has been extensively studied for 

the meiotic spindles, microtubules, and microfilaments of mammalian fully 

grown oocytes (Pickering and Johnson, 1987; Wu et al., 1999; Zenzes et 

al., 2001; Songsasen et al., 2002). 

 

 

1.1.2 Freezing injury 

 

Freezing injury of biological materials occurs at temperatures below 

freezing point. It is important that the mechanisms of freezing injury be 

understood if techniques are to be developed which avoid this injury. 

Several theories of cryodamage have developed where intracellular ice 

formation (the freezing of cytoplasm which is usually associated with lethal 

injury), minimal cell volume and phase transition of membrane were 

identified as main elements responsible for cryoinjury (Lovelock 1953; 

Mazur 1963; Farrant et al., 1977). Mechanisms of freezing injury are 

based on two general views: that intracellular ice formation is the cause of 

injury to the cell or that it is a result of damage to the plasma membrane. 

An alternate hypothesis is that osmotic stress developed during cooling 

leads to a rupture in the plasma membrane which allows extracellular ice 

to propagate into the cytoplasm (Muldrew and McGann, 1990).  

 

The cells and their surrounding medium remain unfrozen when the 

temperature is down to about -5 ºC because of supercooling, salt 
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concentration and the depression of the freezing point by the protective 

solutes that are frequently present (Mazur et al., 1981). Extracellular ice 

formation occurs at temperature between -5 ºC to -15 ºC, however, the cell 

contents remain unfrozen and supercooled. As the temperature decreases 

and the ice phase grow, extracellular solution becomes increasingly 

concentrated in solutes and a chemical potential imbalance between the 

biomaterial and the unfrozen external solution. When the cooling rate is 

too rapid, the chemical potential of water in the extracellular solution 

decreases much faster than the rate at which water can diffuse out of the 

cell, and this results in intracellular ice formation (Muldrew and McGann, 

1994), but if cooling is sufficiently slow, the cell is able to lose water rapidly 

to concentrate the intracellular solutes sufficiently to remove supercooling 

and the chemical potential of intracellular water and extracellular water are 

in equilibrium (Pitt and Steponkus, 1989). The effects of cooling on cells 

are increased in a slow cooling process. When the cooling rate is too slow, 

solute becomes concentrated outside and inside the cells, the high 

concentration of solute can injure the cells, damage enzymatic mechanism 

and destabilizes the cell membrane (Mazur, 1977). The optimal cooling 

rate for cell survival should be low enough to avoid intracellular ice 

formation but high enough to minimize the solution effects. However, It is 

generally recognised that cell damages during cryopreservation are not 

caused by low-temperature storage, it is likely ice crystal formation to 

occur when the transitions through the temperature zones during cooling 

and thawing. (Willadsen, 1977; Mazur, 1984; Shaw et al., 2000). 

 

 

1.1.2.1 Extracellular ice formation   

 

It is unlikely that cells are injured by extracellular ice crystals 

disrupting their membranes since studies show that extracellular ice is 

perfectly compatible with cells survival (Farrant, 1977; Griffiths et al., 

1979). However, biological systems will be subjected to a series of 

stresses arising from the formation of the extracellular ice. Mechanical 

effects of extracellular ice crystals at cell surfaces especially in tissues with 
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cellular interconnections and alterations in the physical properties of 

solutions outside the cells, including the concentration of solutes which 

results from the nucleation of a proportion of extracellular water have been 

suggested to be damaging (Muldrew and McGann, 1990). Extracellular ice 

crystals within tissues might disrupt cell junctions in embryos (Grout and 

Morris, 1987). It was suggested that 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 cells in the unfrozen fraction and ice and are attributed to ice 

shearing forces or cell deformation (Mazur et al., 1981, 1983, 1989). It is 

suggested that the damage or survival of living cells during freezing and 

thawing is primarily linked to bulk water transport across cellular 

membranes (Farrant, 1977). In addition, extracellular ice crystals at cell 

surfaces affecting certain physical factors, including pressure changes, 

may also 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 suggested that intracellular ice formation 

(IIF) during freezing correlates with the death of the cells. The specific 

mechanisms of injury, may involve mechanical puncture of cell membrane 

by ice crystals and disarrangement of cytoskeleton with lethal 

consequences (Asahina et al., 1970; Mazur, 1977; Shabana and McGrath, 

1988). There is a risk of recrystallisation and emergence of intracellular ice 

during thawing. Small-granular ice crystals may recrystallise into large 

crystals ice during thawing process (Bank, 1973). Some cells can survive 

on extremely rapid thawing rate (Asahina et al., 1970; Shimada and 

Asahina, 1975; Griffiths et al., 1979; Acker and McGann, 1999). If thawing 

rate is too slow, cells may be killed by recrystallisation of ice (Shimada and 

Asahina, 1972). The studies on zebrafish oocytes showed that fast 
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thawing rate (<300 ºC/min) resulted in better survival than slow thawing 

rate (2 and 10 ºC/min) (Guan et al., 2008), and similar results have also 

been seen in mammalian cells (Koshimoto and Mazur, 2002; Rich et al., 

1993; Taylor and Benton, 1987; Tze and Tai, 1990). Therefore, rapid 

thawing rates should be chosen for cells, in order to minimize the risk of 

recrystallisation.  

 

In some cases nucleation and ice formation occur at freezing point, 

but more often the phenomenon of supercooling takes place. Supercooling 

happens when a liquid is cooled below its freezing point without freezing. 

The supercooled state of a liquid is not stable and any kind of disturbance 

of physical conditions (vibration, fluctuation of temperature, emergence of 

ice crystals or impurities) may cause nucleation of ice and crystallisation of 

the solution. Intracellular ice formation occurs in two possible ways: 

homogeneous nucleation and heterogeneous nucleation (Franks, 1985). 

For homogeneous nucleation, the expected range in cells is -38 ºC to -44 

ºC in 1-2M DMSO (Rall et al., 1983). For Heterogeneous nucleation, it 

depends on the presence of intracellular nucleating agents and 

intracellular ice forms at -31 ºC to -38 ºC in cells (Franks et al., 1983).  

 

 

1.1.3 Cryoprotectants  

 

Cryoprotective agents are chemicals which are used to protect cells 

and cellular organelles during cryopreservation and long-term storage in 

liquid nitrogen. There are two major categories of cryoprotective agent: a) 

permeating cryoprotectant, e.g. methanol, ethylene glycol (EG), dimethyl 

sulfoxide (DMSO), propylene glycol (PG) and glycerol which have 

relatively low molecular weights (below 400) and are able to penetrate 

cells; b) non-permeating cryoprotectants, (supplements to cryoprotectant 

solutions) e.g. hydroxyethyl starch, polyvinylpyrrolidone and various 

sugars, which are high molecular weight agents (of the order of 

thousands) and cannot cross the plasma membrane. Although 

cryoprotective actions of these different compounds are not entirely 



 7

understood, cryoprotectants of each group play different roles during 

cooling and thawing. Cryoprotectants modulate the eutectic properties of a 

solution so that the amount of ice formed and the concentration of salt are 

reduced. Many compounds act as cryoprotectants to protect cells against 

freezing damage, however, they can be toxic and cause damage to the 

cell. Methanol has been recognised to interact with phospholipids to 

destabilise the lipid bilayer of artificial membranes (Walsh et al., 2004). 

DMSO can increase the concentration of calcium ions in cytoplasm, 

causing a variety of metabolic responses such as depolymerisation and 

cytoskeleton reassembly (Yamamoto, 1989). EG resulted in destabilised 

protein structure (Arakawa et al., 1990). Therefore, embryo survival 

depends on the type of cryoprotectants employed, species and stage of 

development (Dobrinsky, 1996). 

 

 

1.1.3.1 Permeating cryoprotectants 

 

Permeating cryoprotectants such as methanol (METH, CH3OH), 

dimethy sufoxide (DMSO, CH3SOCH3), propylene glycol (PG, 

HOCOCH3CH2OH) and ethylene glycol (EG, HOCH2CH2OH) are low 

molecular weight compounds and can penetrate cell membranes. Their 

protective action is due to their ability to decrease the concentration of 

electrolytes during freezing and decrease the extent of osmotic shrinkage 

at a given low temperature (Mazur 1984; Woods et al., 1999). DMSO is 

the most widely used cryoprotectant and has been used in the 

cryopreservation of a wide range of cell types, tissues and organs. 

Methanol has been shown to be the most effective cryoprotectant for 

zebrafish embryos (Zhang et al., 1993), oocytes (Plachinta et al., 2004) 

and sperm of several fish species (Lahnsteiner et al., 1997). EG and PG 

are similar compounds, both PG and EG solutions can promote small-

granular crystallisation and amorphous solidification due to their high 

viscosity at low temperatures. They also lessen the quantity of unbound 

water within cell, therefore suppressing intracellular ice formation. Both PG 

and EG have been widely used for vitrification of mammalian oocytes and 
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ovarian tissue, and also for controlled slow cooling programmes 

(Stachecki et al., 1998a, 1998b; Wu and Lee, 1996). 

 

 

1.1.3.2 Non-permeating cryoprotectants 

 

Non-permeating cryoprotectants. The cryoprotective effect of non-

permeating cryoprotectants is mainly based on the dehydration of cells 

prior to cooling, which results in reduced ice crystal formation during 

freezing. Some high molecular weight (> 50,000) cryoprotectants such as 

sugars, polyvinyl pyrrolidone, polyvinyl alcohol, and hydroxyethyl starch. In 

most cases, these solutes will not protect in the absence of a permeating 

cyroprotectant but will often substantially augment the effectiveness of a 

permeating cyroprotectant or permit the use of a lower concentration of 

permeating cyroprotectant. These non-permeating cyroprotectants may 

contribute to enhance vitrification of the solutions, stabilize proteins and 

membranes, and prevent progressive ice formation (Fahy 1986; Fahy et 

al., 1984; Takahashi et al., 1985).  

 

Various saccharides have been used as supplements to 

cyroprotectant solutions. These include mono-, bi- and trisaccharides that 

have molecular weights ranging from 180 to 540. Examples of 

monosaccharides used include fructose, glucose, and galactose. Glucose 

was found to be a membrane stabilizing agent, binding to liquids and 

proteins of the bilayer, stabilizing it against compression (King et al., 1993; 

Suzuki et al., 1996). Examples of disaccharide cryoprotectants include 

sucrose, trehalose and lactose, and an example of a trisaccharide 

cryoprotectant is raffinose. Sucrose is widely used as an extracellular 

cyroprotectant, often in combination with permeating cryoprotectants. It 

induces dehydration and osmotic shrinkage of the cell, therefore lowering 

the risk of intracellular ice crystallization. Trehalose has been reported to 

be very effective as a cyroprotectant supplement for vitrification of oocytes 

by several groups (Dinnyes et al., 2000; Li et al., 2002; Begin et al., 2003). 

Bovine oocytes exposed to trehalose had a higher rate of survival than 
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oocytes exposed to sucrose and they also reported a very high rate of 

fertilization after exposure to 0.25M trehalose (70%) (Arav et al., 1993) 

Large proteins can also be used as supplements to cyroprotectant 

solutions. Examples include bovine serum albumin or fetal bovine serum. 

Another less common types of cyroprotectant supplement is thermal 

hysteresis proteins. DeVries and Wohlschlag (1969) isolated glycoproteins 

from the serum of Arctic fish which can live in icy polar water at -1.8°C, 

and found that the glycoproteins changed the freezing point and named 

these glycoproteins thermal hysteresis proteins. In another study, thermal 

hysteresis proteins were again isolated from fish and used for the 

cryopreservation of pig oocytes (Rubinsky et al., 1991). These authors 

reported that 80% of the oocytes in the thermal hysteresis treatment 

protein treamtment group were membrane intact and 27% of these 

oocytes went on to mature in vitro. This was significant since previous 

studies of porcine oocyte cryopreservation found that no oocytes survived 

after vitrification (Arav et al., 1990). 

 

 

1.1.4 Approaches used in Cryopreservation  

 

Cryopreservation allows storage of biological material for an indefinite 

period without any further loss of quality. A successful cryopreservation 

programme involves sample collection, refrigerated storage, freezing and 

thawing. Cryopreservation involves five critical steps: a) exposure of cells 

to cryoprotectants, b) cooling samples to temperatures below 0°C, c) 

storage at the “glass” transition temperature of water below -130°C, d) 

warming and thawing, and e) removal of cryoprotectants prior to 

incubation (Mazur, 1988, 2004; Leibo, 1986; Lebio and Songsasen, 2002). 

A universal protocol is impractical for all types of cells due to differences 

among species and types of material. Therefore, cryopreservation 

procedures for each type of cell must be tested individually (Leibo 1977, 

1980). However, cryopreservation is associated with cell injury which 

occurs during freezing to low temperatures or on thawing to physiological 

temperatures. Understanding the mechanisms of cell cryoinjury will make 
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it possible to develop the optimal procedures or devices for the long-term 

cryopreservation of living cells, preventing cryoinjury.  

 

Two approaches have been used to cryopreserve biological 

materials: controlled slow cooling and vitrification. 

 

1.1.4.1  Controlled slow cooling  

 

Mammalian oocyte and embryo cryopreservation protocols have been 

successful with mouse and cattle embryos (Mazur 1990; Stachecki et al., 

1998b). It is a common to cryopreserve many different cell and tissue 

types using slow cooling procedure. The effectiveness using slow cooling 

procedure depends on several factors, including the freezing medium, the 

type and concentration of cryoprotectant, the equilibration temperature and 

equilibration time during the contact between the cryoprotectant and cells, 

the cooling rate, and thawing rate (Eriksson et al., 2001; Farrant et al., 

1977; McGann and Farrant, 1976; Sukhato et al., 2001).  

 

 

1.1.4.1.1 Cooling rate 

 

The rate of cooling to final storage temperature can affect the fate of 

the biological sample. Optimal cooling rate of cells is linked to the rates of 

water and cryoprotectant transport across cell membrane of individual 

cells. Optimal cooling rates are cell type specific, the majority of animal cell 

types are in the range of 0.1 ºC/min - 10 ºC/min. Several studies on 

mammalian oocytes and embryos showed that the optimal cooling rates 

are in the range of 0.3 ºC/min-0.5 ºC/min (Bass et al., 2004; Picton et al., 

2003; Visintin et al., 2000; Karlsson et al.,  1996; Stachecki et al., 1998; 

Carrollet al., 1993; Crister et al., 1988; Lassalle et al., 1985; Czlonkowska 

et al., 1991; Whittingham et al., 1972). The cooling rates for 

cryopreservation of mammalian ovarian tissue are in the similar range (0.3 

ºC/min -0.5 ºC/min) (Yi et al., 2001; Shaw et al., 2000; Candy et al., 2000; 

Cox et al., 1996; Newton et al., 1996; Harp et al., 1994). Slow cooling rate 
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for cryopreservation of fish embryos and oocyte at the rates as 0.07 

ºC/min, 0.3 ºC/min and 0.5 ºC/min have been applied (Zhang et al., 1989; 

Zhang et al., 1993; Guan et al., 2008).  

 

 

1.1.4.1.2 Ice seeding 

 

Ice seeding is a procedure which is commonly practised in 

cryobiology to avoid excessive supercooling of sample and therefore 

lessens the risk of intracellular ice formation. Ice seeding is commonly 

conducted by touching the sample holders by forceps which have been 

previously held in liquid nitrogen. This causes the local cold spot on the 

wall of the container, which leads to ice nucleation in the adjacent solution 

and spreading of an ice front through out the sample. The currently 

accepted theory states that large and numerous intracellular ice crystals 

must be avoided for a cell to survive freezing (Mazur, 1984). One strategy 

to prevent intracellular ice formation after extracellular ice seeding is to 

provide time for the cell to dehydrate before reaching the lower 

temperatures at which ice nucleation occurs. The effects of extracellular 

ice seeding temperature and cooling rate on intracellular ice formation has 

been theoretically investigated with several mammalian cells, including red 

blood cells (Diller, 1975), granulocytes (Schwartz and Diller, 1984), and 

mouse oocytes (Toner et al., 1993). All of these studies clearly indicate 

strong dependence of intracellular ice formation behaviour of mammalian 

cells on the extracellular ice seeding temperatures.  

 

Different ice seeding temperatures are used by cryobiological 

researcher. It is common to use ice seeding temperature of -7 ºC for 1.5 

molar concentration of cryoprotectants (Stachecki and Willadsen, 2000; 

Stachecki et al., 1998a; Picton et al., 2003; Yi et al., 2001; Salle et al., 

1999; Lassalle et al., 1985; Carroll et a., 1993). For 2 M concentration of 

cryoprotectans seeding at -7.5 ºC is common. For 3 M concentration of 

methanol, seeding temperature -10 ºC has been successfully applied 

(Czlonkowska et al., 1991), for freezing of sheep embryos. Zhang (1994) 
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reported that for each additional 1M increase in cryoprotectant 

concentration, the seeding temperature is reduced by an additional 2.5 ºC. 

Therefore, a cryoprotectant concentration of 1M requires a seeding 

temperature of -5 ºC; for 2M at -7.5 ºC; for 3M at -10 ºC; and for 4M at -

12.5 ºC. This rule is grounded on the necessity to allow certain degree of 

supercooling for seeding (Zhang, 1994). In the controlled slow cooling of 

Pacific oyster (Crassostrea gigas) eggs, the optimal seeding temperatures 

for 2M EG and 2M DMSO were found to be -10 and -12 ºC respectively 

(Tervit et al., 2005). Studies on seeding temperatures on late stage 

zebrafish oocytes found the optimal seeding temperature for 4M methanol 

was -12.5 ºC (Plachinta et al., 2007; Guan et al., 2008). 

 

 

1.1.4.1.3 Thawing rate  

 

Cells can be damaged due to recrystallisation of ice notably during 

thawing, if thawing is too slow, due to a process referred to as 

recrystallisation, which can be lethal (Mazur, 1965, 1966). Rapid thawing 

generally improves survival (Farrant, 1980). Some cells with intracellular 

ice can survive if thawed very rapidly (Shimada and Asahina, 1975). Guan 

et al. (2008) reported that fast thawing (>300 ºC/min) was more effective 

than slow thawing (2 and 10 ºC/min) on the cryopreservation of zebrafish 

oocytes. Slow thawing is more damaging than that of rapid simply because 

of an increase in the total exposure time at subzero temperatures (Mazur, 

2004). 

 

 

1.1.4.1.4 Removal of cryoprotectant  

 

The survival of frozen cells is dependent not only on cooling and 

warming rate, but also the method by which cryoprotectants are removed 

from cryopreserved cells. After the samples are thawed and warmed to 

normal temperatures, it is necessary to remove the cryoprotectants by 

washing cells in cryoprotectant-free cell medium. During these procedures, 
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osmotic stress is induced for the cells due to the steep gradient in osmotic 

pressure across the plasmatic membrane. Step-wise dilution of 

cryoprotectants is often used for decreasing osmotic pressure (Wessel 

and Ball, 2004). The study of Guan et al. (2008) on the cryopreservation of 

zebrafish oocytes showed that a four-step removal appeared to be 

superior to one-step removal. Four-step removal reduced osmotic stress of 

oocytes during the process of cryoprotectants removal, whilst one-step 

removal can result in post-hyperosmotic stresses to fish oocytes. 

 

 

1.1.4.2 Vitrification 

 

Vitrification is a process that produces glass like solidification of living 

cells. In vitrification procedures, cell dehydration is effected by direct 

exposure to concentrated vitrification solutions before cooling in liquid 

nitrogen. The cells can be cooled at extremely rapid rates without 

undergoing intracellular ice formation. Vitrification procedures usually 

consist of four steps (Steponkus et al., 1992): a) equilibration of the cells in 

a permeating cryoprotectant solution; b) dehydration of the cells in a 

concentrated solution that will vitrify (vitrification solution); c) plunging the 

cells into liquid nitrogen ; d) removal of cryoprotectants. The goal of 

vitrification procedures is to prevent ice formation in both intracellular and 

extracellular solutions in order to maintain high levels of viability. Ice 

formation primarily depends on the composition of the vitrification solution 

and the cooling and thawing rate used. Sufficiently concentrated 

cryoprotectant solutions will vitrify, even at slow cooling and thawing rate. 

Unfortunately, the cryoprotectants toxicity are manifested during the 

dehydration step because of the extremely high osmotic potential of the 

solutions (Steponkus et al., 1992). Therefore, less toxic and effective 

vitrification solution is essential for successful vitrification. 

 

 

 

1.1.4.2.1 Vitrification solutions 
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Vitrification simply avoids ice crystal formation by cooling the living 

cells so quickly that ice wouldn't have time to form, this includes the use of 

very high concentrations of cryoprotectants to support the cytoplasm. 

Initially the cryoprotectant mixture were very toxic to the cells, and several 

attempts were made to formulate a non toxic and efficient vitrification 

solution, as high concentrations of cryoprotectant can be very detrimental 

to cells. To limit the effects of toxicity, it is necessary to use the least toxic 

cryoprotectant and the minimum concentration that permits glass 

formation (Fahy, 1987; Fahy et al., 1987). The method of vitrification 

involves the use of high concentrations (5-7M) of cryoprotectants and 

ultra-rapid cooling rates. Rall (1987) noted that theoretically even water 

can be vitrified using a cooling rate of 10-7 °C/sec. The cells are 

dehydrated by exposure to high concentrations of cyroprotectants prior to 

cryopreservation which also increases the viscosity of the solution. The 

cells in cryoprotectants are then plunged directly into liquid nitrogen, 

forming a glass-like suspension of cells. This technique completely 

eliminates intracellular ice formation (Rall et al., 1987; Rall and Fahy, 

1985). However, cells may be damaged by exposure to such high 

cryoprotectant. Nevertheless, vitrification has the advantage of being low-

cost, since it eliminates the need for programmable freezing equipment, 

and it is quicker and easier to perform compared to slow cooling. The 

cross-species applicability of this technique has been demonstrated by the 

successful vitrification of mouse (Rall and Fahy, 1985), mice (Rall et al., 

1987), rabbit (Smorag et al., 1989), sheep (Schiewe et al., 1991), fruit fly 

(Drosophila) (Steponkus et al., 1991) and human (Trounson et al., 1988) 

embryos. Cryopreservation of fish embryo using vitrification has only been 

performed so far with zebrafish embryo as a model system (Zhang and 

Rawson, 1996). This study has shown that intermediate embryo 

developmental stages at 50% epiboly to prim-6 stages provided best 

results.  
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1.2 Applications of Cryobiology 

 

Cryobiology is a developing science with only a rudimentary 

theoretical framework and cryopreservation procedures are typically 

developed through trial and error. The basic principles of cryobiology 

address the movement of water out of cells during cooling (and its return 

upon warming) and the effects of cryoprotectant molecules which can act 

from the inside or outside of cell (Denniston et al., 2000). So far applied 

cryoprotection has not really progressed much beyond application of 

glycerol, DMSO, methanol, sugar and the polymers, empirically optimized 

for each specific use by the addition of other solutes. The cryobiology 

literature is vast and covers a wide range of topic from the freezing of cells 

to human hypothermia. In the context of the cryobiology of reproductive 

cells (i.e. spermatozoa, oocytes), embryos, blastomers and tissues (i.e. 

ovarian tissue, testicular tissue), establishment of methods and 

applications for spermatozoa has the longest history and is the most 

widely used in human reproductive medicine, agriculture and aquaculture. 

 

 

1.2.1 Applications in biomedicine 

 

Animals and cell culture from animal tissues have been used for 

testing of vaccines and research in biomedicine. Animal cell lines are very 

important in establishment of in vitro methods for diagnosis, treatment of 

animal and human diseases. Mammalian cell lines are amenable to 

cryopreservation and can be stored in a stable state at ultra-low 

temperatures in cell banks, and cell banking procedures are a vital 

preliminary step for any application of cell lines. Fish also play a significant 

role in human genomic studies because they contain essentially the same 

genes as humans.  

 

Blood cells can be regarded as a classic field of application of low-

temperature biology. Cryopreservation methods have been developed for 
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all different categories of blood cells (including blood stem cells) and blood 

corpuscles. Currently, frozen red blood cells (RBC or erythrocytes), 

platelets, lymphocytes, monocytes, and hematopoietic progenitor cells 

(from peripheral blood as well as from bone marrow) are being used for 

clinical purpose. Cryopreserved erythrocytes are of advantage in case of 

rare blood groups and antibody problems. The use of cryopreserved 

lymphocytes and monocytes is a routine procedure for clinical laboratory 

testing. Most recently, there is a growing clinical interest in cryopreserved 

lymphocytes for the supplemental treatment of patients after blood stem 

cell transplantation (Fuller et al., 2004).  

 

Efforts to clinically freeze blood products for subsequent bulk 

distribution were at the heart of early work in cryobiology. 

Cryopreservation procedures have been used across a diverse array of 

microorganisms, isolated cells, and simple tissues (e.g., mammalian 

gametes, corneas, bone marrow, skin, cartilage, and embryos) for the 

agricultural and biomedical industries. However, the long-term 

cryopreservation of intact organs remains a major challenge in 

contemporary cryomedicine. Currently, clinical procedures rely on the 

hypothermic, but unfrozen, storage of harvested organs for relatively brief 

periods (e.g., 4-8 h for heart and lung; -48 h for kidney, liver, and 

pancreas) (Southard and Belzer, 1993).  

 

Cryopreservation techniques for in vitro manipulation of human 

reproductive cells for the treatment of infertility have been successful. The 

ability to store the reproductive cells and embryos in the frozen state has 

greatly facilitated the progression of clinical assisted reproduction research 

into patient treatment. The treatment of human infertility has included in 

vitro fertilization (IVF), this technique allows relatively few spermatozoa to 

achieve fertilization. Control in interaction of spermatozoa and oocyte has 

resulted in many subfertile couples being enabled to conceive a child. 

Many people who were incapable of conceiving with natural fertilization or 

artificial insemination (AI) are now interested in storing sperm for in vitro 

fertilization (IVF) attempt (Trombetta et al., 2000). In addition, oocyte 
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cryopreservation may offer the oncology patient an opportunity to bank her 

eggs prior to initiation of treatment her underlying disease,  which could 

result in permanent ovarian damage, she may rely on these banked 

gametes to allow her bear genetic offspring (Van Uem et al., 1987).  

 

Cryosurgery is the application of freezing to destroy unwanted 

tissues. This technique falls under category of thermal therapy. In 

biomedicine, it has been used in breast cancer treatment and uterine 

cervix using ice saline solution and routinely to treat malignancies on the 

surface of the body. The freezing agent, liquid nitrogen vapor can be 

applied in a variety of ways, using sprays and cryoprobes. Sprays are 

mostly used for topical applications whilst cryoprobes are used for deep 

solid tumor masses. New adjuvants are being sought to increase the 

destructive effect of freezing, during cryosurgery of prostate and other 

organs such as kidney, liver or brain, magnetic resonance imaging can be 

used to monitor the extent of the cryosurgery ice ball and this ice ball 

predicts the outcome of the procedure (Hoffmann and Bischof, 2002). 

Cryosurgery has been shown to be potent method of in situ tissue 

destruction. 

 

 

1.2.2 Applications in conservation 

 

Global diversity in domestic animals is considered to be under threat. 

There is worldwide consensus about the global decline in domestic animal 

diversity and the need to conserve genetic diversity. Conservation of wild 

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

since then many collections of genetic material have been established. 

Genetic resource banks and biological resources bank are systematic 

ways of collecting biological material both for germplasm used in animal 

breeding programs and banks of somatic tissues collected for scientific 

research (Holt et al., 1996; Wildt et al., 1997; Holt and Pickard, 1999). 

Genetic status can be recovered by introducing genetic material into a 

population using reproductive technologies. Many efforts have been made 
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to produce rodent offspring using reproductive technologies. Live offspring 

have been produced by the transfer of frozen or vitrified embryos in the 

laboratory such as mice (Wood et al., 2001), rats (Stein et a., 1993) and 

Mongolian gerbils (Mochida et al., 1999). 

 

The ability to maintain genetic diversity using cryopreserved gametes 

is an advantageous feature to conservation. Recent advances in assisted 

reproduction have dramatically increased the success of producing African 

and Asian elephants (Schmitt et al., 2001). In the recent years, there have 

been a number of live-born elephant calves, both African and Asian, 

conserved by artificial insemination and more on going pregnancies 

resulting from artificial insemination in the captive populations of these 

species. Cloning and nuclear transfer have led many technologists to 

suggest that endangered and extinct species like livestock and laboratory 

species can be propagated and recovered, for example, the Mauritius 

kestrel (Falco punctatus) population declined to two individuals but has 

shown remarkable recovery to about two hundred breeding pairs 

(Groombridge et al., 2000). Assessing the prospective viability of a 

threatened population is an important step in the development of 

conservation plans, the assessment might indicate the need to establish 

protected area to help species recovery. 

 

Ex situ conservation of genetic material from fish through 

cryopreservation is an important strategy to conserve genetic diversity in 

these species. In many countries, ex situ conservation represents an 

essential component of conservation strategies (Blackburn, 2004). Some 

strategies focus primarily on preservation of germplasm of rare breeds, but 

in general there is consensus that ex situ collections should be established 

for all breeds with the aim to capture as much genetic diversity in 

conservation programs as possible. During the last decade, 

cryopreservation has become one of the most effective tools for 

reproduction management in fish culture and ex situ conservation of 

species. Several fish gamete cryobanks have been established in Europe, 

North America, and Asia for preservation and conservation of fish genetic 
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materials. In aquaculture, cryopreserved fish spermatozoa are frequently 

used for artificial insemination of fish eggs when fresh spermatozoa are 

not available. Some studies have been carried out on cryopreservation of 

aquatic invertebrate semen including species from echinoderms, molluscs, 

polychaetes, and crustaceans (Gwo, 2000). Successful cryopreservation 

protocols on blastomeres have also been established for several species 

(Harvey, 1983; Strussman et al., 1999). Limited success has been 

reported on the cryopreservation of eggs and embryos of aquatic species. 

 

 

1.3 Current status of aquatic species cryopreservation 

 

Cryopreservation technology applied to the preservation of fish 

gametes in aquaculture could play a major role in seed production, genetic 

management of brood stock and conservation of aquatic resources. In fish 

culture and farming, the successful cryopreservation of gametes, eggs and 

embryos will offer new commercial possibilities, allowing the unlimited 

production of fry and potentially more robust and better conditioned fish as 

required. Successful cryopreservation of reproductive materials of many 

aquatic species has been achieved. Majority of these studies have been 

carried out with gametes (Billard and Zhang, 2001; Paniagua-Chavez et 

al., 1998) and the successful cryopreservation of the spermatozoa from 

many species including salmonid, cyprinids, silurids, and acipenseridae is 

well documented (Magyary et al., 1996; Tsvetkova et al., 1996). Despite 

many attempts, cryopreservation of fish embryos and oocytes has not 

been successful (Hagedorn et al., 1996; Harvey, 1983; Zhang et al., 1989; 

Zhang et al., 1993; Isayeva et al., 2004). However, limited success has 

been reported on the cryopreservation of eggs or embryos of aquatic 

species including the embryos of the pacific oyster (Lin and Chao, 2000; 

Tervit et al., 2005), larvae of eastern oyster (Paniagua-Chavez et al., 

1998; Paniagua-Chavez and Tiersch, 2001), embryos of the hard clam 

(Chao et al., 1997), Larvae of the sea urchin (Naidenko and Kol’tsova, 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Paniagua-Chavez%20CG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tiersch%20TR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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1998; Adams et al., 2006), the juveniles of marine polychaete (Olive and 

Wang, 1997).  

 

Cryopreservation of germplasm of aquatic species offers many 

benefits in the fields of aquaculture, conservation and biomedicine. It 

brings the possibility of preserving specific species or strain of particular 

interests, increasing the representation of genetic losses through disease, 

catastrophe, or transfer between locations. Germplasm cryopreservation 

also provides a secure ex situ method for preserving the genomes of 

endangered species in diversity high enough to reconstruct stable 

populations when environmental conditions make it possible. Fish 

germplasm plays a significant role in human genomic studies because its 

relatively small size of the genome makes it easier for sequencing and 

ideal models for studying human disease. This will help in identifying roles 

for human genes from fish mutations and also in fish models for genes 

identified by human disease (Brownlie et al., 1998; Barbazuk et al., 2000). 

Aquatic species preservation will assist the development, protection and 

distribution of research lines and offers benefits for restoration of 

endangered species.  

 

 

1.3.1 Sperm  

 

The establishment of fish sperm cryobanks could play a crucial role in 

the genetic management and conservation of aquatic resources (Rana 

1995; Suquet et al., 2000; Lahnsteiner et al., 2000). Male gamete 

cryopreservation first became possible in 1949 when Polge et al. 

successfully froze and thawed avian spermatozoa using glycerol as a 

cryoprotectant, thereafter, Blaxter (1953) applied a similar approach to 

teleost gametes and reported success with Atlantic herring spermatozoa, 

achieving approximately 80% cellular motility upon thawing. Sperm 

cryopreservation has been studied in fishes for more than 45 years, used 

frozen sperm to hybridize spring and fall spawning herring and has been 

used in as many as 200 species (Leung and Jamieson, 1991; Rana, 1995; 
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Tiersch, 2000). Since then, successful sperm cryopreservation (based on 

offspring produced) has been reported for a host of freshwater and marine 

teleosts including carp, salmonids, catfish, cichlids, medaks, white-fish, 

pike, milkfish, grouper, cod, and zebrafish (Scott and Baynes, 1980; 

Harvey et al.,1982; Rana 1995; Stoss 1983). Studies have been mainly 

conducted on freshwater species with economical importance and 

attempts at cryopreservation of marine fish species are more successful 

when compared with those obtained from freshwater fish (Tsvetkova et al., 

1996). The fertilization rates obtained with cryopreserved fish sperm from 

marine species are comparable with those obtained with mammalian 

species, although sperm from freshwater fish species are generally more 

difficult to cryopreserve. Controlled slow cooling has been mainly used for 

fish spermatozoa cryopreservation. About 12 salmonid species 

spermatozoa have been successfully cryopreserved (Billard and Zhang, 

2001; Lahnsteiner, 2000; Tiersch and Mazik, 2000). Another well studied 

and successfully cryopreserved group are cyprinids and some of these 

cyprinid fishes are widely farmed in Asia and Europe. In general, 

cryopreservation of small-sized, fish spermatozoa is successful and 

practiced regularly in both field and laboratory settings. The most notable 

of those studied is the zebrafish (Danio rerio) for which a cryopreservation 

technique using methanol were developed (Harvey et al., 1982) and the 

Japanese medaka (Oryzias latipes) (Aoki et al., 1997). 

 

 

1.3.2 Embryos 

 

Successful cryopreservation of embryos is important because the 

biodiversity of both paternal and maternal genomes will be preserved. In 

the last 20 years, attempts to cryopreserve fish eggs and embryos have 

been conducted on about 10 species including herring (Clupea harengus) 

(Whittingham and Rosenthal, 1978; Ben-Amotz and Rosenthal, 1981), 

rainbow trout (Salmo mykiss) (Haga, 1982), brown trout (Salmo trutta) 

(Erdahl and Graham, 1980), brook trout (Salvelinus fontinalis) (Zell, 1978), 

coho salmon (Onorhynchus kisutch) (Stoss and Donaldson, 1983), Atlantic 
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salmon (Salmo sala) (Zell, 1978; Harvey and Ashwood-Smith, 1982), 

common carp (Cyprinus carpio) (Zhang et al., 1989), medaka (Oryzias 

latipes) (Onizuka et al., 1984), African catfish (Clarias gariepinus) 

(Magyary et al., 1996) and zebrafish (Danio rerio) (Harvey, 1983; Zhang et 

al., 1993; Zhang and Rawson, 1996).  

 

Embryo cryopreservation is not viable in fish species, largely because 

of multicompartmental biological systems, high chilling sensitivity, low 

membrane permeability and their large size which gives low surface area 

to volume ratio (Zhang and Rawson, 1995). The fertilized eggs of most fish 

species are greater than 1 mm in diameter. The effect of such low ratio is 

a reduction in the rate at which water and cryoprotectants can move into 

and out of the embryo during the step of cryopreservation (Mazur, 1984). 

Fish embryos are osmoregulators, they are released into the external 

medium and activated, the vitelline envelope separates from the plasma 

membrane and forms chorion. Studies on the chorion permeability of 

zebrafish embryos clearly showed it is permeable to electrolytes and a 

range of cryoprotectant such as propane-1,2-diol, methanol, DMSO, 

ethylene glycol (Zhang and Rawson, 1996). The chorion structure plays a 

role as flexible filter for transport of some materials (Toshimori and 

Yasuzumi, 1976) and protects against micro organisms (Schoots et al., 

1982). The plasma membrane of gastrula stage embryos has been found 

to have three morphologically distinct regions with intermediate region 

between animal and vegetal pole where folding develops in advance of the 

expanding blastodermal disc of cells (Rawson et al., 2000). Studies on 

zebrafish embryos have shown that the water permeability of the plasma 

membrane at different developmental stages remained relatively stable, 

the permeability to the cryoprotectant methanol appeared to decrease 

during embryo development (Zhang and Rawson, 1998). This indicated 

that there is a gradual reduction in permeability following fertilization in 

zebrafish embryos, as opposed to the generally held belief that the 

membrane permeability of fish eggs reduces rapidly to minimum shortly 

after fertilization (Alderdice, 1988). 
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The studies on kinetics of subzero chilling injury in Drosophila 

embryos (Mazur et al., 1992) and chilling sensitivity of zebrafish embryos 

have demonstrated that chilling injury plays an important role in reduction 

of embryo survival during exposure to subzero temperatures (Zhang and 

Rawson, 1995; Hagedorn et al., 1997). Chilling sensitivity has been 

reported for many species of fish embryos, including brown trout (Salmo 

trutta f. fario) (Maddock, 1974), rainbow trout (Oncorhynchus mykiss) 

(Haga, 1982), carp (Cyprinus carpio) (Dinnyes et al., 1998; Jaoul and 

Roubard, 1982; Roubaud et al., 1985), fathead minnows (Pimephales 

promelas) (Cloud et al., 1988),  goldfish (Carassius auratus) (Liu et al., 

1993) and zebrafish (Danio rerio) (Zhang and Rawson, 1995). Most of 

these studies reveal that developmental stages beyond 50% epiboly are 

less sensitive to chilling, but chilling sensitivity increases markedly as the 

temperature falls below zero. The high chilling sensitivity of fish embryos, 

especially at early stages, their complex membrane systems and large 

yolk are the main obstacles to successful cryopreservation of these 

embryos (Zhang and Rawson, 1996). It has been suggested that chilling 

injury in embryos is associated with disorder of metabolic and enzymatic 

processes due to their inhibition at low temperatures which can be 

detrimental in the embryonic development such as teleost embryos 

(Dinnyes et al., 1998).  

 

 

1.3.3 Oocytes 

 

Cryopreservation of fish oocyte offers several advantages such as 

the smaller size of the oocytes, the relatively lower water content in 

oocytes of pelagic spawners and the absence of a fully formed chorion 

that may render the oocyte more permeable to solutes than embryo. Fish 

oocytes are relatively smaller than their respective eggs and constitute a 

single compartment (Hagedon et al., 1996). Cryopreservation of fish 

oocytes has been recently studied (Isyeava et al., 2004; Plachinta et al., 

2004; Zhang et al., 2005; Guan et al., 2008). Several factors may 

complicate the successful development of cryopreservation protocols for 



 24

fish oocytes: a) late stage fish oocytes are large, results in much lower 

surface area to volume ratio and these reduces the rate at which water 

and cryoprotectant move into and out of oocytes during cryopreservation, 

b) their susceptibility to chilling injury, and c) there can be low permeability 

of membrane and envelopes. Cryopreservation of stage III zebrafish 

oocytes has been studied using controlled slow cooling and an optimum 

cryoprotective medium and cooling rate identified (Plachinta, 2007; Guan 

et al., 2008). Guan et al. (2008) also showed that oocyte viability obtained 

immediately after freeze-thawing was relatively high (88.0 ± 1.7%) using 

TB staining, and that viability decreased to 29.5 ± 5.1% after 2 h 

incubation at 22 °C. There is no reported information in the literature on 

cryopreservation of early stage fish oocytes and storage in the liquid 

nitrogen. 

 

The permeability of the zebrafish oocyte membrane to water and 

cryoprotectants has been studied and fish oocyte membrane permeability 

parameters were reported for the first time by Zhang et al. (2005). The 

study showed that the membrane permeability of stage III oocytes 

decreased significantly with temperature. The hydraulic conductivity (Lp) 

and solute permeability (Ps) value obtained for stage III zebrafish oocytes 

are generally lower than those obtained from aquatic invertebrates and 

higher than those obtained with immature medaka oocytes (Valdez et al., 

2005) or fish embryos (Zhang and Rawson, 1998). Previous studies on 

zebrafish oocyte chilling sensitivity were carried out with oocytes at later 

stages (stage III to stage V oocytes) and the study showed that these 

oocytes are very sensitive to chilling (Isayeva et al., 2004). Chilling 

sensitivity in zebrafish oocytes was thought to be due to lipid phase 

transition of the oocyte membrane (Pearl and Arav, 2000). The phase 

transition in small and large zebrafish oocytes exposed to temperatures 

between 12-22 °C, showing that chilling damage may occur at 

temperatures well above the water freezing temperatures (Drobnis et al., 

1993; Pearl and Arav, 2000). 
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1.4  Development of viability assessment methods for early 

stage zebrafish ovarian follicles after cryopreservation 

 

Whilst fish embryo viability can be assessed by their development 

capabilities, ovarian follicles viability assessment is more difficult and 

existing viability assessment methods are very limited and especially for 

early stages. Initial studies on development of viability assessment 

methods for zebrafish oocytes were carried out using TB, thiazolyl blue 

(MTT) and in vitro maturation followed by observation of germinal vesicle 

breakdown (GVBD) (Plachinta et al., 2004). MTT test was shown to be the 

least sensitive testing method on zebrafish ovarian follicles and did not 

stain stage V oocytes. GVBD was the most sensitive method when 

compared with TB or MTT. However, GVBD test can only be applied to 

stage III ovarian follicles as later developmental stages have already gone 

through maturation and germinal vesicle breakdown process in vivo. TB 

staining was reported to be suitable for zebrafish ovarian follicles at all 

stages (Plachinta et al., 2004). Fluorescein diacetate (FDA) and propidium 

iodide (PI) staining was later demonstrated to be also suitable for ovarian 

follicle at all stages (Zampolla et al., 2006). In cryopreservation of fish 

oocytes techniques for quantitative estimation of oocytes viability is 

needed. 

 

Oocytes are female ovarian cells that go through meiosis to become eggs. 

They are derived from oogonia, mitotic cells that develop from primordial 

germ cells migrating into the ovary early in embryogenesis (Schneider, 

1996). This includes primary follicles, previtellogenic or cortical alveoli 

follicles, vitellogenic follicles, and mature follicles, and their identification is 

based on both morphological characteristics and biochemical parameters 

(Selman et al., 1993). Oogenesis in zebrafish is regulated hormonally. The 

hypothalamus of female fish, in response to environmental external 

stimulation, for example, duration of light day, water temperature, nutrition 



 26

quantity and quality, availability of males, produces gonadotropin-releasing 

factor which stimulates the pituitary gland of the fish to synthesize 

hormone gonadotropin. Gonadotropins, namely follicle-stimulating 

hormone (FSH) and Luteinzing hormone (LH), are the key regulators of 

vertebrate reproduction, and they are synthesized and secreted from the 

gonadotrophs in the anterior pituitary. The salmonids show that FSH is 

expressed in the early stage of gonadal development whereas the 

secretion of LH significantly increases in the late stage (Breton et al., 

1998; Gomez et al., 1999; Prat et al., 1996; Weil et al., 1995). These have 

led to the hypothesis that FSH is involved in promoting gonadal growth 

whereas LH is mainly responsible for the final maturation of the gametes 

(Swanson 1991). This idea is supported by the observations that FSH 

enhances vitellogenin uptake by the growing oocytes in the trout (Tyler et 

al., 1991), and LH stimulates oocyte maturation in the red seabream 

(Kagawa et al., 1998). Seki et al. (2008) reported successful zebrafish 

oocyte maturation in human chorionic gonadotropin (hCG) incorporating 

BSA (Bovine Serum Albumin) in the culture medium; their results showed 

significant increases in the ability of oocytes to be fertilised and to develop 

until hatching. BSA has been reported to be effective in maintaining the 

fertilising ability of ovulated zebrafish oocytes (Sakai et al., 1997). It was 

also reported that ovarian fluid of coho salmon (Oncorhynchus kisutch) 

was effective in maintaining the fertilizing ability of ovulated zebrafish 

oocytes (Corley-Smith et al. 1996).  

 

Activin was first discovered in the ovary for its stimulation of FSH 

secretion in cultured rat pituitary cells (Ling et al., 1986; Vale et al., 1986). 

Activin signals through specific receptors that belong to a family of 

membrane serine/threonine kinases. Activin is a dimeric protein consisting 

of two similar but distinct subunits, ßA and ßB. In addition, activin ß 

subunits are also expressed in the ovary of zebrafish, and activin plays 

important roles in oocyte development in this species (Pang and Ge, 1999; 

2002a, 2002b; Wang and Ge, 2003; Wu et al., 2000). Zebrafish provides a 

useful reference model for the study of ovarian activin regulatory system in 

vertebrates.  
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1.5   Use of zebrafish (Danio Rerio) as a model 

 

Since Streisinger et al. (1981) first recognised that the zebrafish is a 

good model for studying vertebrate development and genetics, the 

zebrafish has become very popular world-wild. Zebrafish development 

take place outside of the mother’s body, allowing the development from 

fertilisation to a newly formed fish to be observed under a microscope. 

 

Zebrafish have been found to have many advantages as 

experimental animals for biological research. Under simple laboratory 

conditions, zebrafish provide relatively large (approz. 0.75 mm), fertilized 

eggs on a daily basis. Subsequent embryonic development is rapid, with 

hatching occurring 72 hours after fertilization at 26°C (Hisaoka and Battle, 

1958). An additional advantage for developmental studies is that embryos 

are transparent and embryonic events, many of which have been 

examined and described in detail (Hisaoka and Battle, 1958; Hisaoka and 

Firlit, 1962; Warga and Kimmel, 1990; Ross et al., 1992; Strehlow and 

Gilbert, 1993; Westerfield, 1993), are readily visible. Generation times 

(several months) are also short for a vertebrate species, which facilitates 

genetic studies. Because of these various attributes, zebrafish is rapidly 

becoming the vertebrate species of choice for transgenic experimentation 

(Kimmel, 1989; Stuart et al., 1990; Buono and Linser, 1992; Leff, 1992). 

Transgenic and mutagenic studies of zebrafish are expected to play an 

important role in human health and disease. The human genome is 

mapped, but the functionality of many of the genes is not known. On the 

other hand, the function of many of the genes in the zebrafish genome is 

known because of the mutational screens going on in a number of labs 

throughout the world. The zebrafish genome is also mapped and it has 

great value because the organization of the fish and human genomes has 

been relatively conserved throughout evolution (Postlethwait et al., 1998).  
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1.5.1 General information on zebrafish 

 

The zebrafish (Danio rerio, or Brachydanio rerio) is a member of the 

family Cyprinidae and is native to India and Pakistan. It is a freshwater 

teleost species, originally found in slow streams and rice paddies of the 

East India and Burma (Axelrod and Schultz, 1955). The fish rarely 

exceeds 4-5 cm in length and has a cylindrical body with 7-9 dark blue 

horizontal strips on silver, which run into the caudal and anal fins, and an 

olive green back. Males are slimmer than females and possess a golden 

sheen, while females are more silvery and their abdomen is bigger, 

particularly prior to spawning. The fish are capable of withstanding wide 

ranges of temperature (15.5-43.3 ºC) and pH (6.6-9.2) (Axelrod and 

Schultz, 1955). Over the years, it has been popular in the world wide 

tropical fish industry because it is relatively easy to procure, breed , and 

maintain with little expense.  

 

The species has been studied extensively since the nineteen thirties 

in fisheries research because it is easily obtainable, inexpensive, readily 

maintained and cared for (Rugh, 1948), undergoes a photoperiodic 

response which allows the time of spawning to be controlled (Legault, 

1958) and under appropriate laboratory conditions, will provide large 

numbers of non-adherent and transparent eggs throughout the year 

(Hisaoka, 1958).  
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Fig. 1.1 Image of female zebrafish (top) and ovary (bottom). 

1.5.2   Development of zebrafish oocytes 

 

The development of zebrafish oocytes is divided into five stages 

based on morphological criteria and on physiological and biochemical 

events (Selman et al., 1993). 

 

Stage I:  follicle phase of primary growth (perinucleolus stage). 

Zebrafish oocytes in the primary growth stage have diameter 20-140 µm. 

Primary oocyte growth begins with the onset of meiosis and subsequent 

meiotic arrest in the diplotene stage of the first prophase. At the beginning 

phase of this stage, relatively small oocytes are mostly spherical in shape. 

The oocytes are completely enveloped by a monolayer of presumptive 

granulosa cells and a thin thecal cell layer and epithelial sheath are added 

to the surface, forming the basic follicle structure (Patino and Sullivan, 

2002; Wallace and Selman, 1981). As the follicle develops, the nucleus of 

the oocyte increases in size and numerous ribosome-producing nucleoli 

appear around its periphery ("perinucleolus" stage). Intense RNA 

synthesis occurs over this period and much of the RNA present in the fully 

grown oocyte is thought to be synthesized at this time (Wallace and 

Selman, 1990; Pelegri, 2003; Song and Wessel, 2005). During primary 

growth alone in fish, the oocyte volume may increase as much as 1,000- 

to 5,000-fold (Tyler and Sumpter, 1996). 

 

Stage II (Cortical-alveolar stage). Zebrafish oocytes of this stage 

have a diameter 140-340 µm. In the developed cortical alveolar phase, the 

granular structures in the ooplasm are increase in the size and the oocytes 

become opaque in the area that surrounds the nucleus. Secondary growth 

is signified by the appearance and accumulation of cortical alveoli 

(formerly yolk vesicles). These endogenously synthesized secretory 

vesicles, analogous to cortical granules in invertebrates and other 

vertebrates, are derived from Golgi bodies and play important roles in the 

fertilization response and early embryogenesis (Wessel et al., 2001). Upon 

fertilization, cortical alveoli fuse with the oocyte membrane and discharge 
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their glycoprotein contents into the perivitelline space to prevent 

polyspermy and entry of microbes or pathogens. Cortical alveoli increase 

in number during early secondary growth, initially forming a ring around 

the periphery of the oocyte and then accumulating inward to the nucleus. 

Oocyte lipid deposition (lipid droplet stage) occurs late in the cortical 

alveolus stage and prior to significant yolk incorporation. 

 

Stage III (vitellogenesis). Vitellogenesis is the synthesis and uptake of 

egg yolk proteins from the plasma. The diameter of vitellogenic oocytes 

ranges from 340 to 690 µm. Vitellogenesis regulation involves the 

interaction of the anterior pituitary in the brain, the follicle cells, the liver 

and eggs. The anterior pituitary of the fish produces hormones known as 

gonadotropins and releases these hormones into the circulation. The 

gonadotropins directly stimulate the thecal and granulose cells to produce 

estrogen which travels in the blood to stimulate the liver to produce 

vitellogenin, which is the precursor to the egg yolk proteins. Vitellogenin is 

secreted into the blood and is taken up by the oocyte through pinocytosis, 

mediated by specific receptors. The receptor-mediated uptake of 

vitellogenin is developmentally regulated, Ca2+-dependent, and the 

oocytes must reach a certain size before they are able to sequester 

vitellogenin. Vitellogenin, after it is adsorbed by oocyte, is accumulated in 

the yolk platelets (yolk bodies), where it is further processed into smaller 

yolk proteins (lipovitellin, phosvitin, ß-component) by enzyme cathepsin D 

(Hartling and Kunkel, 1999). Lipovitellin and phosvitin are stored in yolk 

bodies in crystallized form until they are used as a nutrition by developing 

larva. The enzymes of same cathepsine family conduct full proteolysis of 

yolk proteins later in embryogenesis, during consumption of the yolk by the 

growing embryo. Vitellogenesis is the longest phase of oocyte 

development and requires a great amount of nutrient input. Yolk vesicles 

first appear in the cytoplasm surrounding the nucleus and gradually 

increase in number and size, while moving towards the periphery. A 

membrane delimits yolk vesicles. Apart from yolk bodies, many oil droplets 

also appear in ooplasm. As vitellogenesis proceeds, most of oocyte 

cytoplasm become occupied by yolk bodies, which afterwards in the 
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course of stage IV (maturation) will be fused with each other to form yolk 

mass. At the beginning of vitellogenesis stage zona radiata surrounding 

oocyte becomes more distinct. During vitellogenesis the ooplasm 

continues to lose its basophilia (Wallace and Selman, 1981; Wallace and 

Jared, 1976; Campbell and Jalabert, 1979; Riggio et al., 2003). 

 

Stage IV (maturation). Maturating zebrafish oocytes have a diameter 

larger than 690 µm. Maturation is trigger by the steroid hormone 

progesterone. Calcium signaling also take place; the oocyte incubated in 

calcium-absent medium fail to pass maturation (Smith and Ecker, 1969). It 

is the final stage of oocyte growth, resulting in stage V oocyte – mature 

egg. In zebrafish, maturation phase is very short and normally takes up to 

4 hours. During this stage, the nucleus of the egg migrates from the center 

of the egg to the periphery and second division of meiosis resumes but 

pauses again before completion. The membrane surrounding the nucleus 

disappears in a process referred to as germinal vesicle breakdown 

(GVBD). Certain uptake of water by oocyte occurs during maturation, 

although in zebrafish this process is much less pronounced than in fish of 

seawater species. In zebrafish, hydration results in increase of volume of 

oocytes by 10-15 %. The process of oocyte hydration is driven by 

cleavage of yolk proteins (mainly vitellogenin-I) into free amino acids, 

which increases osmolarity of oocyte cytoplasm and creates force to drive 

the water influx into the egg. Swelling of oocytes during maturation can 

often be seen in females as the belly becomes even more distended and 

firm. During the oocyte maturation the oil droplets are concentrated around 

the nucleus and as may be observed with light microscopy, they then 

coalesce into one big oil drop that migrates towards the animal pole, 

together with the nucleus. The yolk granules progressively fuse to form a 

continuous mass of fluid yolk. As a consequence, the ooplasm becomes 

displaced to a peripheral rim surrounding the yolk mass. The yolk 

becomes clear and translucent as hydration completed. 

 

In the late maturation phase, the oocyte is call a ‘hydrated oocyte’. 

Large irregular vacuoles and small oval vesicles may be observed in this 
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cytoplasm. These vesicles, the ‘cortical alveoli’ have a size and consist of 

lower and an appearance lighter, than yolk vesicles. Oocyte maturation 

also leads to changes in activity of a number of enzymes, particularly of 

carbohydrate metabolism. Carbohydrate metabolism changes in direction 

favoring glycogenolysis and cessation of gluconeogenesis (Klyachko et al., 

1995).  

 

Maturation results in stage V, the mature egg (700-750 µm in 

diameter), which is ready to be spawned into the fresh water and fertilized. 

In appearance the mature egg is homogeneous, finely granular, and 

weakly basophilic. The nuclear contents are diffuse in the ooplasm. The 

ooplasm restricted to a narrow rim, lies beside the zona radiata at the 

oocyte periphery. When maturation is complete, the oocytes are ovulated 

from the follicle teguments. Firstly, the zona radiata becomes more 

compact during its transformation into the chorion. It decreases in 

thickness. The pore canals, crossing the zona radiata, reach a diameter of 

approximately 0.48 µm and transverse striations are no longer evident. 

Just prior to oocyte ovulation, follicle cells become flat, most cytoplasmic 

projections disappear, and contacts between follicle cells and the oocyte 

are broken. As processes extending from follicular cells towards oocyte 

(macrovilli) are withdrawn, nothing attaches the egg to its surrounding 

follicular sheath. The entire follicular epithelium is then ‘pulled away’ from 

the egg, and the oocyte is now sutuated in the ovarian lumen and 

surrounded only by its own plasmalemma and by zona radiate (chorion). 

The process of ovulation is regulated by prostaglandins. Ovulation should 

occur shortly after maturation, otherwise the eggs will become overripe. 

After an oocyte is released into the lumen of the ovary, the cells of theca 

and granulosa layer remain in the ovarian stroma as the postovulatory 

follicle (Garcia-Diaz et al., 2002; Wallace and Selman, 1981; Selman et al., 

1993). 
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Fig. 1.2 Diagrammatic representation of the follicle and oocyte during early 

vitellogenesis in teleosts (Nagahama, 1983). 

 

 

 

1.6 Aims of the present study 

 

Studies on cryopreservation of zebrafish (Danio rario)  oocytes have 

been carried out recently in our laboratory. There are several advantages 

in using fish oocytes for cryopreservation when compared with embryos. 

Fish oocytes are smaller in size, offering more advantageous surface area 

to volume ratio and they have a much simpler structure. Studies have 

shown that fish oocyte tolerance to cryoprotectant toxicity is much higher 

than fish embryos (Plachinta et al., 2004) and their membranes are more 

permeable to water and cryoprotectants than embryos (Zhang et al., 

2005). In this present study, early stage ovarian follicles were investigated 
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as they have never been studied before. Cryopreservation of early stage 

oocytes has several advantages, such as their smaller size and less yolk 

content. 

 

○ Studies on chilling sensitivity  

One of the obstacles to fish oocyte cryopreservation is their high 

chilling sensitivity and especially at subzero temperatures. Although 

studies on late stage oocyte cryopreservation have been carried out, 

there have been no reported studies on cryopreservation of early stage 

ovarian follicles. This study investigated the chilling sensitivity of early 

stage zebrafish ovarian follicles before developing protocols for their 

cryopreservation. 

 

  ○   Studies on cryoprotectant toxicity  

Cryoprotectants, used to protect biological material from damaging 

effect of low temperatures, can be toxic to cells themselves. Hence, it 

was important to determine the impact of cryoprotectants on oocytes 

as a first step in freezing protocol design. 

 

○ Development of cryopreservation protocols using controlled slow cooling  

In the present study, cryopreservation of early stage zebrafish ovarian 

follicle was studied for the first time using controlled slow freezing. The 

effect of freezing medium, cooling rate, method for cryoprotectant 

removal, post-thaw incubation time and ovarian follicle developmental 

stage were investigated. 

 

○   Development of in vitro culture and maturation methods  

If cryopreservation of early stage ovarian follicles can be achieved, 

depending on the stage selected for cryopreservation, in vitro 

procedures for ovarian follicle culture, maturation, ovulation and/or 

fertilisation after cryopreserved are needed. Ovarian follicle in vitro 

culture, maturation and ovulation procedures were developed using 

hormone and growth factor supplemented media. 
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CHAPTER 2 MATERIALS AND METHODS 

 

 

2.1 Introduction 

 

Four main areas of study were covered by the project: studies on 

sensitivity of early stage zebrafish ovarian follicles to chilling and 

cryoprotectant toxicity were carried out before development of 

cryopreservation protocols using controlled slow cooling. Studies were 

than undertaken on in vitro culture early stage zebrafish ovarian follicles 

after cryopreservation. All experimental work were 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 

 

2.2.1.1 General information 

 

Adult zebrafish (2-5 month old) were obtained from Aquascape Ltd. 

(Birmingham, UK). They were maintained in a 45 litre aquarium (28 x 28 x 

58 cm) in a temperature-controlled room at the LIRANS. Up to thirty fish 

were kept in each tank with an in-tank filtration system. A light / dark cycle 

of 12/12 hours was used. Aged tap water or deionised water with added 

sea salts (0.25 g/L) was used for maintenance of adult fish. Tank water 

was changed every 5-7 days.  

 

Aeration of the tank water in the tanks was carried out by using an 

electric air-pump to pump air through an upturned funnel that was 
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surrounded by filter floss (King British®, England) in a plastic beaker (1 L) 

immersed in the fish tank. The 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, and debris (fish 

excrement, food remains, etc.) were retained by the filter floss. The room 

temperature was kept at 26 ± 1 °C with water temperature controlled at 28 

± 2 °C. The pH of the tank water were 7.5 - 8.0. 

 

 

2.2.1.2 Feeding 

 

Adult fish were fed twice a day with TetraMin (Tetra Germany) flake 

fish food (ingredients: processed fish and fish derivatives, cereals, yeast, 

vegetable protein extracts, mollusks and crustaceans, oils and fats, algae, 

various sugars, EEC permitted colorants and preservative), and in the 

afternoon with adult brine shrimp (Artemia salini). Brine shrimps were 

specially prepared in sea-water-filled, aerated hatcheries (52.5 g of sea 

salts in 1.5 litres of deionised water). 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 stage I, II and III ovarian follicles  

 

To obtain stage I (90-150 µm in diameter), stage II (200-350 µm in 

diameter) and stage III (350-700µm in diameter) ovarian follicles, zebrafish 

were anaesthetised in a lethal concentration of tricaine (0.6mg/ml for 10 

min) and then decapitated. The bellies were dissected, the ovaries were 

removed and placed into oocyte medium (KCl buffer or 50% L-15 medium, 

Sigma). L-15 medium is widely used in fish ovarian follicles culture and in 

vitro maturation (Pang and Ge, 2002; Seki et al., 2008). KCl buffer is an 

effective freezing medium for oocytes and other cells (Stachecki et al., 

1998; Stachicki and Willadsen, 2000). These media were therefore used 

for this study. The composition of KCl buffer is: 55 mM KCl; 55 mM K 



 37

acetate; 1 mM MgCl2; 2 mM CaCl2; 10 mM HEPES; pH adjusted to 7.4 by 

1M KOH. The composition of L-15 medium is give in Table 2.1. Stage I, II 

and III ovarian follicles were separated by using enzymatic treatment. The 

ovaries was immersed in 1.6 mg/ml hyaluronidase (made up in KCl buffer 

or 50% L-15 medium) at 22 °C for 10 min immediately after removal the 

ovaries. Ovarian follicles were separated by repeated gentle pipetting to 

remove the interstitial cells and the ovaries were separated into single 

follicles (Guan et al., 2007). After isolation, ovarian follicles were washed 

three times in KCl buffer or 50% L-15 medium and stage I, II and III 

ovarian follicles were selected and randomly distributed in wells of 6-well 

plates in either KCl buffer or 50% L-15 medium. Ovarian follicle isolation 

and selection was conducted in 20 min at 22 °C. Ovarian follicles from 

more than 100 females were used in each experiment. 

 

Ovarian follicle developmental stages were determined by light 

microscopy according to the criteria described by Selman et al. (1993). 

Stage I (primary growth) ovarian follicles are transparent and colourless. 

Stage II (cortical alveolar) ovarian follicles are translucent. Stage III 

(vitellogenic) ovarian follicle are opaque and slightly yellowish in colour 

(Fig. 2.1).  

 

 

a b c d e  

 

Figure 2.1 Developmental stages of zebrafish ovarian follicles. a) primary 

growth stage (stage I), b) early cortical alveolar stage (stage II), c) 

vitellogenesis (stage III), d) maturation (stage IV) and e) mature egg (stage 

V). 
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Table 2.1 The composition of L-15 medium 

 

Components  g/L

Calcium Chloride  0.1396

Magnesium Chloride  0.09366

Magnesium Sulphate  0.09767

Potassium Chloride  0.4

Potassium Phosphate Monobasic  0.06

Sodium Chloride  8.0

Sodium Phosphate Dibasic  0.19

L-Alanine  0.225

L-Arginine  0.5

L-Asparagine  0.25

L-Cysteine  0.12

L-Glutamine  0.3

L-Glycine  0.2

L-Histidine  0.25

L-Isoleucine  0.125

L-Leucine  0.125

L-Lysine Monohydrochloride  0.0937

L-Methionine  0.075

L-Phenylalanine  0.125

L-Serine  0.2

L-Threonine  0.3

L-Tryptophan  0.02

L-Tyrosine  0.3

L-Valine  0.1

Choline Chloride  0.001

Flavin Mononucleotide•Na  0.0001

Folic Acid  0.001

myo-Inositol  0.002

Niacinamide  0.001

DL-Pantothenic Acid  0.001

Pyridoxine•HCl  0.001

Thiamine Monophosphate•HCl  0.001

D-Galactose  0.9

Phenol Red•Na  0.011
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Pyruvic Acid•Na  0.55
2.2.2 Chemicals 

 

Information on the chemicals used in present study is given in Table 

2.2. Fresh aqueous solutions were prepared in deionised water shortly 

before their use. If necessary, solutions were stored in a fridge (4 °C) or 

freezer (-20 °C).  

 

Table 2.2 The chemicals used in the present study 

Chemical Source Product No. 

Activin A Sigma  A4941 

ADP/ATP ratio assay kit BioVision K255-200 

CaCl2 Sigma 22,231-3 

DHP (17α, 20ß-dihydroxy-4-pregnen-3-one) Sigma P6285 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich 154938 

EDTA BDH 16079 

Ethylene glycol (EG) BDH 10324 

Fluorescein diacetate (FDA) Sigma F7378 

Gentamicin Sigma G1272 

HEPES Sigma H3375 

Human chorionic gonadotropin (hCG) Sigma C1063 

Hyaluronidase Sigma H2126 

K acetate Sigma P1190 

KCl  Sigma P3911 

KH2PO4 BDH 10203 

KOH Aldrich 22,147-3 

L-15 medium (Leibovitz) Sigma L4386 

Methanol (METH) Sigma M3641 

MgCl2 Aldrich 208337 

MgSO4 BDH 10150 

Na2HPO4 Sigma S9390 

NaCl Aldrich 43,320-9 

NaHCO3 BDH 10247 

Amphotericine B Sigma 127K4001 

Penicillin Sigma 095k0625 

Perchloric acid Fluka 77228 

Propidium iodide (PI) Sigma-Aldrich P4170 

Propylene glycol (PG) BDH 29673 

Tricaine Sigma A5040 
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Trypan blue (TB) Sigma T8154 

2.3 Ovarian follicle viability assessment 

 

Viability assessment methods used for zebrafish ovarian follicles in 

the present study were trypan blue (TB), fluorescein diacetate (FDA) + 

propidium iodide (PI) staining, ADP/ATP ratio assay, GVBD assay and in 

vitro culture. Fifteen to thirty stage I, II and III ovarian follicles were used 

for each observation.  

 

 

2.3.1 Trypan blue (TB) assay 

 

Trypan blue staining is a simple and widely used non-fluorescent 

technique for assessment of membrane integrity of cells in biological 

samples. Trypan blue stains the whole cytoplasm of the damage cells. 

This vital test may be inaccurate in the identification of dead cell as it only 

assess the membrane integrity and cells must be counted within 3-5 min 

because the number of blue-staining cells increase with time after addition 

of the dye (Hudson and Hay, 1980). However, trypan blue staining is a 

simple and fast method for cell viability assessment. Trypan blue was 

successfully used for assessment of viability of intact and cryopreserved 

porcine oocytes (Didion et al., 1990), cultured in vitro bovine oocytes 

(Fouladi Nashta et al., 1998), cryopreserved zebrafish oocytes (Guan et 

al., 2008; Plachynta et al., 2007) and for numerous other cell types.  

 

To carry out trypan blue test, ovarian follicles were incubated in 

trypan blue solution (0.2 %, in Hank’s solution) at 22 oC for 3-5 min. 

Hank’s solution is a balanced salt solution for culturing animal cells. 

Hanks’s solution has been widely used in zebrafish gametes maintenance 

and culture. The composition of Hank’s solution is: 0.137M NaCl, 5.4mM 

KCl, 0.25mM Na2HPO4, 0.44mM KH2PO4, 1.3mM CaCL2, 1mM MgSO4, 

4.2mM NaHCO3; pH 7.4. Stained cells were considered non-viable and 

unstained viable. Total and viable ovarian follicle counts were carried out 
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under the microscope (Fig. 2.2). The trypan blue staining for of zebrafish 

ovarian follicle was calculated as follows: 

 

The viability of ovarian follicles was calculated by the formula: 

Number of stained cells 
Viability (%)  = 

Total number non-stained of cells
x 100% 

 

 

 

 

 
1 mm

  

 

Fig. 2.2 Stained and non-stained ovarian follicles after TB staining. 

Unstained ovarian follicles were considered viable whilst ovarian follicles 

stained blue were considered non-viable. Scale bar = 1 mm. 
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2.3.2 Fluorescein diacetate (FDA) + propidium iodide (PI) assay 

 

Fluorescein diacetate (FDA), a non-polar ester, passes through cell 

membranes and is hydrolyzed by intracellular esterases to produce 

fluorescein. Fluorescein, polar compound that passes slowly through a 

living cell membrane, accumulates inside the cell and exhibits green 

fluorescence when excited by blue light, it has been demonstrated that cell 

injury results in the loss of the cell’s ability to exhibit fluorochromasia and 

that FDA staining is not toxic (Rotman and Papermaster, 1966). Propidium 

iodide (PI) is a fluorescent dye, passes through 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 nonviable cells. (Loken and Stall, 1982; Jones and Senft, 1985).  

 

Studies carried out in our laboratory on the combined use of FDA+PI 

staining for zebrafish oocytes viability assessment indicated that this 

method  was more sensitive than trypan blue staining and can be applied 

to oocytes at all stages (Zampolla et al., 2006). Double staining with 

FDA+PI staining informs on both the physiological state and membrane 

integrity. 

 

For FDA+PI test, a stock solution of fluorescein diacetate (Sigma) 

was prepared by dissolving 5 mg/ml in acetone. The FDA working solution 

was freshly prepared by adding 0.04 ml of stock to 10 ml of phosphate 

buffered saline (PBS). The propidium iodide (Sigma) was made by 

dissolving 1 mg in 50 ml of PBS. The stock solutions of both dyes were 

stable up to 6 months when stored in the dark at 4 ºC. Ovarian follicles 

were exposed to FDA+PI (20 µg/ml + 20 µg/ml) for 3min at 22 ºC. To stain 

with FDA+PI, 0.1ml (2 μg) of FDA working solution and 0.03 ml (0.6 μg) of 

PI stock solution were added directly to the ovarian follicles. The follicles 

were stained in the dark for 3 min. The evaluation of viability was 

conducted by fluorescent microscopy. Ovarian follicles fluorescing bright 

green were considered to be viable (Fig. 2.3a), while nonviable follicles 
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stained bright red (Fig. 2.3b). FDA+PI stained oocytes were examined with 

an inverted microscope with additional incident light fluorescence unit 

(LEICA DM IL), equipped with band pass 450-490 nm (blue) excitation 

filter, 510 nm dichromatic mirror, long pass 590 suppression filter. These 

filters did not permit both green and red fluorescing oocytes to be seen 

simultaneously.  The FDA+PI staining for of zebrafish ovarian follicle was 

calculated as follows: 

 

The viability of ovarian follicles was calculated by the formula: 

Number of green cells 
Viability (%)  = 

Green cells+ red cells 
x 100% 

 

 

 

 

a b 

1 mm 1 mm

 

Figure 2.3 Stained ovarian follicles after FDA (a) and PI (b) test. Ovarian 

follicles fluorescing bright green were considered to be viable, while 

nonviable follicles stained bright red. Scale bar = 1 mm. 
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2.3.3 ADP/ATP ratio assay 

 

The ADP/ATP ratio assay is a quantitative assay revealing the energy 

status of the cells. Measurement of the adenosine diphosphate (ADP) / 

adenosine triphosphate (ATP) ratio has for other type of cells been proven 

to be a reliable indicator of cell viability, necrosis and apoptosis (Bradbury 

et al., 2000). Increased levels of ATP and decreased levels of ADP have 

been recognized in proliferating cells. In contrast, decreased levels of ATP 

and increased levels of ADP are recognized in cell death. The test is 

technically uncomplicated and provides an instant read-out. Previous 

study on zebrafish oocytes using ATP assay, only assessed ATP content 

in cells (Guan et al., 2008). The ADP/ATP assay measures the relative 

ADP proportion against the total ATP and gives more useful information.  

 

The ADP/ATP ratio was measured to evaluate the energy status of 

ovarian follicles, using the ApoSENSORTM Kit (BioVision, Cambridge 

BioScience, UK). Briefly, preparation of extracts from ovarian follicles: 1 ml 

of ice cold 0.5M perchloric acid + 4mM EDTA were added to 30 ovarian 

follicles and homogenized in a centrifugeable glass tissue 

microhomogenizer with a conical glass pestle. The homogenate was 

centrifuged at 20,000g for 10 min in a refrigerated centrifuge. Supernatant 

was then separated and neutralized with 2.5M KOH to pH 7.8 and 

centrifuged for 5 min at 8000g. The supernatant was then loaded into 

eppendorf tubes and stored at -20 ºC until use. For determination of 

ADP/ATP ratio, frozen samples were thawed in 37 ºC water bath and 10 µl 

of sample was transferred into 96-well luminometer plate. 100 µl of 

nucleotide-releasing reagent was then added for 5 min at room 

temperature. Thereafter, 1 µl of the ATP monitoring enzyme was added to 

the solution and ATP levels were measured using a luminometer (TD-

20/20, Steptech Instrument Services Limited) (Data A). The samples were 

measured again after 10 min (Data B). The ADP in the solution was 

converted to ATP by adding 1 µl ADP converting enzyme and the samples 

were read again after 1 min (Data C). The ADP/ATP ratio for of zebrafish 

ovarian follicle was calculated as follows:  
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Data C – Data B
ADP/ATP ratio = 

Data A 

 

 

 

2.3.4 In vitro maturation and observation germinal vesicle breakdown 

(GVBD) assay 

 

GVBD assay is based on the ability of immature vitellogenic fish 

oocytes to complete the process of physiological maturation in vitro during 

incubation in a special growth medium (L-15 medium), supplemented with 

maturation inducing steroid hormone. In vitro maturation of fish, amphibian 

and mammalian oocyte (including human) has been extensively 

investigated (Pang and Ge, 1999, 2002; Yi et al., 2001). Live oocytes will 

undergo germinal vesicle breakdown (GVBD) and progress to stage IV 

(oocyte maturation). GVBD occurs during oocyte maturation (stage IV), 

germinal vesicle migrates toward the oocyte periphery, nuclear envelope 

breakdown and at the same time the follicle became translucent. Cells that 

failed to complete maturation and germinal vesicle breakdown remained 

opaque. The translucent appearance of oocyte cytoplasm after incubation 

in vitro was used as the indication of viable oocytes that successful went 

through GVBD process (Selman et al., 1993, 1994). 

 

For GVBD assay, stage III ovarian follicle were incubated in 10 ml of 

50% L-15 medium supplemented with 0.1 mg/ml 17α, 20ß-

dihydroxypregnenone (DHP) and 0.1 mg/ml gentamicin for up to 24 hours 

at 28 °C (Selman et al., 1984). The germinal vesicle breakdown in oocyte 

after completion of in vitro maturation can be observed (aided by 

microscopy) visually through changes in cytoplasm.  
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The viability of ovarian follicles was calculated by the formula: 

Number of GVBD cells 
Viability (%)  = 

Total number of cells 
x 100% 

 

 

 

2.3.5 In vitro culture assay 

 

Although It has been reported that a 50% L-15 medium containing 

17α, 20ß-dihydroxypregnenone (DHP) is effective for in vitro maturation of 

oocytes followed by observation of germinal vesicle breakdown (GVBD), 

this method has limitations relating to its applicability to specific 

development stages (it can only be applied to stage III) (Plachinta et al., 

2004). There has been no reported protocol in the literature for in vitro 

culture of early stages (stage I and II) ovarian follicles. In order to assess 

development potential of cryopreserved early stage zebrafish ovarian 

follicles. Studies on in vitro culture methods for those ovarian follicles were 

carried out.   

 

To develop in vitro culture of stage I and II ovarian follicles 

procedures, the effect of concentration of L-15 medium (50%-100%) and 

various pH (7.5-9.5) were examined. The effect of concentration of human 

chorionic gonadotropin (hCG) (10-40 IU/ml) and activin A (10-80 ng/ml) 

were also studied. The optimal protocol for in vitro culture of stage I and II 

zebrafish ovarian follicles was found to be 90% L-15 medium at pH 9.0 

containing 10 IU/ml hCG. Therefore, this protocol was used for assessed 

growth of early stage zebrafish ovarian follicles. 

 

Ovarian follicles were prepared for culture by washing three times in 

washing medium (10% PBS with 400 µg/ml gentamycin, 200 U/ml 

penicillin and 2.5 mg/ml amphotericine B). For in vitro culture, stage I and 

II ovarian follicles were placed in 1 ml 90% L-15 medium at pH 9.0 

containing 10 IU/ml human chorionic gonadotropin (hCG) for 24, 48 and 72 

h at 28 °C in 24-well tissue culture plates. The culture medium was freshly 
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made and filter sterilised.  20-30 follicles were individually cultured. After 

culturing, the diameters of stage I and II ovarian follicles were measured 

with an ocular micrometer.  

 

 

2.4 Studies on chilling sensitivity of early stage zebrafish 

ovarian follicles  

 

Stage I, II and III ovarian follicles were used in these experiments. 

The sensitivity of stage I, II and III ovarian follicles to chilling at subzero 

temperatures and the effect of the presence of cryoprotectants on ovarian 

follicle survivals were studied. In total, three replicates were used for each 

experiment with 45-75 follicles (stage I 20-30, stage II 15-25 and stage III 

10-20) in each replicate. The experiments were repeated at least three 

times. 

 

 

2.4.1 Chilling sensitivity of zebrafish ovarian follicles at subzero 

temperatures 

 

To investigate the effect of chilling, ovarian follicles after collection 

and incubated for 20 minutes in 50% L-15 medium in tissue culture plates 

were transferred to test tubes by pipette. Stage I and II ovarian follicles 

were exposed to -1 oC in KCl buffer or 50% L-15 medium for 4, 8, 16, 24, 

48, 72, 96, 120 and 144 h. Ovarian follicles were chilled rapidly by placing 

them in 2 ml of KCl buffer or 50% L-15 medium in test tubes in a pre-

cooled low temperature bath (Grant LTD 20). After chilling, the test tubes 

containing ovarian follicles were warmed in a water bath at 28 oC for 30 

min. Control ovarian follicles were kept at 28 oC. Ovarian follicle viability 

was assessed immediately using trypan blue staining after warming.  
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2.4.2 Effect of cryoprotectants on ovarian follicle chilling sensitivity 

 

In these experiments, cryoprotectants were added in the bulk 

solutions. The effects of two cryoprotectants (methanol and dimethy 

sulfoxide) on ovarian follicle chilling sensitivity were investigated. These 

cryoprotectants were chosen because they had a lower toxicity to 

zebrafish ovarian follicles (Plachinta et al., 2004). Cryoprotectants were 

added and removed in one step. Cryoprotectants were made up in 50% L-

15 medium, and ovarian follicles were exposed to 2M methanol and 2M 

DMSO for 30 min at 22 oC. Ovarian follicles in test tubes containing 

cryoprotectant solutions were placed in a low temperature bath at -1 oC or 

-5 oC, where the follicles were allowed to chill. Ovarian follicles were 

chilled at -1 oC or -5 oC for 4, 8, 16, 24, 48, 72, 96, 120, 144, and 168 h in 

2M methanol or 2M DMSO. After chilling, ovarian follicles were warmed in 

a water bath at 28 oC for 30 min. Ovarian follicles viability were assessed 

immediately after warming using three different methods: trypan blue (TB) 

staining (for all stages), in vitro culture (for stage I and II follicles) and in 

vitro maturation followed by observation of germinal vesicle breakdown 

(GVBD; for stage III follicles). Control ovarian follicles were kept in 50% L-

15 medium at -1 oC or -5 oC.  

 

 

2.5 Studies on cryoprotectant toxicity to early stage 

zebrafish ovarian follicles 

 

Cryoprotectants (cryoprotective agents, CPAs) are substances 

characterised by their ability to reduce cryoinjury of biological materials 

during the course of freezing. However, cryoprotectants can be toxic to 

cells and especially used at higher concentrations. Hence, it is important to 

determine the impact of cryoprotectants on oocytes as a first step in 

freezing protocol design. Optimum cryoprotectant should have low toxicity 

and be able to permeate the oocyte plasma membrane. Four penetrating 

cryoprotectants are selected for toxicity studies, namely methanol, 
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dimethyl sulfoxide (DMSO), propylene glycol (PG) and ethylene glycol 

(EG). Methanol has been shown to be the most effective cryoprotectant for 

zebrafish embryos (Zhang and Rawson, 1993), oocytes (Plachinta et al., 

2004; Guan et al., 2008) and sperm of several fish species (Lahnsteiner et 

al., 1997). DMSO is commonly used cryoprotectant and has been used in 

the cryopreservation of a wide range of cells types, tissues and organs. 

Both PG and EG have been widely used for vitrification of mammalian 

oocytes and ovarian tissue and also for controlled slow cooling 

programmes (Stachecki et al., 1998). In total, three replicates were used 

for each experiment with 45-75 follicles (stage I 20-30, stage II 15-25 and 

stage III 10-20) in each replicate. The experiments were repeated at least 

three times. 

 

 

2.5.1 Exposure of zebrafish ovarian follicles to different 

cryoprotectants 

 

Previous experiments showed that 50% L-15 medium was more 

beneficial than KCl buffer for ovarian follicles at all stages in chilling 

sensitivity experiment. Therefore, 50% L-15 medium was used in these 

studies. Stage I, II and III ovarian follicles were placed in 50% L-15 

medium supplement with L-glutamine (Sigma) at 22°C immediately after 

collection. Solutions of cryoprotectants were made up in 50% L-15 

medium at a range of concentrations: 1M, 2M, 3M, 4M and 5M.  

 

For cryoprotectant toxicity studies, 20-50 ovarian follicles were put 

into each well of the 6-well cell culture plate. The 50% L-15 medium was 

then removed and 2 ml cryoprotectant solution was added. Ovarian 

follicles were incubated in cryoprotectant solutions for 30 min at 22 oC. 

Control ovarian follicles were incubated in 50% L-15 medium under the 

same conditions. After incubation in cryoprotectants, ovarian follicles were 

washed twice with 50% L-15 medium and viability tests were conducted. 

Two viability assessment methods were used in this study: trypan blue 

staining and fluorescein diacetate (FDA) + propidium iodide (PI) staining. 



 50

2.6 Development of cryopreservation protocols for early 

stage zebrafish ovarian follicles using controlled slow 

cooling  

 

After cryoprotectant toxicity studies, investigations were carried out 

on cryopreservation of zebrafish ovarian follicles using controlled slow 

cooling. In this experiment, the effect of different freezing medium; the 

effect of different cooling rate, post-thawed incubation period and the 

effect of different CPAs were studied. In total, three replicates were used 

for each experiment with 35-55 follicles (stage I 20-30 and stage II 15-25) 

in each replicate. The experiments were repeated at least three times. 

 

 

2.6.1 Effect of different freezing media 

 

In a previous study, KCl buffer was shown to be a better bathing 

medium than Hank’s solution for cryopreservation of zebrafish oocytes at -

196 °C (Guan et al., 2008). L-15 medium is also widely used in fish 

ovarian follicles culture and in vitro maturation and the importance of 

amino acid supplemented medium for in vitro growth of animal cells has 

long been recognized. L-15 medium has not been used in fish ovarian 

follicle cryopreservation studies. Therefore, KCl buffer and 50% L-15 

medium 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 4M 

methanol was used for these experiments. 4M methanol was made up in 

50% L-15 medium or KCl buffer. Ovarian follicles were exposed to 

cryoprotectant solutions for 30 min at 22 ºC and then were loaded into 

0.25 ml plastic straws before placing in a programmable cooler (Planer 

KRYO 550). Ovarian follicles incubated in cryoprotectant-free L-15 

medium or KCl buffer were used as controls. The following cooling 

protocols were used: cooling at 2 ºC/min from 20 ºC to seeding 

temperature (-12.5 ºC for 4M methanol), manual seeding and held for 5 
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min, freezing from seeding temperature to -40 ºC at 1 ºC/min, from -40 ºC 

to -80 ºC at 10 ºC/min and hold for 10 min, samples were then plunged in 

liquid nitrogen at -196 ºC and held for at least 10 min. Samples were 

thawed using a water bath at 28 °C. Removal of cryoprotectant was 

conducted in one-step (using KCl buffer or L-15 medium). Ovarian follicles 

viability was assessed using trypan blue staining after thawing. 

 

 

2.6.2 Effect of cooling rate and post-thawed incubation period 

 

In these experiments, seven different cooling rates were used: 0.3 

ºC/min, 0.5 ºC/min, 1 ºC/min, 2 ºC/min, 4 ºC/min, 8 ºC/min and 16 ºC/min. 

As 50% L-15 medium was shown to be ineffective in the previous 

experiments, KCl buffer was therefore used in these experiments. Ovarian 

follicles were exposed to 4M methanol (made up in KCl buffer) for 30 min 

at 22 ºC and then were loaded into 0.25 ml plastic straws before placing in 

a programmable cooler (Planer KRYO 550). Ovarian follicles incubated in 

cryoprotectant-free KCl buffer were used as controls. The following cooling 

protocols were used: cooling at 2 ºC/min from 20 ºC to seeding 

temperature (-12.5 ºC for 4M methanol), manual seeding and held for 15 

min, freezing from seeding temperature to -40 ºC at 0.3, 0.5, 1, 2, 4, 8 or 

16 ºC/min, from -40 ºC to -80 ºC at 10 ºC/min and hold for 10 min, samples 

were then plunged in liquid nitrogen at -196 ºC and held for at least 10 

min. Samples were thawed using a water bath at 28 °C. Removal of 

cryoprotectant was conducted in one-step (using KCl buffer). Stage I and II 

ovarian follicles were incubated in KCl buffer at 22 ºC for 10, 60 and 120 

min after thawing. Ovarian follicle viability was assessed using trypan blue 

staining after freeze-thawing.  

 

 

2.6.3 Effect of different cryoprotectants 

 

Two CPAs were used in these experiments: methanol and dimethyl 

sulfoxide (DMSO). The No Observed Effect Concentrations (NOECs) for 
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methanol and DMSO for stage I and II zebrafish ovarian follicles were 

identified as 4M and 3M respectively in the previous experiments, they 

were therefore used in the controlled slow cooling experiments. 4M 

methanol and 3M DMSO were made up in KCl buffer. Ovarian follicles 

were exposed to cryoprotectant solutions for 30 min at 22 ºC and then 

were loaded into 0.25 ml plastic straws before placing in a programmable 

cooler. Ovarian follicles incubated in cryoprotectant-free KCl buffer were 

used as controls. The following cooling protocols were used: cooling at 2 

ºC/min from 20 ºC to seeding temperature (-12.5 ºC for 4M methanol and -

10 ºC for 3M DMSO), manual seeding and held for 15 min, freezing from 

seeding temperature to -40 ºC at 4 ºC/min, from -40 ºC to -80 ºC at 10 

ºC/min and hold for 10 min, samples were then plunged in liquid nitrogen 

at -196 ºC 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 

(10 min for each step using KCl buffer). Stage I and II ovarian follicles 

were incubated in KCl buffer at 22 ºC for 10, 60 and 120 min after thawing. 

Ovarian follicle viability was assessed using trypan blue staining post-

thawing. 

 

 

2.6.4 Effect of one-step and stepwise removal of cryoprotectant  

 

Two different cryoprotectant removal methods were used in this 

study: one-step and stepwise removal. 4M methanol was made up in KCl 

buffer. Ovarian follicles were exposed to cryoprotectant solutions for 30 

min at 22 ºC and then were loaded into 0.25 ml plastic straws before 

placing in a programmable cooler (Planer KRYO 550). Ovarian follicles 

incubated in cryoprotectant-free KCl buffer were used as controls. The 

following cooling protocols were used: cooling at 2 ºC/min from 20 ºC to 

seeding temperature (-12.5 ºC for 4M methanol), manual seeding and held 

for 15 min, freezing from seeding temperature to -40 ºC at 4 ºC/min, from -

40 ºC to -80 ºC at 10 ºC/min and hold for 10 min, samples were then 

plunged in liquid nitrogen at -196 ºC and held for at least 10 min. Samples 

were thawed using a water bath at 28 °C. Removal of cryoprotectant was 
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conducted in either one-step or four-step (10 min for each step using KCl 

buffer). Stage I and II ovarian follicles were incubated in KCl buffer at 22 

ºC for 10, 60 and 120 min after thawing. Ovarian follicle viability was 

assessed using trypan blue staining, FDA+PI staining and ADP/ATP ratio 

assay after freeze-thawing. 

 

 

2.7 Development of in vitro culture method for early stage 

zebrafish ovarian follicles after cryopreservation 

 

In these experiments, procedures for in vitro culture of early stage 

ovarian follicle were developed. The effect of concentration of L-15 

medium, pH and concentration of human chorionic gonadotropin (hCG) 

and activin A were studied. Stage I and II zebrafish ovarian follicles were 

cultured in 50, 60, 70, 80, 90 and 100% L-15 medium. The effect of pH 

(7.5, 8.0, 9.0 and 9.5) of the 90% medium was also examined. To study 

the effect of concentration of hCG and activin A. Stage I and II ovarian 

follicles were cultured in 90% L-15 medium at pH 9.0 containing 10, 20 

and 40 IU/ml human chorionic gonadotropin (hCG) and 10, 20, 40 and 80 

ng/ml activin A. The membrane integrity of freeze-thawed stage I and II 

ovarian follicle and their growth competence in vitro after cryopreservation 

were also investigated. In total, three replicates were used for each 

experiment with 45-55 follicles (stage I 20-30 and stage II 20-25) in each 

replicate. The experiments were repeated at least three times. 

 

 

2.7.1 Development of in vitro culture protocol  

 

2.7.1.1 Effect of the concentration of L-15 medium  

 

Ovarian follicles were prepared for culture by washing three times in 

washing medium (10% PBS, 400 µg/ml gentamycin, 200 U/ml penicillin 

and 2.5 mg/ml amphotericine B). Stage I and II ovarian follicles were 
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placed in 1 ml of 50, 60, 70, 80, 90 and 100% L-15 medium (pH 9.0) for 

24, 48 and 72 h at 28 °C in 24-well tissue culture plates. The culture 

medium was freshly made and filter sterilised. The culture medium was 

changed once every 24 h. 20-30 ovarian follicles were individually cultured 

in a 24-well culture plate. After culturing, ovarian follicle membrane 

integrity was assessed using trypan blue staining. Ovarian follicles growth 

was assessed by measuring the diameters with an ocular micrometer 

under microscope. 

 

 

2.7.1.2 Effect of the pH of 90% L-15 medium  

 

As 90% L-15 medium was proven to be more beneficial than other 

concentrations in the previous experiments, 90% L-15 medium was 

therefore used for these experiments. Ovarian follicles were prepared for 

culture by washing three times in washing medium. 20-30 ovarian follicles 

(stage I and II) were cultured in 1 ml of 90% L-15 medium at pH 7.5, 8.0, 

8.5, 9.0 and 9.5 for 24, 48 and 72 h at 28 °C in 24-well tissue culture 

plates. The culture medium was changed once every 24 h. The culture 

medium was freshly made and filter sterilised. Ovarian follicles were 

individually cultured in a 24-well culture plate. After in vitro culture, ovarian 

follicle membrane integrity was assessed by trypan blue staining and the 

growth of stage I and II ovarian follicles were measured the diameters with 

an ocular micrometer under microscope.  

 

 

 

2.7.1.3 Effect of human chorionic gonadotropin (hCG) on early stage 

ovarian follicle growth competence 

 

As previous experiments showed that 90% L-15 medium at pH 9.0 

was beneficial, these conditions were therefore used in these experiments. 

Ovarian follicles were washed three times in washing medium before in 

vitro culture. Stage I and II ovarian follicles were gently placed in 1 ml of 



 55

90% L-15 medium (pH 9.0) containing 10, 20 and 40 IU/ml human 

chorionic gonadotropin (hCG) for 24, 48 and 72 h at 28 °C in 24-well tissue 

culture plates. The culture medium was changed once every 24 h. The 

culture medium was freshly made and filter sterilised. 20-30 ovarian 

follicles were individually cultured. Control ovarian follicles were incubated 

in 90% L-15 medium (pH 9.0) without hCG. After in vitro culture, ovarian 

follicles growth was assessed by measuring the diameters with an ocular 

micrometer under microscope and the membrane integrity was assessed 

using trypan blue staining. 

 

 

2.7.1.4 Effect of activin A on development of ovarian follicle growth 

competence 

 

Stage I and II ovarian follicles were prepared for culture by washing 

three times in washing medium. 20-30 stage I and II ovarian follicles were 

cultured in 1 ml of 90% L-15 medium (pH 9.0) containing 10, 20, 40, 80 

ng/ml activin A for 24, 48 and 72 h at 28 °C in 24-well tissue culture plates. 

The culture medium was freshly made and filter sterilized. The culture 

medium was changed once every 24 h. Control ovarian follicles were 

incubated in 90% L-15 medium (pH 9.0) without activin A. The growth of 

stage I and II ovarian follicles were measured the diameters with an ocular 

micrometer under microscope and membrane integrity was assessed 

using trypan blue staining after in vitro culture.  

 

 

2.7.1.5 Effect of concentration of hCG, activin A and hCG + activin A 

on ovarian follicle growth competence 

 

As previous experiments showed that 10 IU/ml hCG and 40 ng/ml 

activin A were more beneficial for in vitro culture of early stage zebrafish 

ovarian follicles, 10 IU/ml hCG + 40 ng/ml activin A was therefore used in 

these experiments. Ovarian follicles were washed three times in washing 

medium for culture preparing. Stage I and II follicles were placed in 1 ml of 
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10 IU/ml hCG + 40 ng/ml activin A of 90% L-15 medium (pH 9.0) for 24, 48 

and 72 h at 28 °C in 24-well tissue culture plates. The culture medium was 

freshly made and filter sterilized. Ovarian follicles were individually 

cultured. Control ovarian follicles were incubated in 90% L-15 medium (pH 

9.0) without hormone treatment. The culture medium was changed once 

every 24 h. After culturing, trypan blue staining was used for assessed 

ovarian follicle membrane integrity and the growth of stage I and II ovarian 

follicles were measured the diameters with an ocular micrometer under 

microscope. 

 

 

2.7.2 Assessing ovarian follicles development competence after 

cryopreservation 

 

2.7.2.1 Cryopreservation procedure  

 

The optimum freezing protocol was identified in the previous 

experiments on cryopreservation of zebrafish (Danio rerio) early stage 

ovarian follicles using controlled slow cooling, optimum cooling rate were 

therefore used in these experiments. Ovarian follicles were incubated in 

cryoprotectant solutions for 30 min at 22 ºC and then were loaded into 

0.25 ml plastic straws and place a programmable cooler. The following 

cooling protocol was used: cooling at 2 ºC/min from 20 ºC to seeding 

temperature (-12.5 ºC), manual seeding at seeding temperature and held 

for 15 min, freezing from seeding temperature to -40 ºC at 4 ºC/min, from -

40 ºC to -80 ºC at 10 ºC/min and hold for 10 min, samples were then 

plunged in liquid nitrogen at -196 ºC and held in LN2 for at least 10 min. 

Samples were thawed using a water bath at 28 °C. Removal of 

cryoprotectant was conducted in four-step (10 min for each step using KCl 

buffer). Ovarian follicle viability was assessed using trypan blue staining 

and in vitro culture after freeze-thawing. 
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2.7.3 Growth of stage I and II ovarian follicles after cryopreservation 

and In vitro culture 

 

As 90% L-15 medium with pH 9.0 containing 10 IU/ml hCG was found 

to be effective for culturing of stage I and II zebrafish ovarian follicles in 

previous experiments. Stage I and II ovarian follicles were cultured under 

those conditions after freeze-thawing, ovarian follicles were washed twice 

in 90% L-15 medium (pH 9.0) and were prepared for culture by washing 

three times in the washing medium (10% PBS, 400 µg/ml gentamycin, 200 

U/ml penicillin and 2.5 mg/ml amphotericine B). 20-30 stage I and II 

ovarian follicles were cultured in 1 ml of 90% L-15 medium (pH 9.0) 

containing 10 IU/ml hCG in 24-well plates for 24, 48 and 72 h at 28 °C. 

The culture medium was changed once every 24 h. Ovarian follicles 

growth was assessed by measuring the diameters with an ocular 

micrometer under microscope. Three replicates were used for each 

experiment. The experiments were repeated at least three times.  

 

 

2.8 Data analysis 

 

2.8.1 Statistical analysis 

 

In the present study, up to 200 ovarian follicles were used in each 

treatment and each treatment was replicated for at least three times. 

Statistical analysis was carried out using SPSS (Version 12.01). One-

Sample Kolmogorov-Smirnov test was used to ensure the data was 

normally distributed. One-way ANOVA was then 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. In this case, the 

homogeneity of variance was also tested using Levene's Test. All data 



 58

were expressed as mean ± SEM across the three replicates and p values 

of less than 0.05 were considered to be significant.  
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CHAPTER 3 STUDIES ON CHILLING SENSITIVITY OF 

EARLY STAGE ZEBRAFISH OVARIAN FOLLICLES 

 

3.1 Introduction 

 

One of the obstacles affecting zebrafish oocytes cryopreservation is 

their high chilling sensitivity which was shown to increase rapidly at 

subzero temperatures in studies carried out using late stage large oocytes 

(Isayeva et al., 2004). In order to develop successful cryopreservation 

protocols for early stage zebrafish ovarian follicles, it is essential to know if 

these ovarian follicles are also chilling sensitive. 

 

Chilling injury is seen in many tissues and cell-types following 

exposure to low temperatures without freezing and is usually classified into 

two distinct categories (Morris and Watson, 1984): a) direct chilling injury 

or cold shock - it is a consequence of rapid cooling, its severity increasing 

with higher cooling rates and has been described for a wide variety of cell 

types, spermatozoa, oocytes and embryos (Morris and Watson, 1984). b) 

indirect chilling injury – is independent of cooling rate and is usually 

manifested after extended periods of exposure to low temperatures. It is 

generally agreed that it is the thermotropic behaviour of membrane lipids 

which is the factor determining cold shock (Morris, 1987), and the lipid 

phase transitions in cell membranes has been confirmed to be responsible 

for cold shock injury in a range of sperm (Holt and Noth, 1984; Drobnis et 

al., 1993), bovine oocytes (Arav et al., 1996, and human platelets (Crowe 

et al., 1999). One possible mechanism of indirect chilling injury proposed 

by Mazur et al. (1992) is that lower temperatures result in the 

accumulation of defective enzymatic products due to the loss of necessary 

synchrony of coupled reactions involved in embryological development. 

However, indirect chilling injury may also be associated with lipid phase 

transition, but the mechanism seems to be more complicated as a 
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reduction in temperature may affect the structure and activity of both 

proteins and lipids, and the resulting effects on cell physiology are 

bewildering in complexity (Morris and Clarke, 1987). Five main stages of 

zebrafish oocyte development are recognised (Wallace and Selman, 

1981): stage I (primary growth stage), stage II (cortical alveoli stage), 

stage III (vitellogenic stage), stage IV (maturation stage), stage V (mature 

eggs). Each developmental stage has specific characteristics of 

membrane composition, protein content, lipid distribution, and organelle 

organization (Li et al., 1994; Liverini et al., 1991), and the nature of chilling 

injury may vary from stage to stage. It is therefore, important to assess 

chilling sensitivity of oocytes at different developmental stages (Isayeva et 

al., 2004).  

 

Previous studies on zebrafish oocyte chilling sensitivity were only 

carried out with oocytes at later developmental stages (stage III to stage V 

oocytes) and the study showed that these oocytes are very sensitive to 

chilling and their survival at low temperature depends on the 

developmental stage, exposure temperature, exposure period, and 

individual female (Isayeva et al., 2004). Cryoprotective agents are 

important for low temperature preservation of the cells. The beneficial 

mechanism of the cryoprotectants is not clear and is probably related to 

the stabilization of enzymes and membrane structures (Leibo, 1981; 

Schneider and Mazur, 1984). In addition to cryoprotective properties, 

cryoprotectants usually show some toxicity (Rieger et al., 1991; Sanger et 

al., 1980; Vincent et al., 1989). The toxic effect of cryoprotectants in some 

cases can be reduced by lowering exposure temperature (Pickering et al., 

1991). The aim of the present study was to investigate the sensitivity of 

early stage zebrafish ovarian follicles to subzero temperatures at different 

developmental stages, and the effectiveness of cryoprotectant in 

protecting ovarian follicles from indirect chilling injury. 
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3.2 Results 

 

3.2.1 Effect of temperature and exposure period 

 

Survival of stage I, II and III follicles after exposure in L-15 medium or 

KCl buffer to -1 oC and 28 oC for up to 144 h are shown in Figure 3.1. The 

results showed that ovarian follicle survival decreased as duration of 

exposure time increases in both media. 

 

In L-15 medium, ovarian follicles survived longer at 28 oC than at -1 
oC for all stages (Fig. 3.1a, b & c). Stage I and II ovarian follicle survivals 

were characterised by a high survival shoulder followed by a rapid decline. 

Survivals of stage I (Fig. 3.1a) and stage II (Fig. 3.1b) after 72 h at 28 oC 

were 93 ± 2.8% and 92.1 ± 3.9% and were not significantly different from 

those obtained immediately after ovarian follicle isolation (100% and 

98.9% respectively) (p > 0.05). At -1 oC, similar levels of follicle viability 

were obtained for up to 24 h incubation (Fig 3.1a & b).  

 

In contrast, when KCl buffer was used, ovarian follicle survived better 

at -1 oC than that at 28 oC (Fig. 3.1a, b & c) and ovarian follicle survival 

decreased gradually when exposure time period increased (no high 

survival shoulder was observed). When the exposure time period was 

increased at -1 oC, ovarian follicle viability dropped more dramatically in 

KCl buffer at 28 oC. No ovarian follicle viability was obtained after 72 h at 

28 oC (Fig. 3.1a, b & c). 
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Figure 3.1 Survival of stage I (a) stage II (b) and stage III (c) ovarian 

follicles after exposure to -1 and 28 oC for different time periods. Ovarian 

follicles were chilled at -1 oC for up to 144 h in L-15 medium or KCl buffer. 

Oocyte viability was assessed using TB staining (0.2%, 3-5 min at 22 oC). 
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3.2.2 Effect of ovarian follicle development stage on chilling 

sensitivity 

 

Survivals of stage I, II and III follicles after exposure to -1 oC for up to 

144 h in L-15 medium and KCl buffer are also shown in Figure 3.2a & b. 

The results showed that the survival at all stages declined as exposure 

time periods increased. The survival of stage I and II follicles after 24 h of 

chilling at -1 oC in L-15 medium were not significantly different from those 

obtained immediately after follicle isolation (p > 0.05). Stage III follicle 

survivals were significantly reduced after 4h of exposure at -1 oC (p < 

0.05). The results showed that stage I and II follicles are less sensitive to 

chilling than stage III follicles. There were no significant differences in 

survival between stage I and stage II follicles for all exposure periods (p > 

0.05). Generally, ovarian follicles survived better in 50% L-15 medium than 

in KCl buffer for all stages and especially when exposure time is less than 

24 h. No ovarian follicle survival was obtained after 144 h exposure. 
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Figure 3.2 Comparisons of survivals of stage I, II and III follicles after 

exposure in L-15 medium (a) and KCl buffer (b) at -1 ºC for up to 144 h. 

Zebrafish ovarian follicle viability was assessed with trypan blue staining. 
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3.2.3 Effect of cryoprotectants on chilling sensitivity 

 

Survivals of stage I, II and III ovarian follicles after chilling at -1 or -5 

oC in 2M methanol or DMSO for up to 168 h are shown in Figure 3.3 and 

3.4. As all control ovarian follicles were frozen, and would have 

experienced cellular damage in L-15 medium at -5°C after 4h, and could 

not be used as chilling controls, only results obtained in cryoprotectant 

media were shown in Figure 3.4. Both cryoprotectants reduced chilling 

sensitivity of ovarian follicles at all stages with methanol being the more 

effective cryoprotectant. There were significant differences in stage III 

ovarian follicle survivals between methanol and DMSO at -1 or -5 oC for all 

exposure periods (p < 0.05). After exposure to 2M methanol for 96 h at -1 

or -5 oC, stage III ovarian follicle survivals were 30.9 ± 18.4% and 15.0 

±7.3%, whilst no ovarian follicle survivals were obtained after exposure to 

2M DMSO for the same exposure period. There were no significant 

differences between stage I and II ovarian follicles survivals for all 

treatment conditions (p > 0.05). The highest survivals after chilling were 

obtained with stage I follicles after 168 h exposure at -1 oC the survivals 

were 45.3 ± 15.2% and 44.1 ± 6.2% in 2M methanol and 2M DMSO 

respectively (50% L-15 medium). 
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Figure 3.3 Effect of cryoprotectants on survivals of stage I (a) stage II (b) 
and stage III (c) ovarian follicles after exposure at -1 oC for different time 
periods. Ovarian follicles were chilled at -1 oC for up to 168 h in L-15 
medium with 2M methanol or 2M DMSO. Ovarian follicle viability was 
assessed with TB staining. 
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Figure 3.4 Effect of cryoprotectants on survivals of stage I (a) stage II (b) 
and stage III (c) ovarian follicles obtained after exposure at -5 oC for 
different time periods. Ovarian follicles were chilled at -5 oC for up to 168 h 
in L-15 medium with 2M methanol or 2M DMSO. Ovarian follicle viability 
was assessed using TB staining. 
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3.2.4 Growth of ovarian follicles in vitro 

 

The diameters of stage I, II and III ovarian follicles measured after in 

vitro culture for both fresh and chilled groups are shown in Figure 3.5. 

There were no significant differences in diameters of stage I or stage II 

ovarian follicles when compared with those of non-chilled controls (p > 

0.05) after chilling in different media for 4 h at -1 oC and subsequent 

culture for 24 h. However, the diameters of stage III ovarian follicles were 

significantly smaller when they were chilled either in L-15 medium or L-15 

medium + 2M DMSO when compared with those follicles chilled in L-15 

medium + 2M methanol and non-chilled controls after in vitro culture (p < 

0.05).  

 

0

0.2

0.4

0.6

0.8

1

Stage I Stage II Stage III 

D
ia

m
e

te
r 

(m
m

)

Control 

L-15 medium

L-15 medium+2M methanol

L-15 medium+2M DMSO

a

b
a

a

aaaa

aa
a

b

 

Figure 3.5 Diameters of stage I, II and III ovarian follicles measured after 4 
h chilling at -1 oC followed by in vitro culture for 24 h. Ovarian follicle were 
chilled in L-15 medium, 2M methanol + L-15 medium or 2M DMSO + L-15 
medium. Fresh or chilled stage I and II ovarian follicles were cultured in 
90% L-15 medium supplemented with hCG and stage III follicles were 
cultured in 60% L-15 medium supplemented with DHP. The average 
diameter of stage I, II and III ovarian follicles before culture were 0.14 ± 
0.02 mm, 0.32 ± 0.02 mm and 0.65 ± 0.03 mm. Groups with no common 
superscript differ significantly  (p < 0.05). 
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3.2.5 Effect of viability assessment methods 
 

The comparisons of two viability assessment methods for stage III 

ovarian follicles after chilling and in vitro culture using TB staining and 

GVBD observation are shown in Figure 3.6. TB staining showed that there 

were no significant differences in viability between follicles treated in L-15 

medium + methanol (54.1 ± 2.3%) and L-15 medium + DMSO (44.3 ± 

4.5%) (p > 0.05). However, GVBD results showed that the survivals of 

follicles chilled in L-15 medium + 2M methanol (21.4 ± 5.3 %) were 

significantly higher than those obtained in L-15 medium + 2M DMSO (8.4 ± 

3.3%) (p < 0.05). The results showed that in vitro maturation followed by 

GVBD observation was a much more sensitive viability assessment 

method when compared with TB staining.  
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Figure 3.6 Comparisons of two viability assessment methods. For TB 
staining, stage III ovarian follicles were assessed after 4 h chilling at -1 oC. 
For GVBD assessment, follicles were cultured for 24 h in 60% L-15 
medium supplemented with DHP after chilling. Control for TB staining: 
ovarian follicles were incubated for 4 h at 28 oC in L-15 medium. Control 
for GVBD assessment: ovarian follicles were incubated for 24 h at 28 oC in 
the presence or absence of DHP. Groups with no common superscript 
differ significantly (p < 0.05). 
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3.3 Discussion 
 

3.3.1 Effect of ovarian follicle development stage on chilling 

sensitivity 

 

The chilling sensitivity results obtained in this study with stage III 

ovarian follicles are in agreement with a previous study on zebrafish 

ovarian follicles chilling sensitivity (Isayeva et al., 2004) which also showed 

stage III oocytes are highly sensitive to chilling. Chilling sensitivity of 

teleost ovarian follicles and embryos appear to be analogous and 

sensitivity depends on the species, embryonic stage, length and exposure 

to given temperature (Delgado et al., 2005). Chilling injury has been linked 

to damages to meiotic spindles, microtubules, and microfilaments of 

mammalian oocyte (Wu et al., 1999; Zenze et al., 2001; Songsasen et al., 

2002). At low temperatures microtubules are depolymerised, and cellular 

processes including cell division in oocytes can be irreversibly disrupted 

(Magistrini and Szollosi 1980; Martino et al., 1996); the plasma membrane 

can suffer lateral phase separation (Arav et al., 1996; Zeron et al., 1999; 

Arva et al., 2000); proteins can be denatured due to the destabilization of 

hydrophobic bounds (Dinnyes et al., 1998); the cell membrane shrinkage 

relative to the intracellular space, may result in stress and damage to the 

membrane (McGrath, 1987); and a disorder of metabolic and enzymatic 

processes due to their inhibition at sub-physiological temperature can 

occur (Mazur et al., 1992; Browne et al., 2001) which would be especially 

detrimental in embryonic development in some teleosts.  

 

A number of theories have been proposed to explain the mechanism 

of chilling injury (Mazur et al., 1992; McGrath, 1987; Quinn, 1985). Lateral 

phase separation of membrane lipid, which occurs when cells are chilled 

below the phase transition temperature, is believed to result in a series of 

damaging processes, such as the formation of ‘packing faults’ between 

lipid domains of different phases (Jain, 1983) and the occurrence of 

nonbilayer lipid (Quinn, 1985), which has serious repercussions with 

regard to membrane function and integrity. Storage of cold water fish 
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oocytes at low temperature is possible for weeks (Babiak and Dabrowske, 

2003). However, the oocytes of warm water fish characteristically exhibit 

chilling injury, which limits the use of low temperature to facilitate storage 

(Kuchnow and Foster, 1976; Isayeva et al., 2004). In oocytes, there is a 

characteristic increase in the percentage of membrane highly unsaturated 

fatty acids (HUFAs) relative to low temperature, which allows the 

maintenance of membrane fluidity and an increased temperature range of 

enzymatic activity (Kuchnow and Foster, 1976). However, chilling injury is 

temperature dependent; it is caused by changes in the membrane 

properties and integrity and is responsible for the extensive cell damage 

that occurs during chilling (Ghetler et al., 2005). The high yolk and lipid 

content teleost ovarian follicles have been linked to chilling injury in 

zebrafish ovarian follicles and embryos (Liu et al., 2001). The present 

study showed that stage I and II ovarian follicles can be stored  at -1 oC in 

L-15 medium when assessed with TB staining for during 24h, and that 

these stages are less sensitive to chilling than stage III follicles. Stage III 

follicle survivals were significantly reduced after 4h of exposure at -1 oC. 

Zebrafish ovarian follicle sensitivity to chilling changes significantly with 

developmental stage. Immature growing ovarian follicles, which are 

arrested in prophase of the first meiotic division, do not contain any 

prominent microtubular structure. Theoretically, the microtubular 

organization of this type of ovarian follicle may be less prone to the chilling 

damage (Mattson and Albertini, 1990; Albertini, 1992). Early stage ovarian 

follicles surrounded by two to three layers of tightly packed granulosa cells 

might be more protected from chilling damage (Miralle et al., 1989; 

Sathanathan et al., 1992). 

 

 

3.3.2 Effect of medium on chilling sensitivity 

 

The present study showed that 50% L-15 medium is more effective 

than KCl buffer in protecting ovarian follicles from indirect chilling injury at 

all stages. L-15 medium is widely used in fish ovarian follicles culture and 

in vitro maturation, and the importance of amino acid supplemented 
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medium for in vitro growth of animal cells has long been recognized. 

Studies on the rates of amino acid uptake have shown that L-glutamine 

was the most rapidly depleted from the bath medium, followed by L-lysine, 

L-leucine and L-isoleucine. These amino acids were essential for cell lines 

or stimulated growth. It was suggested that glutamine had an essential 

metabolic role (Nahapetian et al., 1986) and it was proposed that the 

amino acid was a major source of energy for cultured mammalian cells 

(Tildon and Roeder, 1984). The use of galactose (a component of L-15 

medium) as a carbohydrate source results in a lower production of lactic 

acid and stable pH, hence less need for buffering (Barngrover et al., 

1985). The free base amino acids and galactose in L-15 medium may be 

important factors in the enhanced ovarian follicle viability after chilling at 

the sub-zero temperatures. 

 

 

3.3.3 Effect of cryoprotectants on chilling sensitivity 

 

Methanol was more effective in protecting early stage ovarian follicles 

when they were exposed to -1 or -5 ºC. These results were in agreement 

with a previous report by Zhang and Rawson (Zhang and Rawson, 1995) 

which also showed methanol was the most effective cryoprotectant in 

preventing indirect chilling injury for zebrafish embryos. The present study 

has also shown that both methanol and DMSO protected early stage 

zebrafish ovarian follicles from chilling-related injury under the 

experimental conditions employed. The relative effectiveness of methanol 

as a cryoprotectant for zebrafish ovarian follicles at subzero temperatures 

is thought to be due to its rapid penetration and low toxicity (Zhang and 

Rawson, 1995). Studies on stage III zebrafish ovarian follicles have shown 

that their membrane permeabilities to water and cryoprotectants are 

significantly higher than those of zebrafish embryos (Zhang et al., 2005). 

The study also indicated that due to possible rapid penetration of 

methanol, no significant changes of cell volume were observed during 

methanol treatment (Zhang et al., 2005). The mechanisms by which 

certain cryoprotective agents protect ovarian follicles against chilling are 



 73

not entirely clear. However, cryoprotectants have been suggested to 

protect the cell membrane and sensitive enzymes from chilling injuries 

(Leibo, 1981; Schneider and Mazur, 1984). The high concentration of 

polyunsaturated fatty acids in membrane has been linked to chilling 

sensitive of zebrafish ovarian follicles (Arva et al., 2000). However, short-

chain alcohols have been reported to depress phase transition 

temperatures of lipid membrane (Rowe, 1982), it is possible that zebrafish 

ovarian follicles were protected from chilling injury by methanol through 

depression of phase transition temperature. The protective property of 

cryoprotectants such as methanol in reducing indirect chilling injury in 

zebrafish ovarian follicles has important implications in short-term low 

temperature storage of ovarian follicles. It may have applications in 

situations where ovarian follicles have to be transported to different 

locations at reduced temperatures, e.g. when the availability of male and 

female gametes for in vitro fertilisation is asynchronous or the sources of 

gametes are separated spatially.  

 

 

3.3.4 Effect of viability assessment method 

 

When assessing ovarian follicle viability using vital stains, other 

ovarian follicle functional analysis should also be used. Comparisons of 

the two viability assessment methods used in this study showed that in 

vitro maturation is the most reliable method. Whilst recognise that TB test 

may not be ideal as it only assesses the membrane damage as opposed 

to whole cell physiological status, it is the fastest test in the present study 

and can be used for all ovarian follicles developmental stages which allow 

the comparisons to be made. However, TB test should be accompanied by 

in vitro culture and maturation wherever possible. Assessing immature 

ovarian follicle functionality using in vitro maturation followed by 

fertilisation would be ideal, but there has been no report on successful 

protocol for in vitro maturation of early stage fish ovarian follicles. Studies 

are currently under way in our laboratory in this area.  
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3.4 Summary 

 

Studies on chilling sensitivity of early stage zebrafish ovarian follicles 

is reported here for the first time. The results indicated that ovarian follicle 

survival after chilling depended on exposure temperature, exposure time, 

developmental stage, bathing medium and presence of cryoprotectants. 

Stage I and II ovarian follicles are less sensitive to chilling than stage III 

follicles. These results were also confirmed following in vitro maturation of 

the chilled ovarian follicles. The results also showed that L-15 medium is 

more beneficial than KCl buffer for ovarian follicles at all stages. The 

presence of both methanol and DMSO reduced chilling sensitivity of 

ovarian follicles at all stages with methanol being the most effective. The 

study indicated that stage I and II follicles are less sensitive to chilling than 

stage III follicles, and that early stage zebrafish ovarian follicles may be 

better candidates for cryopreservation. 

 

This work has been submitted to Cryobiology for a publication. 
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CHAPTER 4 STUDIES ON CRYOPROTECTANT 

TOXICITY TO EARLY STAGE ZEBRAFISH OVARIAN 

FOLLICLES 

 

 

4.1 Introduction 

 

Following the investigation of chilling sensitivity, studies on 

cryoprotectant toxicity on early stage zebrafish ovarian follicles was carried 

out. Cryopreservation plays an important role in conservation of 

endangered species. Addition of cryoprotectants (CPAs) is a necessary 

step in cryopreservation procedures. Ideally cryoprotectants should have 

low toxicity and be able to permeate the oocyte plasma membrane. Most 

cryoprotectants are substances characterised by their ability to reduce 

cryoinjury of cells during the course of freezing. Unfortunately, 

cryoprotectants can be toxic for cells (Leung, 1991; Renard, 1991). The 

apparent toxicity of cryoprotectants is dependent on the type and 

concentration of cryoprotectant, the temperature and duration of exposure 

(Fahy et al., 1984; Steponkus et al., 1991). Previous studies have 

demonstrated that the detrimental effects of cryoprotectants could be 

osmotic (Agca et al., 2000) or biochemical (Critser et al., 1988; Arakawa et 

al., 1990; Adam et al., 1995). Osmotic shock may occur when a cell is 

rapidly transferred from an isotonic solution to a hypertonic solution or vice 

versa. The cell will shrink or expand excessively and this can be lethal to 

the cell (Agca et al., 2000). Biochemical toxicity could result directly from 

the interaction between cryoprotectant and cell enzymes or indirectly by 

altering the environment of cellular biomolecules, which in turn may result 

in changes in the dielectric constant, ionic strength, pH, and surface 

tension (Critser et al., 1988; Arakawa et al., 1990; Adam et al., 1995).  

 

Cryopreservation of stage III zebrafish oocytes has been studied in 

our laboratory previously (Guan et al., 2006) and the results showed that 
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although oocytes viability obtained immediately after freeze-thawing was 

relatively high (88.0 ± 1.7%) using trypan blue (TB) staining, oocytes 

viability decreased to 29.5 ± 5.1% after 2h incubation at 22°C. The results 

also showed that the ATP level in oocytes decreased significantly 

immediately after thawing and all oocytes became translucent. Early stage 

oocytes (ovarian follicles) are smaller in size and have a higher surface to 

volume ratios, they are more permeable to water and solute (Delgado et 

al., 2005). Early stage zebrafish oocytes have also been shown to be less 

sensitive to chilling than late stage oocytes (chapter 3), they are therefore 

used in the present study. The aim of this study was to investigate the 

toxicity of cryoprotectants to stage I, II and III zebrafish ovarian follicles as 

a first step of establishing a successful cryopreservation protocol for their 

cryoperservation.  

 

Commonly used cryoprotectants methanol, dimethyl sulfoxide 

(DMSO), ethylene glycol (EG), and propylene glycol (PG) were used in 

this study. Methanol has been shown to be the most effective 

cryoprotectant for zebrafish embryo (Zhang et al., 1993) and sperm for 

many fish species (Lahnsteiner et al., 1997). DMSO is the most widely 

used cryoprotectant and has been used in the cryopreservation of a wide 

range of cell types, cells, tissues and organs. EG and PG are similar 

compounds but differ only by the presence of the methyl group in PG 

molecule. EG and PG have been widely used for vitrification of 

mammalian oocytes and ovarian tissue and also for controlled slow 

cooling programmes.  
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4.2 Results 

 

4.2.1 Effect of cryoprotectants on viability of zebrafish ovarian 

follicles 

 

For present studies, the No Observed Effect Concentrations of 

Cryoprotectants (NOECs) were determined basing on statistical results of 

ANOVA and Scheffe’s test. NOEC is the highest concentration of a 

compound used in a test that still has no statistically significant effect on 

the exposed sample as compared with controls. 

 

The No Observed Effect Concentrations (NOECs) for methanol, 

DMSO, PG and EG for ovarian follicles at three different developmental 

stages using the two viability assessment methods: trypan blue and 

Fluorescein diacetate (FDA) + propidium iodide (PI) staining, are given in 

Table 4.1. The results from these studies showed that the toxicity of tested 

cryoprotectants increased in the order of methanol, DMSO, PG, and EG 

for stage I and II ovarian follicles. The NOECs for stage I and II ovarian 

follicles are 2M, 1M, 0.5M and 0.25M respectively when assessed with 

FDA+PI staining (Table 4.1) whilst the NOECs for stage III ovarian follicles 

were 1M, 1M, <0.5M, <0.25M respectively. When trypan blue staining was 

used, higher NOECs values were generally obtained for all stages (Table 

4.1).  

Table 4.1. No Observed Effect Concentrations (NOECs) of cryoprotectants 

obtained from both trypan blue and FDA+PI tests on early stage zebrafish 

ovarian follicles. 

Stage I Stage II Stage III CPA 

TB FDA+PI TB FDA+PI TB FDA+PI 

Methanol 4M 2M 4M 2M 3M 1M 

DMSO 3M 1M 3M 1M 1M 1M 

PG 2M 0.5M 2M 0.5M 1M <0.5M 

EG 1M 0.25M 1M 0.25M 0.5M <0.25M 
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4.2.2 Effect of viability assessment method 

 

The comparisons of the two viability assessment methods used in 

this study showed that FDA+PI was more sensitive than trypan blue 

staining for all cryoprotectants (Figure 4.1a, b, c & d). Ovarian follicle 

survivals assessed by FDA+PI were generally 2.6% to 24% lower than 

those obtained with TB staining after cryoprotectant treatment. These 

differences were more pronounced at higher cryoprotectant 

concentrations. Stage II ovarian follicles viability after 4M methanol and 

DMSO treatment for 30 min at room temperature assessed with trypan 

blue and FDA+PI tests were 77.4 ± 7.0% and 62.3 ± 5.2%, and  62.1 ± 

4.8% and 47.5 ± 6.0% respectively (Fig. 4.1a & b). 
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Figure 4.1 Comparisons of the two viability tests: trypan blue and FDA+PI 

staining. Stage II zebrafish ovarian follicles were exposed to different 

concentrations of methanol (a), DMSO (b), PG (c), and EG (d) for 30 min 

at room temperature. Control ovarian follicles were incubated in L-15 

medium under the same conditions. Error bars represent Standard Errors 

of the Mean. Groups with no common superscript differ significantly  (p < 

0.05). 
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4.2.3 Effect of ovarian follicle developmental stage  

 

Both trypan blue and FDA+PI staining showed that stage III ovarian 

follicles were more sensitive to cryoprotectant toxicity than stage I and II 

ovarian follicles. The survival of ovarian follicles assessed with FDA+PI 

and trypan blue staining for stage I, II and III after treatment in 2M or 4M 

methanol for 30 min at room temperature were 81.9 ±7.6%, 80.9 ± 7.7% 

and 48.9 ± 10.5%, and 92.4 ± 6.7%, 77.4 ± 9.0% and 53.4 ± 11.4% 

respectively. The results also showed that there were no significant 

differences between stage I and II ovarian follicles after exposure to 

methanol or DMSO using either trypan blue or FDA+PI staining (Fig. 4.2a, 

b & Fig. 4.3a, b). Stage III ovarian follicles viability decreased gradually 

after exposure in all cryoprotectants for 30 min at room temperature when 

compare with stage I and II ovarian follicles under the same condition 

using both viability assessment methods (Fig. 4.2 & 4.3).  However, EG is 

the most toxic cryoprotectant when compared to methanol, DMSO and 

PG. Methanol was least toxic cryoprotectant. The present study showed 

that the toxic effect of cryoprotectant on zebrafish ovarian follicles 

generally increased with increasing concentration (Fig. 4.2 & 4.3).  
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Figure 4.2. Effect of methanol (a), DMSO (b), PG (c) and EG (d) toxicity to 

viability of ovarian follicles at different stages, assessed with FDA+PI 

staining. Ovarian follicles were exposed to methanol for 30 min at room 

temperature. Control ovarian follicles were incubated in L-15 medium 

under the same conditions. Error bars represent Standard Errors of the 

Mean. Groups with no common superscript differ significantly  (p < 0.05). 
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Figure 4.3. Effect of methanol (a), DMSO (b), PG (c) and EG (d) toxicity to 

viability of ovarian follicles at different stages, assessed with trypan blue 

staining. Ovarian follicles were exposed to methanol for 30 min at room 

temperature. Control ovarian follicles were incubated in L-15 medium 

under the same conditions. Error bars represent Standard Errors of the 

Mean. Groups with no common superscript differ significantly  (p < 0.05). 
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4.3 Discussion 

 

4.3.1 Effect of cryoprotectants on viability of ovarian follicles 

 

The present study showed that the toxic effect of cryoprotectant on 

zebrafish ovarian follicles generally increased with increasing 

concentration. The results also showed that the toxicity of cryoprotectants 

increased in the order of methanol, DMSO, PG and EG. Methanol is the 

least toxic cryoprotectants to early stage zebrafish ovarian follicles when 

compared with other tested cryoprotectants. These results are in 

agreement with previous studies on zebrafish embryos and oocytes 

(Zhang et al., 1993; Zhang and Rawson, 1996; Plachinta et al., 2004). 

Methanol penetrates 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). As this 

study has shown, the toxicity of methanol to ovarian follicles at all stages is 

lower than toxicity of other cryoprotectants tested. The toxic effect of 

DMSO has been linked to labialisation of membranes and denaturation of 

protein (Orvar et al., 2000). DMSO can also increase the concentration of 

calcium ions in cytoplasm of porcine oocytes, causing a variety of 

metabolic responses such as depolymerisation and cytoskeleton 

reassembly (Wu and Lee, 1996). Ethylene glycerol and propylene glycerol 

decrease the polarity of the aqueous phase and change the partition of 

hydrophobic molecules between the cell membrane and the external 

phase, causing dehydration of the phospholipid bilayer and possible 

membrane damage on fish spermatozoa (Leung, 1991).   

 

Degree of toxicity of different cryoprotectants may vary considerably 

between different species, and identifying interspecies differences is very 

important in designing cryopreservation protocol. The present study has 

shown that zebrafish ovarian follicles have increased sensitivity to 

cryoprotectants when compared with reproductive cells of other species. 

For mouse embryos, a freezing medium containing 5.5M EG + 1M sucrose 
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was shown to be an optimal vitrifying mixture, which has no noticeable 

toxicity to these embryos after exposure for 30 min at 25 °C (Ali and 

Shelton, 1993). EG is the least toxic cryoprotectant of all tested 

cryoprotectants (butylene glycol, propylene glycol, ethylene glycol, DMSO, 

glycerol) for mouse embryos (Ali and Shelton, 1993). Concentration of 

>2M methanol were lethal for carp embryos (Ahammad et al., 1998). 

However, zebrafish oocytes are more tolerant to some substances than 

other cell types. The present study showed that methanol is the least toxic 

cryoprotectant to zebrafish oocytes assessed with both trypan blue and 

FDA+PI staining. 

 

 

4.3.2 Effect of ovarian follicle viability assessment method 

 

Whilst fish embryo viability can be assessed by their development 

capabilities, ovarian follicle viability assessment is more difficult and 

existing viability assessment methods are very limited and especially for 

early stages. Initial studies on development of viability assessment 

methods for zebrafish oocytes were carried out using trypan blue, thiazolyl 

blue (MTT) and in vitro maturation followed by observation of germinal 

vesicle breakdown (GVBD) and in late stage ovarian follicles (Plachinta et 

al., 2004). MTT test was shown to be the least sensitive testing method to 

zebrafish ovarian follicle and did not stain stage V oocyte. GVBD was the 

most sensitive method when compared with trypan blue or MTT. However, 

GVBD test can only be applied to stage III ovarian follicles as later 

developmental stages have already gone through maturation and germinal 

vesicle breakdown process in vivo. Trypan blue staining was reported to 

be suitable for zebrafish ovarian follicles at all stages (Plachinta et al., 

2004). Fluorescein diacetate (FDA) and propidium iodide (PI) staining was 

later demonstrated to be also suitable for ovarian follicle at all stages 

(Zampolla et al., 2006). These two methods were therefore used in the 

present study. The results from the present study showed that FDA+PI test 

was more sensitive than trypan blue staining. Trypan blue is a vital dye, its 

reactivity is based on the fact that the chromophore is negatively charged 
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and does not penetrate the cell unless the membrane is damaged 

(Isayeva et al., 2004; Plachinta et al., 2004). Trypan blue test assesses 

only the membrane integrity. However, the FDA+PI method informs on 

both the physiological state and membrane integrity. FDA, a nonpolar 

ester, passes through cell membranes and is hydrolyzed by intracellular 

esterases to produce fluorescein. Fluorescein is a polar compound that 

passes slowly through a living cell membrane, accumulating inside the cell 

and exhibiting a green fluorescence. PI, an intercalating dye, is known to 

pass only through the membranes of damaged cells and intercalates with 

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

of dead cells. Since the dye is excluded by intact cell membranes, PI is an 

effective stain to identify nonviable cells (Jone and Senft, 1985). The main 

advantages of FDA+PI test are its speed, higher sensitivity and simplicity. 

The test can also be used for ovarian follicles at all stages.  

 

When assessing oocyte viability using vital stains, other oocyte 

functional analysis should also be used. Assessing immature oocyte 

functionality using in vitro maturation followed by fertilization would be 

ideal, but there has been no report on successful protocol for in vitro 

maturation of early stage fish oocytes. Studies are currently under way in 

this laboratory in this area.  

 

 

4.3.3 Effect of ovarian follicle developmental stage  

 

The results obtain of from the present study indicated that stage I and 

II ovarian follicles are less sensitive to cryoprotectants toxicity than stage 

III ovarian follicles. There are advantages in using immature oocytes for 

cryopreservation rather than mature eggs. Previous studies stated that 

mature fish eggs are less permeable to solutes (Ecker and Smith, 1971), 

due to loss of membrane channel protein while immature follicles of 

aquatic species such as amphibian and teleost fishes are much more 

permeable to water and solutes. In addition, early stage immature oocytes 

usually do not contain normal microtubule spindles, their DNA is enclosed 
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within the nucleus and the presence of cumulus cells (granulosa cells) 

may protect against rapid influx or efflux of cryoprotectant (Van der Elst et 

al., 1992; Fabbri et al., 2001). Several studies have demonstrated that 

microtubule organization is altered by nonpysiological conditions such as 

cryoprotectant exposure (Vincent et al., 1989; Van der Elst et al., 1992; 

Park et al., 1997; Eroglu et al., 1998; Eichenlaub-Richter et al., 2002). 

Furthermore, incidence of irreversible spindle damage is higher for oocytes 

exposed to cryoprotectant in the mature oocytes compared to early stage 

ovarian follicles (Van der Elst et al., 1992; Eroglu et al., 1998; Isachenko et 

al., 1998; Isachenko and Nayudu, 1999; Saunders and Parks, 1999; 

Fabbri et al., 2001). Early stage ovarian follicles are therefore considered 

to be more resistant to these damages.  

 

 

4.4 Summary 

 

In this study, the effects of cryoprotectant toxicity to early stages 

zebrafish ovarian follicles have been reported for the first time. Two 

different tests were used to assess ovarian follicle viability: trypan blue and 

FDA+PI staining. Both trypan blue and FDA+PI tests indicated that 

cryoprotectant toxicity to ovarian follicles increased in the order of 

methanol, DMSO, PG and EG. FDA+PI test was shown to be more 

sensitive than trypan blue staining. No Observed Effect Concentrations 

(NOECs) for stage I and II follicles were 2M, 1M, 0.5M, and 0.25M for 

methanol, DMSO, PG and EG respectively when assessed with FDA+PI. 

Stage III ovarian follicles appeared to be more sensitive than stage I and II 

ovarian follicles. The results obtained in this study will undoubtedly assist 

freezing protocol design in the future. 

 

This work has been accepted for a publication by CryoLetters. 
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CHAPTER 5 DEVELOPMENT OF CRYOPRESERVATION 

PROTOCOLS FOR EARLY STAGE ZEBRAFISH 

OVARIAN FOLLICLES USING CONTROLLED SLOW 

COOLING   

 

 

5.1 Introduction  

 

Cryopreservation of stage III zebrafish oocytes has been studied in 

this laboratory (Guan et al., 2008) and the results showed that although 

oocytes viability obtained immediately after freeze-thawing was relatively 

high (88.0 ± 1.7%) using TB staining, oocytes viability decreased to 29.5 ± 

5.1% after 2 h incubation at 22 °C. The results also showed that the ATP 

level in oocytes decreased significantly immediately after thawing and all 

oocytes became translucent. Early stage oocytes (ovarian follicles) are 

smaller in size resulting in higher surface to volume ratios and therefore 

may be more permeable to water and solute (Delgado et al., 2005). Early 

stage zebrafish ovarian follicles have also been shown to be less sensitive 

to chilling than late stage ovarian follicles, as determined in previous part 

of this study (Chapter 3), they are therefore investigated. In the present 

study, two different cryopreservation media, the effect of cryoprotectant, 

ovarian follicle developmental stage, cooling rate, post-thaw incubation 

time and methods for ovarian follicle viability assessment after controlled 

slow cooling were investigated. 
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5.2 Results 

 

Two widely used penetrating cryoprotectants, methanol and DMSO 

were chosen for this part of the study. Each of cryoprotectant was used at 

the highest No Observed Effect Concentration (NOEC) according to TB 

test (for stage I and II ovarian follicles), which was determined in toxicity 

studies (Chapter 4).  

 

 

5.2.1 Effect of medium 

 

Methanol (4M) was used in this experiment as a cryoprotectant.The 

results of TB staining assessed viabilities of stage I and II ovarian follicles 

with freezing rates of 1 ºC/min from seeding temperature (-12.5 ºC) to -40 

ºC and then frozen to -196 ºC are shown in Figure 5.1. KCl buffer was 

more beneficial for cryopreservation of zebrafish oocytes when compared 

with L-15 medium. Stage I ovarian follicle survival in KCl buffer and L-15 

medium after cryopreservation at a cooling rate of 1 ºC/min was 41.6 ± 

2.2% and 20.7 ± 4.6%, and survival of stage II ovarian follicles was 53.4 ± 

2.4% and 27.2 ± 2.9%, respectively. KCl buffer was therefore used for 

subsequent freezing experiments.  
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Figure 5.1 Effect of two freezing media on stage I and II ovarian follicles 

survival. Ovarian follicles were frozen to -196 ºC in either L-15 medium or 

KCl buffer at a cooling rate of 1 ºC/min. Stage I and stage II zebrafish 

ovarian follicles were incubated in KCl buffer at 22 ºC for 10 min after 

thawing and cryoprotectant was removed in one-step. Ovarian follicle 

viability was assessed with TB staining. Survival of stage I and II ovarian 

follicle controls averaged 93.5 ± 1.5% (166 follicles) and 82.9 ± 1.7% (141 

follicles). Error bars represent Standard Errors of the Mean. Star 

represents significant difference between L-15 medium and KCl buffer for 

each group (p < 0.05). 
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5.2.2 Effect of post-seeding cooling rate and post-thaw incubation 

period 

 

A number of post-seeding cooling rates, ranging from 0.3-16 ºC/min 

were tested. Moderate cooling rates appear to be more advantageous 

when compared with faster or slower rates (Fig. 5.2a & b). Ovarian follicle 

survivals obtained with 1 ºC/min, 2 ºC/min and 4 ºC/min post-seeding 

cooling rates were not significantly different from each other, whilst 

survivals obtained with slower or faster rates were significantly lower. 4 

ºC/min was therefore used in the subsequent experiments. The effect of 

post-thaw periods on ovarian follicle survivals are also showed in Figure 

5.2. The results indicated that there were no significant differences in 

follicle survivals when follicles were incubated for 10 min, 60 min or 120 

min post-thawing for both stages.  

 

5.2.3 Effect of ovarian follicle developmental stage   

 

The results from the present study showed that the survivals of 

ovarian follicles at stage II were consistently higher when compare to 

those obtained at stage I after freeze-thawing and incubation for up to 120 

min (Fig 5.2). Stage II ovarian follicles maintained high levels of viability 

after 120 min incubation at 22 ºC after thawing when compared to stage I 

ovarian follicles. The results indicated that stage I ovarian follicles were 

more sensitive to freezing procedures than stage II ovarian follicles.  
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Figure 5.2 Effect of post-seeding cooling rate and post-thaw incubation 

period on stage I (a) and stage II (b) zebrafish ovarian follicles after 

cryopreservation and incubation at 22 ºC. Ovarian follicles were frozen to -

196 ºC in 4M methanol + KCl buffer at different post-seeding cooling rates. 

Stage I (a) and stage II (b) zebrafish ovarian follicles were incubated in 

KCl buffer at 22 ºC for 10, 60 and 120 min after thawing and one-step 

cryoprotectant removal. Ovarian follicle viability was assessed using TB 

staining. Viability of stage I and II ovarian follicle controls averaged 95.8 ± 

1.0% (176 follicles) and 83.4 ± 1.5% (140 follicles). Error bars represent 

Standard Errors of the Mean. The star represents significant differences 

between the treatment groups (P < 0.05). 
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5.2.4 Effect of one-step and stepwise removal of cryoprotectant  

 

Comparisons of ovarian follicle survivals using one-step and stepwise 

removal of cryoprotecant after cryopreservation and post-thaw incubation 

of 10, 60 and 120 min are showed in Figure 5.3. Stage I ovarian follicle 

survivals obtained with one-step or stepwise removal were not significantly 

different from each other. However, four-step removal significantly 

increased the survival of stage II ovarian follicles. The highest survivals 

obtained for stage II ovarian follicles after stepwise removal and 60 min 

incubation after cryopreservation were 69.4 ± 2.2%. The results indicated 

that four-step removal of cryoprotectant was more advantageous than 

one-step removal for stage II ovarian follicles. 
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Figure 5.3 Effect of one-step and four-step cryoprotectant removal on 

stage I and II ovarian follicles survival after cryopreservation. Samples 

were frozen to -196 ºC in 4M methanol + KCl buffer at post-seeding 

cooling rate of 4 ºC/min. Ovarian follicles were incubated for 10 min, 60 

min and 120 min at 22 ºC after thawing. Ovarian follicle viability was 

assessed using TB staining. Viability of stage I and II ovarian follicle 

controls averaged 96.8 ± 1.2% (169 follicles) and 82.1 ± 1.3% (138 

follicles). Error bars represent Standard Errors of the Mean. Stars 

represent significant differences between the treatment groups (P < 0.05). 
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5.2.5 Effect of different cryoprotectants 

 

The comparisons of ovarian follicle survivals after cryopreservation in 

4M methanol and 3M DMSO and post-thaw incubation for 120 min are 

shown in Figure 5.4. The results indicated that methanol is a better 

cryoprotectant than DMSO for both stages. There were significant 

differences in stage I and II ovarian follicle survivals when methanol or 

DMSO was used. The survivals after cryopreservation and post-thaw 

incubation for 60 min obtained with stage I and stage II follicles were 49.3 

± 3.7% and 31.6 ± 4.4%, and 69.4 ± 2.2% and 40.6 ± 3.9% in 4M 

methanol and 3M DMSO respectively.  
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Figure 5.4 Comparisons of two different cryoprotectants (methanol and 

DMSO) on ovarian follicles survival after cryopreservation and post-thaw 

incubation for 10 min, 60 min and 120 min (in KCl buffer) at 22 ºC. Ovarian 

follicles were incubated in the cryoprotective medium for 30 min at 22 ºC 

and then frozen to -196 ºC. Cryoprotectant was removed in four steps. 

Ovarian follicle viability was assessed with TB staining. Viability of stage I 

and II ovarian follicle controls averaged 95.3 ± 1.7% (170 follicles) and 

83.6 ± 1.3% (146 follicles). Error bars represent Standard Errors of the 

Mean. Stars represent significant differences between the treatment 

groups (P < 0.05).  
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5.2.6 Effect of viability assessment methods 

 

The comparisons of the three viability assessment methods used in 

this study are shown in Figure 5.5 and 5.6. In these experiments, the 

comparisons of the two staining methods were performed on split samples 

(one follicle batch split in two). The results showed that stage II ovarian 

follicle viabilities decreased significantly with FDA+PI staining when 

compared to TB test (Fig. 5.6). Ovarian follicle viability obtained for stage I 

and II using TB and FDA+PI staining after post-thaw incubation for 60 min 

were 49.3 ± 3.7% and 41.4 ± 2.3%, and 69.4 ± 2.2% and 54.3 ± 3.7%, 

respectively. The ADP/ATP ratio results also showed that stage I and II 

ovarian follicles after cryopreservation (0.94 ± 0.12 and 0.63 ± 0.07 

respectively) were significantly higher than those of controls (0.12 ± 0.05 

and 0.16 ± 0.05 respectively, Fig. 5.7). High ADP/ATP ratio have been 

associated with increased cell death (Bradbury et al., 2000).  
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Figure 5.5 Ovarian follicles viability assessed using TB and FDA+PI 
staining after cryopreservation and post-thaw incubation for 10 min, 60 min 
and 120 min (in KCl buffer) at 22 ºC. 4M methanol in KCl buffer was used. 
Samples were frozen to -196 ºC and cryoprotectant was removed in four 
steps. Viability of stage I and II ovarian follicle controls averaged 96.9± 
1.6% (182 follicles) and 82.3 ± 1.1% (142 follicles). Error bars represent 
Standard Errors of the Mean. Stars represent significant differences 
between the treatment groups (P < 0.05). 
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Figure 5.6 Ovarian follicles viability assessed using ADP/ATP ratio assay 
after cryopreservation. Ovarian follicles were incubated in 4M methanol 
with KCl buffer for 30 min at 22 ºC and then frozen to -196 ºC. Stage I and 
stage II ovarian follicles were incubated in KCl buffer at room temperature 
for 60 min after thawing and cryoprotectant was removed in four-steps. 
Error bars represent Standard Errors of the Mean (190 stage I follicles and 
136 stage II follicles for each treatment). Stars represent significant 
differences between different groups (P < 0.05).  
 

 

 

5.3 Discussion 

 

Cryopreservation of reproductive tissues or cells has become an 

increasingly widespread means for preserving or salvaging genetic 

material for subsequent use in assisted reproduction. A number of factors 

affect the ability of oocytes to survive cryopreservation and include the 

developmental stage at freezing, type of cryoprotectant and freezing 

techniques employed (Park, 1997; Le Gal and Massip, 1999). 

Cryoprotectant, cryopreservation medium, cooling rate, and cryoprotectant 
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removal method should be considered in developing a protocol for 

successful cryopreservation of oocytes.  

 

 

5.3.1 Effect of different cryoprotectants 

 

Numerous studies on zebrafish embryos have recognised the advantages 

of methanol as a cryoprotectant for female fish reproductive cells (Zhang 

et al., 1993; Liu et al., 2001a; Liu et al., 2001b; Hagedorn et al., 1997), 

mammalian somatic cells and embryos (Ashwood-Smith, 1987; Rall et al., 

1984) and for fish sperm (Lahnsteiner et al., 1997; Horvath et al., 2003). 

However, methanol was found to be the poorest cryoprotectant of all 

tested (DMSO, PG and EG) for cryopreservation of oocytes of another 

aquatic species, Pacific oyster, resulting in 0% post-thawed fertilization 

rate (Tervit et al., 2005). The reason for this difference is unknown, but 

apparently, methanol is much more efficient cryoprotectant for fish 

reproductive cells than for mollusc analogues. The results from the present 

study indicated that methanol is a better cryoprotectant than DMSO for 

zebrafish ovarian follicles for all post-thawing incubation time used. These 

results are in agreement with the results obtained with zebrafish oocytes 

which have recognized the advantages of using methanol as a 

cryoprotectant (Zhang et al., 1993; Liu et al., 2001a; Liu et al., 2001b; 

Guan et al., 2008). The relative effectiveness of methanol as a 

cryoprotectant is thought to be due to its rapid penetration and low toxicity 

(Zhang and Rawson, 1995).  

 

 

5.3.2 Effect of medium 

 

L-15 medium is widely used in fish ovarian follicle culture and in vitro 

maturation. However, sodium salts are the major components in L-15 

medium. It has been reported that increases in electrolyte concentration, 

including sodium, during cryopreservation can result in cellular damage 
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(Stachecki et al., 1998). Sodium ions contribute significantly to solution 

effects during cooling and warming of embryos (James et al., 1998) as 

high intracellular sodium concentrations that result from freezing are 

incompatible with normal cell function. Exclusion or near exclusion of 

sodium from the freezing medium proved effective in reducing 

cryodamage (James et al., 2000). The present study showed that the 

sodium–free KCl buffer is more advantageous than L-15 medium in 

protecting ovarian follicles from freezing injury at early development stage.  

 

 

5.3.3 Effect of post-seeding cooling rate 

 

In controlled slow cooling, one crucial parameter considered in 

developing successful cryopreservation protocol is the post-seeding 

cooling rate. In the present study, the optimal post-seeding cooling rates 

for early stage zebrafish ovarian follicle were found to be 2-4 ºC/min. 

These rates are much higher than the 0.3 oC/min identified for stage III 

zebrafish ovarian follicles (Guan et al., 2008). As stage III ovarian follicles 

are larger with limited membrane permeability (Zhang et al., 2005), slower 

post-seeding cooling rates would be required for their cryopreservation, as 

slow post-seeding cooling rates enables sufficient time for cell 

dehydratation during freezing and reduces the possibility of intracellular ice 

formation. It is possible that relatively small size of stage I and II ovarian 

follicles provided higher surface to volume ratios, therefore requiring 

higher post-seeding cooling rate. These follicles may have dehydrated 

relatively sufficiently to maintain the chemical potential of their intracellular 

solution. The results also indicated that the membrane permeability of 

stage I and II ovarian follicles may be significantly higher than that of stage 

III follicles, although there is no information on membrane permeability of 

early stage fish ovarian follicles in the literature. Further studies are 

needed in this area. 
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5.3.4 Effect of one-step and stepwise removal of cryoprotectant  

 

The method used for removal of cryoprotectant after thawing is also 

important in ensuring cell survival after cryopreservation. In the present 

study, a four-step removal of cryoprotectant appeared to be more 

advantageous than one-step removal.  These results were consistent with 

the results obtained by Guan et al. (2008) with stage III zebrafish oocytes. 

Four-step removal reduces osmotic stress of zebrafish ovarian follicles 

during the process of cryopreservation, whilst one-step removal can result 

in hyperosmotic stress to ovarian follicles. The gradual stepwise dilution of 

the cryoprotectant is therefore desirable for zebrafish ovarian follicles at 

stage II.  

 

 

5.3.5 Effect of ovarian follicle developmental stage   

 

The quality and developmental competence of cryopreserved oocytes 

is also affected by the ovarian follicle developmental stage used for 

cryopreservation (Palase and Mapletoft, 1996; Hochi et al., 1998). 

Survivals of stage I and II ovarian follicles after cryopreservation and post-

thaw incubation for 120 min obtained from the present study using TB 

staining (41.7 ± 5.9% and 65.8 ± 2.1%) were higher than those obtained 

with stage III oocytes (29.5 ± 5.1%) (Guan et al., 2008). Connections 

between oocyte developmental stage and freezing injury have been found 

for oocytes of many mammalian species and early developmental stage 

ovarian follicles are generally believed to more resistant to freezing and 

thawing than late stage ovarian follicles (Porcu, 2001; Tharasanit et al., 

2006). Studies also showed that in mammalian species freezing damage 

appears to result primarily from disruption of meiotic spindle (Rienzi et al., 

2004) and other components of the cytoskeleton (Saunder and Parks, 

1999). There has been no information on cryopreservation of early stage 

fish ovarian follicles in the literature. Stage II ovarian follicles are smaller 

than stage III follicles and therefore have higher surface to volume ratios, 

this may result in higher membrane permeability to water and 
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cryoprotectant and improve their chances of survival during 

cryopreservation. However, the lower survival of even smaller stage I 

ovarian follicle after cryopreservation is more difficult to explain. It is 

possible that cell junctions may have helped the transportation of 

cryoprotectants during freezing and therefore the survival of stage II 

ovarian follicles, as there are no cell junctions in stage I ovarian follicles. 

More studies are needed on the membrane permeability of these early 

stage ovarian follicles and the nature of their freezing injuries.  

 

 

5.3.6 Effect of viability assessment methods 

 

Mitochondrial activity is responsible for ATP production and energy 

accumulation (Van Blerkom et al., 1998). ATP plays an essential role in 

gamete maturation and embryo development. The importance of ATP in 

oocytes and early embryos has been demonstrated in cattle, the higher 

quality oocytes contained significantly higher levels of ATP than poorer 

quality oocytes (Stojkovic et al., 2001). Measurement of ADP/ATP ratio of 

cells has proved to be a reliable indicator of cell viability for a variety of 

cells or tissues (Alves et al., 2000; Bradbury et al., 2000). The technique 

has been reported as being of value in human pancreatic islets (Goto et 

al., 2006), however this assay has not previously been studied in fish. High 

ADP/ATP ratios are associated with increased cell damage (Bradbury et 

al., 2000). The present study showed that freezing of early stage zebrafish 

ovarian follicles dramatically increases ADP/ATP ratios in these cells when 

compared with those of controls. These results suggest that although 4M 

methanol in KCl buffer was identified as the optimum cryoprotective 

medium using TB and FDA+PI staining, it failed to preserve cell energy 

systems at -196 ºC. Mitochondria of cells are very vulnerable to freezing 

injury (Tsvetkov and Naydenova, 1987), the ADP/ATP ratio assay will 

reflect mitochondrial function of the oocyte and provided a more accurate 

assessment of ovarian follicle viability after cryopreservation.  

5.4 Summary 
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Cryopreservation of early stage zebrafish ovarian follicles using 

controlled slow freezing is reported here for the first time. Although results 

obtained after cryopreservation using vital stains were promising, 

especially with stage II ovarian follicles, the ADP/ATP ratio assay showed 

that the energy system of these follicles had been compromised. It would 

appear that the ADP/ATP ratio is a valuable measure of cellular injury after 

post-thaw incubation period as it reflects the metabolic and energy status 

of population as well as indicating some measure of the potential for 

repair. Further investigations are needed on the ADP/ATP ratio over an 

extended incubation period. Other methods for assessing development 

potential of the cryopreserved oocytes are needed. Assessing immature 

follicle functionality using in vitro culture and maturation followed by 

fertilization would be ideal. However although meiotic in vitro maturation 

has been achieved (Selman et al., 1993, 1994), successful vitellogenesis 

in vitro has not been reported. Studies are carried out in the next chapter. 

 

This work has been accepted for a publication by Theriogenology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 DEVELOPMENT OF IN VITRO CULTURE 
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METHOD FOR EARLY STAGE ZEBRAFISH OVARIAN 

FOLLICLES AFTER CRYOPRESERVATION   

 

 

6.1 Introduction 

 

To date, there have been no reported methods for in vitro maturation 

of early stage ovarian follicles for fish. If cryopreservation of early stage 

ovarian follicles can be achieved, in vitro procedures for ovarian follicle 

culture, maturation, ovulation and fertilisation after cryopreservation will be 

needed. 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 (fertilization and 

development) (Seki et al., 2008). In vitro culture of ovarian follicles to 

maturity will become a powerful tool for assessing ovarian follicle viability. 

Although several procedures have been reported for promoting fish 

ovarian follicle maturation in vitro (Wallace and Selman., 1981; Selman et 

al., 1993; Li et al., 1993), they require further optimisation as the 

procedures can only be applied to late stages of ovarian follicles and the 

survival after current in vitro maturation procedures are generally low. 

 

It has been reported that gonadotropin and activin promote in vitro 

maturation of zebrafish midvitellogenic follicles (Pang and Ge., 2002). 

Pretreatment with either human activin A or human chorionic gonadotropin 

(hCG) significantly increased the rate of DHP-induced stage IV ovarian 

follicles (oocyte maturation) from 3% to 70%. However, there has been no 

report on successful in vitro culture of early stage zebrafish ovarian 

follicles. In the present study, in vitro culture of early stage ovarian follicle 

procedures were investigated using hormone stimulation (hCG and activin 

A). Optimum concentration of L-15 medium and pH were also studied. 

Studies on cryopreservation of early stage zebrafish ovarian follicles using 

controlled slow cooling (chapter 5) showed that, the highest survivals after 

post-thaw incubation for 2 h obtained with FDA+PI staining were 50.7 ± 
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4.0% for stage II ovarian follicles although ADP/ATP ratios of the 

cryopreserved follicles were significantly increased indicating increased 

cellular damage. In order to further assess the viability of freeze-thawed 

early stage zebrafish ovarian follicle and growth in vitro after 

cryopreservation, in vitro maturation of early stage ovarian follicle was 

studied and the optimum in vitro culture procedure for these ovarian 

follicles was developed before it was applied to cryopreserved oocytes. 
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6.2.1 Effect of various concentrations of L-15 medium on ovarian 

follicle survival after in vitro culture 

 

Membrane integrity and growth of stage I and II ovarian follicles after 

culturing in various concentrations (50, 60, 70, 80, 90 and 100%) of L-15 

medium for 24, 48 and 72 h at 28 ºC are shown in Figures 6.1 & 6.2. The 

trypan blue assessed viability of stage II with 80% and 90% L-15 media 

were significantly increased when comparee with 50, 60, 70, and 100% L-

15 media after 48 and 72 h culture (Fig. 6.1 a, b & c). The highest survival 

of stage II was obtained with 90% L-15 medium (91.1 ± 2.4%) after 24, 48 

and 72 h culture (Fig. 6.1a). There was no significant difference in ovarian 

follicle diameter after they were cultured in different concentrations of L-15 

medium for up to 72 h (Fig. 6.2). 90% L-15 medium was therefore used in 

the subsequent experiments. 
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Figure 6.1 Viability of stage I and II ovarian follicles in 50, 60, 70, 80, 90 
and 100% of L-15 media after 24 (a), 48 (b) and 72 h (c) culture at 28 °C. 
Ovarian follicle viability was assessed by TB staining. Error bars represent 
Standard Errors of the Mean. Groups with no common superscript differ 
significantly (p < 0.05). 
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Figure 6.2 The diameter of stage I and II ovarian follicles in 50, 60, 70, 80, 
90 and 100% of L-15 media after 24 (a), 48 (b) and 72 h (c) culture at 28 
°C. The diameters of stage I and II ovarian follicles were measured with an 
ocular micrometer under microscope. The average diameter of stage I and 
II ovarian follicles before culture were 0.09 ± 0.01 mm and 0.28 ± 0.02 
mm. Error bars represent Standard Errors of the Mean. Groups with no 
common superscript differ significantly (p < 0.05). 
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6.2.2 Effect of pH of 90% L-15 medium on ovarian follicle survival 
after in vitro culture 
 

The membrane integrity and growth of stage I and II ovarian follicles 

after culturing in 90% L-15 medium at various pH (pH 7.5, 8.5, 9.0 and 9.5) 

for 24, 48 and 72 h are shown in Figures 6.3 & 6.4. The results showed 

that the highest survivals of stage I and II ovarian follicles were obtained 

after 24 h in 90% L-15 medium with pH 9.0 culture (Fig. 6.3a). The results 

also showed that after 48 and 72 h culture, viabilities of stage II ovarian 

follicles in 90% L-15 medium with pH 9.0 were slightly higher than those 

obtained with pH 8.0, 8.5, 9.0 and 9.5 but these differences were not 

significant (Fig. 6.3b & c). There was no significant difference in ovarian 

follicles diameters after they were cultured in 90% L-15 medium with 

different pH for 24, 48 and 72 h (Fig. 6.4). pH 9 was therefore used in the 

subsequent experiments. 
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Figure 6.3 Viability of stage I and II ovarian follicles in 90% L-15 medium at 
pH 7.5, 8.0, 8.5, 9.0 and 9.5 after 24 (a), 48 (b) and 72 h (c) culture at 28 
°C. Ovarian follicle viability was assessed by TB staining. Error bars 
represent Standard Errors of the Mean. Groups with no common 
superscript differ significantly (p < 0.05). 
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Figure 6.4 The diameter of stage I and II ovarian follicles in 90% L-15 
medium at pH 7.5, 8.0, 8.5, 9.0 and 9.5 after 24 (a), 48 (b) and 72 h (c) 
culture at 28 °C. The diameters of stage I and II ovarian follicles were 
measured with an ocular micrometer under microscope. The average 
diameter of stage I and II ovarian follicles before culture were 0.08 ± 0.01 
mm and 0.26 ± 0.03 mm. Error bars represent Standard Errors of the 
Mean. Groups with no common superscript differ significantly (p < 0.05). 
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6.2.3 Effect of human chorionic gonadotropin (hCG) on development 
of ovarian follicle growth competence in vitro 
 

Membrane integrity and growth of stage I and II ovarian follicles after 

culturing in different concentrations of hCG (10, 20 and 40 IU/ml) in 90% 

L-15 medium (pH 9.0) are shown in Figures 6.5 & 6.6. There were no 

significant differences in ovarian follicle viability after they were cultured 

with different concentrations of hCG in 90% L-15 medium for 24, 48 and 

72 h (Fig. 6.5). The results from these experiments also showed that hCG 

significantly enhanced the growth competence of stage I and II ovarian 

follicles after 24 and 48 h culture. The maximum effect was obtained with 

10 IU/ml hCG for stage I and II ovarian follicles with their diameters 

reaching 0.16 ± 0.02 mm and 0.37 ± 0.05 mm when compared with 

controls (without hCG) of 0.11 ± 0.02 mm and 0.24 ± 0.04 mm after 24 h 

culture at 28 °C. The results indicated that after in vitro culture in 10 IU/ml 

hCG, stage I and II follicles grew to the sizes of early stage II (0.14-0.33 

mm) and stage III (0.34-0.69 mm) respectively. The results also showed 

that stage I and II ovarian follicles grew after 24 h culture and their sizes 

did not increase further when the culture periods were extended to 48 or 

72 h (Fig. 6.6). Based on the results obtained in these experiments, 10 

IU/ml hCG were used in the culture medium for the subsequent 

experiments.  

 

 

 

 

 

 

 

 

 



 110

24h

0

20

40

60

80

100

Stage I Stage II Stage I Stage II Stage I Stage II

V
ia

b
ili

ty
 (

%
)

Control
10 IU/ml
20 IU/ml
40 IU/ml

48h 72h
a

aaa
aaaa

aaaa

a
aa

aaaaaaaa a

 

Figure 6.5 Viability of stage I and II ovarian follicles in 90% L-15 medium at 
pH 9.0 containing 10, 20 and 40 IU/ml hCG after 24, 48 and 72 h culture at 
28 °C. Control ovarian follicles were incubated in the same condition 
without hCG. Ovarian follicle viability was assessed by TB staining. Error 
bars represent Standard Errors of the Mean. Groups with no common 
superscript differ significantly (p < 0.05). 
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Figure 6.6 The diameter of stage I and II ovarian follicles in 90% L-15 
medium at pH 9.0 containing 10, 20 and 40 IU/ml hCG after 24, 48 and 72 
h culture at 28 °C. Control ovarian follicles were incubated in the same 
condition without hCG. The diameters of stage I and II ovarian follicles 
were measured with an ocular micrometer under microscope. The average 
diameter of stage I and II ovarian follicles before culture were 0.11 ± 0.02 
mm and 0.23 ± 0.03 mm. Error bars represent Standard Errors of the 
Mean. Groups with no common superscript differ significantly (p < 0.05). 
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6.2.4 Effect of activin A on development of ovarian follicle growth 

competence 

 

Membrane integrity and growth of stage I and II ovarian follicles after 

culturing in different concentrations of activin A (10, 20, 40 and 80 ng/ml) 

in 90% L-15 medium (pH 9.0) are shown in Figures 6.7 & 6.8. There were 

no significant differences in ovarian follicle viability up to 72 h of culture in 

different concentrations of activin A (Fig. 6.7). The results from these 

experiments also showed that activin A increased the growth competence 

of stage I and II ovarian follicles after 24, 48 and 72 h culture, although 

statistics did not reveal any significant differences in growth of ovarian 

follicles cultured in different concentrations of activin A (Fig. 6.8). The 

results showed that the growths of stage II ovarian follicles in vitro with 40 

ng/ml activin A were progressive and that stage II follicles reached to the 

sizes of early stage III follicles (0.34-0.69 mm). The highest mean survival 

value was obtained with ovarian follicles in 40 ng/ml activin A, this 

concentration was therefore used in the subsequent experiments.  
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Figure 6.7 Viability of stage I and II ovarian follicles in 90% L-15 medium at 
pH 9.0 containing 10, 20, 40 and 80 ng/ml activin A after 24, 48 and 72 h 
culture at 28 °C. Control ovarian follicles were incubated in the same 
condition without activin A. Ovarian follicle viability was assessed by TB 
staining. Error bars represent Standard Errors of the Mean. Groups with 
no common superscript differ significantly (p < 0.05). 
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Figure 6.8 The diameter of stage I and II ovarian follicles in 90% L-15 
medium at pH 9.0 containing 10, 20, 40 and 80 ng/ml activin A after 24, 48 
and 72 h culture at 28 °C. Control ovarian follicles were incubated in the 
same condition without activin A. The diameters of stage I and II ovarian 
follicles were measured with an ocular micrometer under microscope. The 
average diameter of stage I and II ovarian follicles before culture were 
0.08 ± 0.01 mm and 0.21 ± 0.02 mm. Error bars represent Standard Errors 
of the Mean. Groups with no common superscript differ significantly (p < 
0.05). 
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6.2.5 Effect of mixture of hCG + activin A on ovarian follicle growth 

competence in vitro  

 

In these experiments, membrane integrity and growth of stage I and II 

ovarian follicles after being cultured up to 72 h in the mixture of 10 IU/ml 

hCG + 40 ng/ml activin A in 90% L-15 medium (pH 9.0) are shown in 

Figure 6.9 & 6.10. These results were compared with ovarian follicle 

viability obtained after culturing in either 10 IU/ml hCG or 40 ng/ml activin 

A. the comparisons of the results showed that the viability of ovarian 

follicles cultured in 10 IU/ml hCG + 40 ng/ml activin A (70.1 ± 3.5%) was 

significantly lower than those obtained from 10 IU/ml hCG (80.3 ± 3.1%) 

but similar to those obtained from 40 ng/ml activin A (73.0 ± 3.3%) (Fig. 

6.9a). The sizes of stage II ovarian follicles significantly increased in the 

mixture of 10 IU/ml hCG + 40 ng/ml activin A after 24 h culture and 

reached 0.36 ± 0.04 mm, when compared with controls (without hormone) 

of 0.24 ± 0.04 mm (Fig. 6.10a). The results also indicated that in vitro 

culture of stage II ovarian follicles enlarged the follicles to the sizes of early 

stage III (0.34-0.69 mm) in 10 IU/ml hCG + 40 ng/ml activin A.  
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Figure 6.9 Effect of hormones (10 IU/ml hCG, 40 ng/ml activin A and 10 
IU/ml hCG + 40 ng/ml activin A) on survival of stage I and II ovarian 
follicles after culture for 24 (a), 48 (b) and 72 h (c) at 28 °C. Control 
ovarian follicles were cultured in 90% L-15 medium at pH 9.0 for 24, 48 
and 72 h at 28 °C. Ovarian follicle viability was assessed by TB staining. 
Error bars represent Standard Errors of the Mean. Groups with no 
common superscript differ significantly (p < 0.05). 
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Figure 6.10 Effect of hormones (10 IU/ml hCG, 40 ng/ml activin A and 10 
IU/ml hCG + 40 ng/ml activin A) on growth of stage I and II ovarian follicles 
after culture for 24 (a), 48 (b) and 72 h (c) at 28 °C. Control ovarian 
follicles were cultured in 90% L-15 medium at pH 9.0 for 24, 48 and 72 h 
at 28 °C. The diameters of stage I and II ovarian follicles were measured 
with an ocular micrometer under microscope. The average diameter of 
stage I and II ovarian follicles before culture were 0.12 ± 0.05 mm and 
0.22 ± 0.02 mm. Error bars represent Standard Errors of the Mean. 
Groups with no common superscript differ significantly (p < 0.05). 
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6.2.6 In vitro culture of cryopreserved stage I and II ovarian follicles  

 

The optimum in vitro culture protocol for early stage zebrafish ovarian 

follicles developed in the previous experiments were used for assessing 

ovarian follicle growth competence after cryopreservation. Early stage 

zebrafish ovarian follicles were cryopreserved using the  optimum freezing 

protocol identified in the previous experiments using controlled slow 

cooling. Stage I and stage II ovarian follicles were incubated in KCl buffer 

with 4M methanol for 30 min at 22 ºC and then frozen to -196 ºC at post-

seeding cooling rate of 4 ºC/min. Ovarian follicles were then incubated in 

KCl buffer at room temperature for 10 min after thawing and cryoprotectant 

was removed in four-steps. Ovarian follicle viability was assessed using 

trypan blue staining and in vitro culture after freeze-thawing. 

 

Membrane integrity and growth of stage I and II ovarian follicles after 

in vitro culture in 90% L-15 medium (pH 9.0) containing 10 IU/ml hCG for 

both control and freeze-thawed groups are shown in Figures 6.11 & 6.12. 

The results indicated that the viabilities of cryopreserved stage I and II 

ovarian follicles after 24 h culture at 28 oC were 12.0 ± 2.1% and 20.6 ± 

3.1% and were significantly lower than those obtained from control 

(unfrozen) groups (80.6 ± 5.8% and 80.2 ± 10.6%). No ovarian follicle 

survivals were obtained for freeze-thawed groups after 48 h culture (Fig. 

6.11). The size of unfrozen stage I and II ovarian follicles after in vitro 

culture (0.15 ± 0.01 mm and 0.29 ± 0.02 mm) were significantly larger than 

those of freeze-thawed ovarian follicles (0.10 ± 0.02 mm and 0.22 ± 0.01) 

after 24 h culture (Fig. 6.12). The results indicated that there was no 

growth in vitro for stage I and II ovarian follicles after cryopreservation.  
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Figure 6.11 Viability of stage I and II ovarian follicles after freeze-thawing 
and in vitro culture in 90% L-15 medium at pH  9.0 containing 10 IU/ml 
hCG for 24 and 48 h at 28 °C. Ovarian follicles were incubated in the 
cryoprotective medium for 30 min at 22 ºC and frozen to -196 ºC. 
Cryoprotectant was removed in four-step and then cryopreserved ovarian 
follicles were culture in vitro in 10 IU/ml hCG at 28 °C. Ovarian follicle 
viability was assessed by TB staining and in vitro culture after thawing. 
Unfrozen control ovarian follicles were cultured under the same conditions. 
Error bars represent Standard Errors of the Mean. Groups with no 
common superscript differ significantly (p < 0.05). 
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Figure 6.12 The growth of stage I and II ovarian follicles after freeze-
thawing in 90% L-15 medium at pH 9.0 containing 10 IU/ml hCG after 24 
and 48 h culture at 28 °C. Stage I and stage II ovarian follicles were 
incubated in 4M methanol with KCl buffer for 30 min at 22 ºC and then 
frozen to -196 ºC at post-seeding cooling rate 4 °C/min. Cryoprotectant 
was removed in four-steps and then cryopreserved ovarian follicles were 
culture in vitro in 10 IU/ml hCG at 28 °C. Unfrozen control ovarian follicles 
were cultured under the same condition. The diameters of stage I and II 
ovarian follicles were measured with an ocular micrometer under 
microscope. The average diameter of stage I and II ovarian follicles before 
culture were 0.09 ± 0.02 mm and 0.21 ± 0.04 mm. Error bars represent 
Standard Errors of the Mean. Groups with no common superscript differ 
significantly (p < 0.05). 
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6.3 Discussions 

 

6.3.1 Effect of various concentrations of L-15 medium on ovarian 

follicle survival after in vitro culture 

 

L-15 medium was used as the basic medium for ovarian follicle 

culture in vitro because this amino acid-rich and balanced saline medium 

was widely used in fish ovarian follicle culture and in vitro maturation 

(Selman et al., 1993, 1994; Pang and Ge, 1999, 2002; Kohli et al., 2003, 

2005; Seki et al., 2008). The results showed that the viability of stage II 

ovarian follicles cultured in 80% and 90% L-15 media were higher  than 

those obtained in 50%, 60%, 70%, and 100% L-15 media. Studies on 

oocyte maturation in the zebrafish have shown that 60% or 75% L-15 

medium (pH 7.5) is effective for the maturation of stage III oocytes 

(Selman et al., 1993, 1994; Pang and Ge, 1999, 2002). However, a recent 

report indicated that the most suitable concentration of L-15 medium is 

90% (pH 9) for zebrafish oocyte maturation (Seki et al., 2008). Other 

reports also showed that 90% L-15 medium (pH 7.3) supports the 

proliferation of Japanese medaka ovarian follicle cells and their ability to 

produce steroids (Iwamatsu et al., 1990; Iwamatsu, 1994). Although there 

has been no report on the effect of concentration of L-15 medium on early 

stage zebrafish ovarian follicle, the results obtained in this study also 

showed that 90% L-15 medium was more beneficial than other 

concentrations. 

 

 

6.3.2 Effect of pH of 90% L-15 medium on ovarian follicle survival 

after in vitro culture 

 

The results obtained in the present study showed that pH 9.0 is 

optimum for in vitro culture of early stage zebrafish ovarian follicles. 

Several previous studies have also shown that alkaline media are 

beneficial for the culture of fish ovarian follicles. Studies obtained in 
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goldfish showed that there were significant increases in ovarian follicle 

ovulation after hCG treatment as the pH of culture medium increased from 

7.3 to 8.9 (Goetz and Nagahama, 1985). In Atlantic croaker 

(Micropogonias undulaturs), the rates of spontaneous ovulation of fully 

grown follicles and germinal vesicle breakdown (GVBD) of intrafollicular 

oocytes after hCG treatment were significantly higher at pH 8.5 than 7.5 

(Patino et al., 2005). However, no attention has been paid to the pH of 

culture media for early stage oocytes. It has been reported that the pH of 

ovarian fluid is high in various species of fish, such as pH 8.1 for turbot 

(Scophtalmus maximus) (Fauvel et al., 1993), pH 8.4-8.8 for salmonid fish 

(Lahnsteiner et al., 1995), pH 8.5 for Atlantic croaker (M. undulaturs) 

(Patino et al., 2005), pH 9.0 for common carp (Cyprinus carpio L.) (Linhart 

et al., 1995) and pH 9.0 for zebrafish (Danio rerio) (Seki et al., 2008). The 

results from the present study indicated that alkaline conditions are also 

beneficial for in vitro culture of early stage zebrafish ovarian follicles. 

 

 

6.3.3 Effect of hCG on ovarian follicle growth competence in vitro  

 

Gonadotropins are well characterised in fish species, follicle-

stimulating hormone (FSH) and luteinising hormone (LH) are differentially 

expressed and secreted during the reproductive cycle, with the level of 

FSH being high during oocyte growth followed by a surge of LH secretion 

before or during oocyte maturation and ovulation (Weil et al., 1995; Prat et 

al., 1996; Swanson, 1991). Since fish gonadotropins are not easily 

available, hormones from mammalian sources have been commonly used 

as the alternatives in various studies in fish (Kwok et al., 2005). The 

promotion of oocyte maturation competence by human chorionic 

gonadotropin (hCG) has been well documented in teleosts (Pang and Ge, 

2002; Patino et al., 1999; Zhu et al., 1989; Kagawa et al., 1994; Eto et al., 

1987). Pang and Ge (2002) reported that hCG significantly promoted the 

maturation of zebrafish stage III oocytes. Studies of the channel catfish 

showed that hCG activated both FSH and LH receptors (Kumar et al., 

2001, 2001). The expression of FSH receptor was strongly associated with 
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vitellogenesis, when the follicles were recruited from the primary growth 

stage and continued to rise throughout vitellogenesis (Kwok et al., 2005). 

In salmonids, it has been proposed that based on the in vivo hormone 

profiles that FSH is likely important in promoting follicle growth in the ovary 

and FSH enhances vitellogenin uptake by the growing oocytes in trout 

(Tyler et al., 1991). The effect of gonadotropin on oocyte maturational 

competence has been reported in several fish species (Patino and 

Thomas, 1990; Zhu et al., 1994; Cerda et al., 1996) but there have been 

no reports on in vitro culture for early stage fish ovarian follicle. However, 

studies on FSH receptors have been reported to appear in the oocytes of 

primary follicles during follicular development and persist up to the 

preovulatory stage (Meduri et al., 2008). Several studies have 

demonstrated that hCG treatment results in a significant increase growth 

of primary follicles in mice, (Halpin et al., 1986; Wang and Greenwald, 

1993; Hillier, 1994; Wang et al., 2005). The present study showed that in 

vitro culture with hCG treatment can be applied for fish. The results from 

present study also showed that the diameter of early stage zebrafish 

ovarian follicles were increased after hCG treatment and hCG was proven 

effective for promoting growth in early stage zebrafish ovarian follicles, 

after 24 h of culture.  

 

 

6.3.4 Effect of activin A on ovarian follicle growth competence in vitro  

 

In mammals, activin has been demonstrated to promote the growth of 

primary follicles in the presence of FSH (Liu et al., 1999; Li et al., 1995; 

Smitz et al., 1998; Thomas et al., 2003; Kobayashi et al., 2000). The effect 

of activin A on cultured follicles has been studied and it has been found 

that, in addition to a growth-stimulating effect on follicles from immature 

animals (Liu et al., 1998), activin A promotes the reorganization of follicular 

structures in the presence of FSH in vitro (Li et al., 1995). In zebrafish, 

activin A had a significant promoting effect in the stage III follicles to 

stimulate the acquisition of maturational competence (Pang and Ge, 
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2002). In the present study, activin A was also shown to have a significant 

effect in stimulating early stage of ovarian follicle growth competence.  

 

 

6.3.5 Optimum in vitro culture protocol 

 

An In vitro culture protocol for early stage zebrafish ovarian follicles is 

identified here for the first time. The results obtained from the present 

study showed that hCG was more effective for in vitro culture of early 

stage zebrafish ovarian follicles than activin A or the mixture of hCG and 

activin A. Stage I and II ovarian follicle were cultured in 90% L-15 medium 

(pH 9.0) containing 10 IU/ml hCG promoted ovarian follicle growth 

significantly and stage I and II ovarian follicles grew to the sizes of early 

stage II and stage III ovarian follicles respectively after 24 h culture. The 

results also showed that under these conditions, ovarian follicles did not 

grow further after 48 h or 72 h of culture. Further studies on subsequent in 

vitro culture and oocyte maturation are needed. However, the in vitro 

culture method developed here (90% L-15 medium containing hCG at pH 

9.0) will provide a reliable method for the practical used of early stage 

zebrafish ovarian follicles and it may also be applied to other teleost 

species.  

 

 

6.3.6 In vitro culture of cryopreserved stage I and II ovarian follicles  

 

When cryopreserved stage I and II ovarian follicles were cultured 

using the optimum protocol developed in this study, the results showed 

that ovarian follicle viability was significantly lower than those of controls 

after 24 h culture. The results also showed that stage I and II follicles did 

not grow after hCG treatment. These results confirmed previous 

observations that early stage zebrafish ovarian follicles were severely 

damaged after cryopreservation process (chapter 5). It is possible that the 

freezing protocol used in the study failed to prevent intracellular ice 

formation of the ovarian follicles. 
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The possible intracellular ice formation during cryopreservation for 

early stage fish ovarian follicle has not been studied. However, studies on 

cryopreservation of mammalian oocytes using controlled slow cooling 

(Carroll et al., 1990; Carroll and Gosden, 1993; Cortvrindt et al., 1996; 

Tucker et al., 1998; Cooper et al., 1998) have shown that many thecal and 

granulose cells were disrupted physically after freezing process because 

of intracellular ice formation (Candy et al., 1994; Cooper et al., 1998; 

Ruppert-Lingham et al., 2003; Yamanaka et al., 2007). In fish, thecal and 

granulose cell is significantly correlated with ovarian steroid biosynthesis 

(Petrino et al., 1989), the connection between these cells and the oocyte is 

important for the completion of in vitro culture and maturation (Van 

Blerkom, 1989; Kagawa et al., 1994; Kagawa et al., 1998). In the present 

study, the cryopreserved ovarian follicles did not grow after freezing, it is 

possible that thecal and granulose cells may be damaged by intracellular 

ice formation and such damage may affect ovarian follicle developmental 

competence. Another possibility is that cell junctions are damaged during 

freezing. Cellular adhesion is essential for providing physical support and 

cell junctions help to increase cell stability and enable cells to 

communicate with each other during this process. Studies on in vitro 

growth of cryopreserved sheep preantral follicles showed that 

cryopreservation can cause disruption of cell gap junctional 

communication, thus impairing follicle survival (Cecconi et al., 2004). More 

studies are needed on the effect of cryopreservation procedures and the 

possible intracellular ice formation on ovarian follicle developmental 

competence. 

 

 

6.4 Summary 

 

In vitro culture of early stage zebrafish ovarian follicles is studied here 

for the first time. The results demonstrated that early stage zebrafish 

ovarian follicles can be cultured in vitro for 24 h, stage I and II ovarian 

http://everything2.com/title/stability
http://everything2.com/title/communicate
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follicles can grow to the sizes of early stage II and stage III ovarian follicles 

after hCG treatment. In vitro culture method developed here is effective for 

assessing early stage zebrafish ovarian follicles growth competence in 

vitro and may also be used for other teleost species. The results from the 

present study indicated that in vitro culture is the most reliable method for 

assessing ovarian follicle viability when comparied with staining methods, 

therefore, wherever possible ovarian follicle viability assessment should be 

accompanied by in vitro culture and maturation. 
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CHAPTER 7 CONCLUSIONS 

 

 

7.1 Reiteration of Aims 

 

Although cryopreservation of oocytes and embryos of many species, 

especially mammalian, has become a routine practice (Isachenko et al., 

2000; Agca, 2000), cryopreservation of fish embryos has not been 

successful, mainly due to: a) their large size resulting in a much lower 

surface area to volume ratio, possibly reducing the rate at which water and 

cryoprotectant can move into and out of oocytes and embryos during 

cryopreservation; b) the presence of yolk which may have different 

osmotic properties from plasma (Liu et al., 2001); c) the low membrane 

permeability; and d) the high sensitivity to chilling injury. 

 

Studies on zebrafish ovarian follicle cryopreservation have been 

carried out recently in this laboratory (Isayeva et al., 2004; Plachinta et al., 

2004; Zhang et al., 2005; Guan et al., 2008) and the results from these 

studies showed that later developmental stages (stage III to stage V 

follicles) ovarian follicles were very sensitive to chilling (Isayeva et al., 

2004) and their sensitivity to cryoprotectants also appeared to increase 

with development stage. Methanol was found to be the least toxic 

cryoprotectant to late stage ovarian follicles (Plachinta et al., 2004). 

Membrane permeability of stage III ovarian follicles are reported to be 

generally lower than those obtained from aquatic invertebrates but higher 

than zebrafish embryos (Zhang et al., 2005). Although stage III ovarian 

follicle viability obtained after cryopreservation was relatively high (88.0 ± 

1.7%) using TB staining, ovarian follicle viability decreased to 29.5 ± 5.1% 

after 2h incubation at 22°C. The results also showed that the ATP level in 

ovarian follicles decreased significantly immediately after thawing and all 

ovarian follicles became translucent suggesting cytoplasmic damage 

(Guan et al., 2008). The high chilling sensitivity and low membrane 
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permeability of late stage ovarian follicles may have affected the 

successful development of protocols for their cyropreservation.  

 

There are several advantages in cryopreservation of early stage 

ovarian follicles, including their smaller size giving a more favourable 

surface area to volume ratio that facilitates water and solute movements 

during cryopreservation. Early stage ovarian follicles also have relatively 

low water content and constitute a single compartment, and their yolk 

content is much less than those in late stages (Selman et al., 1993). 

However, in vitro culture and maturation methods would need to be 

developed for early stage ovarian follicles if their successful 

cryopreservation can be achieved. 

 

The aim of the present programme was to develop successful 

cryopreservation and in vitro culture protocols for early stage fish ovarian 

follicles using zebrafish as a model system. Stage I and II zebrafish 

ovarian follicles were used in the present study, stage III ovarian follicles 

were also used as comparison. Four main areas of investigations were 

carried out: a) studies on ovarian follicle chilling sensitivity; b) studies on 

cryoprotectant toxicity; c) development of cryopreservation protocols for 

these ovarian follicles using controlled slow cooling; and d) development of 

in vitro culture method for early stage zebrafish ovarian follicles and it use 

for assessing ovarian follicle viability after cryopreservation. 

 

 

7.2 Review of the main findings 

 

7.2.1 Studies on sensitivity of early stage zebrafish ovarian follicles 

to chilling 

 

The results from this study indicated that: a) 50% L-15 medium was 

more effective than KCl buffer in protecting ovarian follicles from chilling 

injury for all stages; b) early stage (stage I and II) ovarian follicles 
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appeared to be less sensitive to chilling than late stage (stage III) ovarian 

follicles; and c) methanol was more effective in protecting early stage 

ovarian follicles when they were exposed to subzero temperatures. In 

these studies, ovarian follicle viability was mainly assessed using trypan 

blue staining as it can be used for ovarian follicles at all stages. However, 

as it is important to obtain information on ovarian follicle development 

competence after chilling, following the development of in vitro culture 

protocol for early stage ovarian follicles (chapter 6), ovarian follicle growth 

competence in vitro was also assessed after 4 h chilling. The results 

showed that chilled ovarian follicles grew in vitro after 24 h culture which 

confirmed the results obtained by trypan blue staining. 

 

 

7.2.2 Toxicity study on cryoproectants 

 

In this study, toxicity of four penetrating cryoprotectants: methanol, 

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

(EG) at a range of concentrations (0.25M – 5M) were tested: the results 

indicated that the toxicity of cryoprotectants increased in order of 

methanol, DMSO, PG and EG. No Observed Effect Concentrations 

(NOECs) for methanol, DMSO, PG and EG were 2M, 1M, 0.5M and 0.25M; 

and 4M, 3M, 2M and 1M for both stage I and II ovarian follicles, when 

assessed with FDA+PI and trypan blue staining respectively. Stage I and 

stage II ovarian follicles were shown to be less sensitive to cryoprotectants 

toxicity than stage III (vitellogenic stage) ovarian follicles. Fluorescein 

diacetate (FDA) + propidium iodide (PI) test was showed to be more 

sensitive than trypan blue staining. Base on the results obtained in these 

studies, methanol was mainly used in studies on cryopreservation of early 

stage ovarian follicles using controlled slow cooling. 
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7.2.3 Controlled slow cooling of early stage zebrafish ovarian 

follicles 

 

The results from the studies on cryopreservation of early stage 

zebrafish ovarian follicles using controlled slow cooling indicated that: a) 

the sodium–free KCl buffer was more advantageous than L-15 medium in 

protecting ovarian follicles from freezing injury; b) the optimal cooling rates 

for stage I and stage II zebrafish ovarian follicles were found to be 2-4 

ºC/min; c) methanol was a better cryoprotectant than DMSO for zebrafish 

ovarian follicles; d) four-step removal of cryoprotectant was more 

advantageous than one-step removal; and e) the survivals of stage I 

ovarian follicles were significantly lower than those of stage II ovarian 

follicles after incubation of 120 min post-thawing. Three viability 

assessment methods were used: trypan blue staining, fluorescein 

diacetate (FDA) + propidium iodide (PI) staining and ADP/ATP ratio assay. 

Although 4M methanol in KCl buffer was identified as the optimum 

cryoprotective medium using TB and FDA+PI staining, it failed to preserve 

cell energy systems during cryopreservation. The ADP/ATP ratio assay 

provided information on mitochondrial function of the ovarian follicle and 

was therefore a more accurate assessment method for ovarian follicle 

viability after cryopreservation.    

 

 

7.2.4 Development of in vitro culture method for early stage 

zebrafish ovarian follicles and it is application for cryopreserved 

ovarian follicles 

 

Studies on development of in vitro culture method for stage I and 

stage II zebrafish ovarian follicles indicated that: a) the most suitable 

concentration of L-15 medium was 90%; b) the optimum pH of the 90% L-

15 medium was 9.0; c) 10 IU/ml hCG was most effective in stimulating 

follicle growth when compared with other concentrations of hCG, 40 ng/ml 

activin A, or the mixture of hCG and activin A. Following the development 

of in vitro culture protocol for stage I and II ovarian follicles, the protocol 
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was used for assessing the growth competence of these ovarian follicles 

after their cryopreservation. When cryopreserved ovarian follicles were 

cultured in 90% L-15 medium (pH 9.0) containing 10 IU/ml hCG, the 

results showed that they did not grow after 24 h culture. These results 

indicated that cryopreservation dramatically affected the developmental 

potential of early stage zebrafish ovarian follicles. The successful 

development of in vitro culture protocol for early stage zebrafish ovarian 

follicles (for 24 h) in this study, has provided a much needed method for 

assessing ovarian follicles development competence in vitro.  

 

 

7.3 Conclusions 

 

Cryopreservation of early stage fish ovarian follicles is studied 

systematically here for the first time. Although the aim of the study was not 

fully achieved, considerable progress has been made in understanding the 

conditions required for early stage fish ovarian follicle cryopreservation 

and this will undoubtedly assist the successful protocol design in the 

future.  

 

There are five key areas where progress has been made in 

developing a method for cryopreservation of early stage zebrafish ovarian 

follicle: a) determining optimum ovarian follicles developmental stage for 

cryopreservation; b) identifying effective cryoprotectants and 

concentrations; c) identifying optimum protocol and key conditions for 

controlled slow cooling; d) development of a in vitro culture method for 24 

h for early stage zebrafish ovarian follicles; and e) identifying effective 

viability assessment methods for early stage zebrafish ovarian follicles. 
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a) Determining optimum ovarian follicles developmental stage for 

cryopreservation 

 

Previous studies on zebrafish ovarian follicle chilling sensitivity were 

only carried out with ovarian follicles at late developmental stages (stage 

III to stage V ovarian follicles) and the studies showed that these ovarian 

follicles are very sensitive to chilling (Isayeva et al., 2004). The results 

from the present study showed that stage I and II ovarian follicles can be 

stored for 24 h at -1 oC in 50% L-15 medium without their viabilities being 

compromised, whilst stage III follicle survivals were significantly reduced 

after 4h of exposure at -1 oC. Stage I and II ovarian follicles were also 

shown to be less sensitive to cryoprotectant toxicity than stage III ovarian 

follicles (chapter 4). In the controlled slow cooling study, the survivals of 

stage II ovarian follicles were significantly higher than those of stage I 

ovarian follicles (chapter 5) and the previously reported results for stage III 

ovarian follicles (Guan et al., 2008), when assessed with trypan blue 

staining after incubation for 120 min post-thawing. These results indicated 

that stage II ovarian follicles were more susceptible to freezing than stage I 

and III ovarian follicles and consequently the most suitable stage for 

cryopreservation.  

 

 

b)  Identifying optimum cryoprotectant and concentrations 

 

The No Observed Effect Concentrations (NOECs) for four commonly 

used cryoprotectants were identified after ovarian follicles were incubated 

in these cryoprotectants for 30 min at 22 oC. The toxicity of cryoprotectants 

increased in order of methanol, DMSO, PG and EG. The No Observed 

Effect Concentrations for stage I and II ovarian follicles were 2M, 1M, 

0.5M, and 0.25M; and 4M, 3M, 2M, and 1M for methanol, DMSO, PG and 

EG, when assessed with FDA+PI and trypan blue staining respectively. 

These results on cryoprotectant toxicity were consistent with the results 

obtained with late stage zebrafish ovarian follicles. In the chilling sensitivity 

study, the presence of both 2M methanol and 2M DMSO reduced chilling 
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sensitivity of ovarian follicles at stage I, II and III with methanol being the 

most effective in short-term low temperature storage of ovarian follicles.  

 

 

c)  Identifying optimum protocol and key conditions for controlled 

slow cooling of early stage zebrafish ovarian follicle 

 

Several important facts were discovered in the controlled slow cooling 

studies: 4 °C/min cooling rate was the optimal cooling rate; and methanol 

was found to be the optimal cryoprotectant for the purposes of 

cryopreservation of stage I and II zebrafish ovarian follicles. The study also 

showed that sodium-free KCl buffer significantly increased the survival of 

stage I and II follicles after cryopreservation when compared with L-15 

medium. 

 

The optimal protocol for cryopreservation of stage I and II zebrafish 

ovarian follicles is identified as: incubation of ovarian follicles in 4M 

methanol + KCl buffer for 30 min at 22 ºC; load ovarian follicles into 0.25 

ml plastic straws and place the straws in a programmable cooler (Planer 

KRYO 550); controlled slow cooling at 2 ºC/min from 20 ºC to -12.5 ºC; 

manual seeding at -12.5 ºC and held for 15 min; freezing from -12.5 ºC to -

40 ºC at 4 ºC/min; from -40 ºC to -80 ºC at 10 ºC/min and hold for 10 min; 

samples are then plunged into liquid nitrogen at -196 ºC and held for at 

least 10 min. Samples may be advantageous to use fast thawed (300 

ºC/min) in a water bath at 28 °C. Removal of cryoprotectant should be 

conducted in four steps (10 min for each step using KCl buffer). Although 

results obtained after cryopreservation using trypan blue and FDA+PI 

staining were promising and especially with stage II ovarian follicles, the 

ADP/ATP ratio assay showed that the energy system of these follicles 

were damaged.  
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d)  Development of in vitro culture method for early stage zebrafish 

ovarian follicles  

 

An in vitro culture method was developed for early stage zebrafish 

ovarian follicles. Several important facts were identified: the optimum 

concentration of L-15 medium was 90%; the optimum pH was 9.0 for early 

stage ovarian follicle culture; and 10 IU/ml human chorionic gonadotropin 

(hCG) was found to be optimal for the purposes of in vitro culture for stage 

I and II ovarian follicles.  

 

The optimal protocol for in vitro culture of stage I and II zebrafish 

ovarian follicles was identified as: wash ovarian follicles three times in 

washing medium; place follicles in 1 ml of 90% L-15 medium at pH 9.0 

containing 10 IU/ml hCG in 24-well tissue culture plates; culturing follicles 

for 24 h at 28 °C. The development of the culture method here is a major 

step forward as early stage zebrafish ovarian follicles are seen to maintain 

their spherical shape and structure and as indicated in chapter 6, shown 

considerable growth. The growth of isolated early stage fish ovarian 

follicles in vitro has not previously been reported. The protocol developed 

here has provided a solid foundation for future development of in vitro 

culture and maturation method for early stage ovarian follicles. 

 

 

e) Identifying effective viability assessment methods for early stage 

zebrafish ovarian follicles 

 

Currently, ovarian follicle viability assessment is difficult as viability 

assessment methods are very limited and especially for early stages. In 

the present study, four viability assessment methods for zebrafish ovarian 

follicles were used including: trypan blue staining, fluorescein diacetate 

(FDA) + propidium iodide (PI) staining, ADP/ATP ratio assay, and in vitro 

culture of ovarian follicles. 
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In the initial studies on chilling sensitivity of stage I and II ovarian 

follicles, trypan blue test was mainly used as it was the fastest assay and 

could be applied to ovarian follicles at all stages. However, trypan blue 

staining may be inaccurate in identification of viable follicles, as it only 

assesses the membrane integrity and not the physiological status of the 

whole cell. The results from the present study showed that FDA+PI test 

was more sensitive than trypan blue staining as FDA+PI test informs on 

both the physiological state and membrane integrity of the cells. FDA+PI 

staining can also be used for zebrafish ovarian follicles at all stages. 

However, ADP/ATP ratio assay has been proven to be a more sensitive 

assay when compared with trypan blue and FDA+PI staining as ADP/ATP 

ratio assay reflects the metabolic and energy status of the whole cell and 

can be applied to follicles at all stages as well. In controlled slow cooling 

experiments, although relatively high survivals were obtained using TB 

and FDA+PI staining  when optimum freezing protocol was used, it failed 

to preserve cell energy systems after cryopreservation shown by results 

obtained from ADP/ATP ratio assay. In addition, in vitro culture showed 

that cells were damaged and did not grow in vitro after cryopreservation. 

The use of in vitro culture for assessing the growth competence of 

cryopreserved early stage ovarian follicles is important, as ovarian follicle 

development capability includes indicators such as physical integrity, 

metabolic activity, mitotic activity and in vivo function (fertilisation and 

development). In vitro culture of ovarian follicles to maturity is a powerful 

tool for assessing ovarian follicle viability. 

 

In vitro culture of stage I and II ovarian follicles showed that 

cryopreserved ovarian follicles did not grow after 24 h culture, indicating 

the cryopreservation protocol used failed to protect ovarian follicle during 

cryopreservation processes, it is possible that intercellular communication 

between thecal, granulose cells and the oocyte is damaged by intracellular 

ice formation. Although hCG promoted the growth competence of fresh 

stage I and II ovarian follicles after 24 h culture in vitro which suggests that 

in vitro culture of early stage ovarian follicle is feasible, improvements on 

cryopreservation procedures are required. 
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7.4 Future work 

 

In controlled slow cooling experiments, although the highest follicle 

survivals obtained were 50.7 ± 4.0% with FDA+PI staining after 2 h 

incubation post-thawing using the optimum freezing protocol, ADP/ATP 

ratios of the cryopreserved follicles were significantly increased implying 

significant increased cell damage. It is possible that the freezing protocol 

failed to prevent intracellular ice formation. Future investigations on 

possible intracellular ice formation of early stage zebrafish ovarian follicles 

should be carried out. Cryomicroscopic studies should be undertaken to 

determine temperatures of extracellular and intracellular ice formation, to 

identify forms of ice crystals, patterns of spreading of the ice in the cells, 

and the effect of cryopreservation on morphological structures of the cell.  

 

Information on membrane permeability of early stage zebrafish 

ovarian follicles is important in the development of successful protocol for 

their cryopreservation. As the present study showed that stage I and II 

ovarian follicles failed to develop after cryopreservation at -196 °C (chapter 

6). Studies on membrane permeability would provide information on water 

and cryoprotectant permeability coefficients and aid cryopreservation 

protocol design for early stage fish ovarian follicle in the future. 

 

In the present study, a new protocol for in vitro culture of early stage 

(stage I and II) zebrafish ovarian follicles was developed. This has offered 

a reliable way of assessing the viability of stage I and II ovarian follicles in 

vitro (chapter 6). However, the current protocol could only support ovarian 

follicle growth for 24 h from stage I to stage II and from stage II to early 

stage III, ovarian follicles cultured under these conditions did not grow 

further and reach maturation stage. To grow follicles from early stages to 

maturity in vitro has proven to be difficult, as relatively little is know about 

the biology of oogenesis (Picton et al., 2003). It is clear that throughout 

ovarian follicle development in vivo, follicle cell support is fundamental to 

provide the germ cell with nutrients and growth regulators to ensure 
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progression through the protracted growth phase. The ovarian follicle 

actively promotes growth and differentiation of the follicular cells. These 

characteristics must be mimicked in vitro, including replication of follicular 

growth period from the early stage to late stage follicles, the changes in 

the nutrient requirements of the cells, cellular interactions, morphogenesis 

and ovarian follicle culture technology. Therefore, future investigations for 

in vitro culture of early stage ovarian follicles need to be carried out in 

order to grow these follicles in vitro until they reach maturation stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 135

References 

Acker J.P., McGann L.E. Influence of warming rate on recovery of 

monolayers with intracellular ice. Cryobiology 1999; 39: 281. 

Adam M.M., Rana K.J., McAndrew B.J. Effect of cryoprotectants on 

activity of selected enzymes in fish embryos. Cryobiology 1995; 32(1): 

92–104. 

Adams S.L., Hessian P.A., Mladenov P.V. The potential for cryopreserving 

larvae of the sea urchin, Evechinus chloroticus. Cryobiology 2006; 52(1): 

139-145. 

Agca Y., Liu J., Rutledge J.J., Critser E.S., Critser J.K. Effect of osmotic 

stress on the developmental competence of germinal vesicle and 

metaphase II stage bovine cumulus oocyte complexes and its relevance 

to cryopreservation. Mol Reprod Dev 2000; 55:212–219. 

Albertini D.F. Cytoplasmic microtubular dynamics and chromatin 

organization during mammalian oogenesis and oocyte maturation. Mutat 

Res 1992; 296: 57-58. 

Alderdice D.F. Osmotic and ionic regulation in teleost eggs and larvae. In: 

Fish Physiology Eds. Hoar W.S. and Randall D.J. Academic Press, San 

Diego, 1988. pp. 163-251. 

Alves P.M., Fonseca L.L., Peixoto C.C., Ameide A.C., Carrondo M.J.T., 

Santos H. NMR studies on energy metabolism of immobilized primary 

neurons and astrocytes during hypoxia, ischemia and hypoglycaemia. 

NMR Biomed. 2000; 13: 438-448. 

Aoki K., Okamoto K., Tatsumi K., Ishikawa Y. Cryopreservation of medaka 

spermatozoa. Zool Sci 1997; 14: 641-644. 

Arakawa T. Carpenter J.F., Kita T.A., Crowe J.H. The basis for toxicity of 

certain cryoprotectants: A hypothesis. Cryobiology 1990; 27: 401-415. 

http://www.ncbi.nlm.nih.gov/pubmed/16321369?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16321369?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 136

Arav A., Rubinshky B., Bacci M.L. The effect of volume, cooling rate and 

composition on vitrification of two cell mouse embryos and pig oocyte. 

Cryobiology 1990; 27: 628-629. 

Arav A., Shehe D., Mattioli M. Osmotic and cytotoxic study of vitrification of 

immature bovine oocytes. J Reprod Fertil 1993; 99: 353-358. 

Arav A., Zeron Y., Leslie S.B., Behboodi E., Anderson G.B., Crowe J.H. 

Phase transition temperature and chilling sensitivity of bovine oocytes. 

Cryobiology 1996; 33: 589-599. 

Arva A., Peral M., Zeron., Y. Does lipid profile explain chilling sensitivity 

and membrane lipid phase transition of spermatozoa and oocytes? 

CryoLetters 2000; 21(3): 179-186. 

Asahina E., shimada K., Hisada Y. A stable state of frozen protoplasm with 

invisible intracellular ice crystals obtained by rapid cooling. Exp Cell Res 

1970; 59: 379-358. 

Ashwood-Smith M.J. Low temperature preservation of cells, tissures and 

organs. In: Low temperature preservation in medicine and biology Eds. 

Ashwood-Smith M.J. and Farrant J. Pitman Medical, Tunbridge Wells, 

1980. pp. 19-45.  

Ashwood-Smith M.J., Morris G.W., Fowler R., Appleton T.C., Ashorn R. 

Physical factors are involved in the destruction of embryos and oocyte 

during freezing and thawing procedure. Hum Reprod 1988; 3: 795-802. 

 Axelrod H.R., Schultz L.P. A handbook of tropical aquarium fishes. 

McGraw-Hill Book Co., New York, USA, 1955. 

Babiak I., Dabrowske K. Refrigeration of rainbow trout gamets and 

embryos. J Exp Zool 2003; 300A: 140-151. 

Bank H. Visualization of freezing damage II. Structural alterations during 

warming. Cryobiology 1973; 10:157. 



 137

Barbazuk W.B., Korf I., Kadavi C., Heyen J., Tate S., Wun E., Bedell J.A., 

McPherson J.D., Johnson S.L. The syntenic relationship of the zebrafish 

and human genomes. Genome Res 2000; 10: 1351-1358. 

Bardakci F., Ozansoy U., Koptagel E. A comparison of oogenesis under 

constant and fluctuating temperatures in doctor fish, Garra rufa 

(Teleostei: Cyprinidae). The World Wild Web Journal of Biology, and 

international publication of Express Inc 2000. 

Barngrover D., Thomas J., Thilly W.G. High density mammalian cell 

growth in leibovitz bicarbonate-free medium: effects of fructose and 

galactose on culture biochemistry. J Cell Sci 1985; 78: 173-189. 

Bass L.D., Denniston D.J., Maclellan L.J., McCue P.M., Squires E.L. 

Methanol as cryoprotectant for equine embryos. Reprod Fertil Dev 2004; 

16(2): 163-164. 

Begin I., Bhatia B., Baldassarre H., Dinnyes A., Keefer C.L. 

Cryopreservation of goat oocytes and in vivo derived 2- to 4- cell 

embryos using the cryoloop (CLV) and solid-surface vitrification (SSV) 

methods. Theriogenology 2003; 59: 1839-1850. 

Ben-Amotz A., Rosenthal H. Cryopreservation of marine unicellular algae 

and early life stage of fish for use in mariculture. Eur Maricult Soc 

Special Publ 1981; 6: 149-162. 

Billard R., Zhang T. Techniques of genetic resource banking in fish, In: 

Cryobanking the Genetic Resource: Wildlife Conservation for the Future? 

Eds. Watson P.F. and Holt W.V. Taylor and Francis, London, 2001. pp. 

145-170. 

Blackburn, H.D. Development of national animal genetic resource 

programs. Reprod Fertil Dev 2004; 16: 27-32. 

Blaxter J.H.S. Sperm storage and cross-fertilization of spring and autumn 

spawning herring. Nature 1953; 172: 1189-1190. 



 138

Bradbury D.A., Simmons T.D., Slater K.J., Crouch S.P. measurement of 

the ADP:ATP ratio in human leukaemic cell lines can be used as an 

indicator of cell viability, necrosis and apoptosis. J Immunol Methods 

2000; 240: 79-92. 

Brand K., William J.F., Weidemann M.J. Glucose and glutamine 

metabolism in rat thymocytes. Biochem J 1984; 221: 471-475. 

Breton B., Govoroun M., Mikolajczyk T. GTH I and GTH II secretion 

profiles during the reproductive cycle in female rainbow trout: relationship 

with pituitary responsiveness to GnRH-A stimulation. Gen Comp 

Endocrinol 1998; 111: 38-50. 

Browne R.K., Clulow J., Mahony M. Short-term storage of cane toad (Bufo 

marinus) gametes. Reproduction 2001; 121: 167-173. 

Brownlie A., Donovan A., Pratt S.J., Paw B.H., Oates A.C., Brugnara C., 

Witkowska H.E., Sassa S., Zon L.I. Positional cloning of the zebrafish 

sauternes gene: A model for congential sideroblastic anaeia. Nat Genet 

1998; 20: 244-250. 

Buono R.J., Linser P.J. Transient expression of RSVCAT in transgenic 

xebrafish make by electroporation. Mol Mar Biol Biotechnol 1992; 1: 271-

275. 

Cabrita E., Robles V., Chereguini O., Wallace J. C., Herráez M. P. Effect 

of different cryoprotectants and vitrificant solutions on the hatching rate 

of turbot embryos (Scophthalmus maximus). Cryobiology 2003; 47(3): 

204-213.  

Campbell C.M., Jalabert B. Selective protein incorporation by vitellogenic 

Salmo gairdneri oocytes in vitro. Ann Biol Anim Bioch Biophys 1979; 19: 

249-437. 

http://www.sciencedirect.com/science/journal/00112240
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236757%232003%23999529996%23475127%23FLA%23&_cdi=6757&_pubType=J&view=c&_auth=y&_acct=C000031898&_version=1&_urlVersion=0&_userid=610894&md5=5e03952503bc029b1819758acd5a7977


 139

Candy C.J., Wood M.J., Whittingham D.G. Restoration of a normal 

reproductive lifespan after grafting of cryopreserved mouse ovaries. Hum 

Reprod 2000; 15(6): 1300-1304. 

Candy C.J., Wood M.J., Whittingham D.G., Merriman J.A., Choudhury N. 

Fertilization and early embryology: Cryopreservation of immature mouse 

oocytes. Hum Reprod 1994; 9: 1738-1742. 

Carroll J., Gosden R.G. Physiology: Transplantation of frozen—thawed 

mouse primordial follicles. Hum Reprod 1993; 8: 1163-1167. 

Carroll J., Whittingham D.G., Wood M.J., Telfer E., Gosden R.G. Extra-

ovarian production of mature viable mouse oocytes from frozen primary 

follicles. J Reprod Fertil 1990; 90: 321-327. 

Carroll J., Wood M.J., Whittingham D.G. Normal fertilization and 

development of frozen-thawed mouse oocytes: protective action of 

certain macromolecules. Biol Reprod 1993; 48: 606-612. 

Cecconi S., Capacchietti G., Russo V., Berardinelli P., Mattioli M., Barboni 

B. In vitro growth of preantral follicles isolated from cryopreserved ovine 

ovarian tissue. Biol Repord 2004; 20: 12-17. 

Cerda J., Calman B.G., LaFleur G.J. Jr., Limesand S. Pattern of 

vitellogenesis and follicle maturational competence during the ovarian 

follicular cycle of Fundulus heteroclitus. Gen Comp Endocrinol 1996; 

103(1): 24-35. 

Chao N.H., Lin T.T., Chen T.L., Hsu H.W., Liao I.C. Cryopreservation of 

early larvae and embryos in oyster and hard clam. Aquaculture 1997; 

155: 31-44. 

Chen S.L., Tian Y.S. Cryopreservation of flounder (Paralichthys alivaceus) 

embryos by vitrification. Theriogenology 2005; 63: 1207-1219. 

http://www.ncbi.nlm.nih.gov/pubmed/8812325?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8812325?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8812325?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 140

Cloud J.G. Erdahl A.L., Graham E.F. survival and continued normal 

development of fish embryos after incubation at reduce temperature. 

Trans Am Fish Soc 1988; 117: 503-506. 

Cooper A, Paynter SJ, Fuller BJ, Shaw TW. Differential effects of 

cryopreservation on nuclear or cytoplasmic maturation in vitro in 

immature mouse oocytes from stimulated ovaries. Hum Reprod 1998; 

13: 971-978. 

Cooper A., Paynter S.J., Fuller B.J., Shaw R.W. Differential effects of 

cryopreservation on nuclear or cytoplasmic maturation in vitro in immature 

mouse oocytes from stimulated ovaries. Hum Reprod 1998; 13(4): 971-

978.  

Corley-Smith G.E., Lim C.J., Brandhorst B.P. Production of androgenetic 

zebrafish (Danio rerio). Genetics 1996; 142: 1265–1276. 

Cortvrindt R., Smitz J., Van Steirteghem A.C. Ovary and ovulation: A 

morphological and functional study of the effect of slow freezing followed 

by complete in-vitro maturation of primary mouse ovarian follicles. 

Human Reproduction 1996; 11: 2648-2655. 

Cossins A.R., The adaptation of membranes structure and function to 

temperature. In: Cellulat Acclimatisation to Environmental Change Eds. 

Cossin A.R. and Sheterline P. Cambridge University Press, Cambridge, 

1983. pp. 1-32.  

Cox S.L., Shaw J., Jenkin G. Transplantation of cryopreserved fetal 

ovarian tissue to adult recipient in mice. J Reprod Fertil 1996; 107: 315-

322. 

Critser J.K., Arneson B.W., Aaker D.V., Huse-Benda A.R., Ball G.D. 

Factors affecting the cryosurvival of mouse two-cell embryos. J Reprod 

Fertil 1988; 82: 27-33. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Cooper%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Paynter%20SJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fuller%20BJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Shaw%20RW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Hum%20Reprod.');


 141

Critser J.K., Huse-Benda A.R., Aaker D.V., Arneson B.W., Ball G.D. 

Cryopreservation of human spermatozoa. III. The effect of 

cryoprotectants on motility. Fertil Steril 1988; 50: 314–320. 

Czlonkowska M., Papis K., Guszkievicz A., Kossakowski M., Eysymont U. 

Freezing of sheep embryos in 3.0M methanol. Cryo Letters 1991; 12: 11-

16. 

Delgado M, Valdez Jr, Miyamoto A, Hara T, Seki S, Kasai M, Edashige K. 

Expression of aquaporin-3 improves the permeability to water and 

cryoprotectants of immature oocytes in the medaka (Oryzias latipes). 

Cryobiology 2005; 50: 93-102. 

Denniston R.S., Michelet S., Godke R.A. Principles of cryopreservation. In: 

Cryopreservaton in Aquatic Species Eds. Tierch T.R. and Mazik P.M.  

Baton Rouge, LA, World Aquaculture society, 2000. pp. 59-74. 

DeVries A.L., Wohlschlag D.E. Freezing resistance in some antartic fishes. 

Science 1969; 163: 1074. 

Diller K.R. Intracellular freezing: effect of extracellular supercooling. 

Cryobiology 1975; 12: 480-485. 

Dinnyes A., Baranyai B., Magyary I., Urbanyi B., DohyJ., Solti L. Studies 

on chilling sensitivity of African catfish (Clarias gariepinus) embryos. Pro 

13th Int Conf Anim Reprod 1996; pp. 10-15 Abstract. 

Dinnyes A., Dai Y., Jiang S., Yang X. High developmental rates of vitrified 

bovine oocytes following parthenogenetic activation, IVF, and somatic 

and nuclear transfer. Biol Reprod 2000; 63: 513-518. 

Dinnyes A., Urbanyi B., Baranyai B., Magyary I. Chilling sensitivity of carp 

(Cyprinus carpio) embryos at different developmental stages in the 

presence or absence of cryoprotectants: Work in progress. 

Theriogenology 1998; 50: 1-13. 



 142

Dobrinsk J.R. Cellular approach to cryopreservation of embryo. 

Theriogenology 1996; 45: 17-26. 

Dobrinsky J.R., Graves C.N., Johnson L.A. Effects of cryopreservation on 

the viability of porcine oocytes. Cryobiology 1995; 32: 578 Abstract. 

Drobins E.Z., Crowe L.M., Berger T., Anchordoguy T.J., Overstreet J.W., 

Crowe J.H. Cold shock damage is due to lipid phase transition in cell 

membranes: A demonstration using sperm as a model. J Exp Zool 1993; 

265: 432-437. 

Edidin M. A rapid quantitative fluorescence assay for cell damage by 

cytotoxic antibodies. J. Immunol 1970; 104: 1303. 

Eichenlaub-Richter U., Shen Y., Tinneberg H.R. Manipulation of the 

oocyte: possible damage to the spindle apparatus. Reprod Biomed 

Online 2002; 5:117-124. 

Erdahl D.A., Graham E.F. Preservation of gametes of freshwater fish, in 

Proc.Int. Congress Anim Reprod. Artificial Insemin 1980; pp. 317-326. 

Erickson G.A., Bolin S.R., Landgraf J.K. Viral contamination of fetal bovine 

serum used for tissue culture: Risk and concerns, Developments in 

Biological standardization, 1991; 75: 173-175. 

Eriksson, B. M., J. M. Vazquez, E. A. Martinez, J. Roca, X. Lucas, and H. 

Rodriguez-Martinez. Effects of holding time during cooling and of type of 

package on plasma membrane integrity, motility and in vitro oocyte 

penetration ability of frozen-thawed boar spermatozoa. Theriogenology 

2001; 55:1593-1605.  

Eroglu A., Toner M., Leykin L., Toth T.L. Cytoskeleton and polyploidy after 

maturation and fertilization of cryopreserved germinal vesicle-stage 

mouse oocytes. J Assist Reprod Genet 1998 15:447-454. 



 143

Eto Y., Tsuji T., Takezawa M., Takano S., Yokogawa Y., Shibai H. 

Purification and characterization of erythroid differentiation factor (EDF) 

isolated from human leukemia cell line THP-1. Biochem Biophys Res 

Commun 1987; 142: 1095-1103. 

Fabbri R., Porcu E., Marsella T., Rocchetta G., Venturoli S., Flamigni C. 

Human oocyte cryopreservation: new perspectives regarding oocyte 

survival. Hum Reprod. 2001 16:411-416. 

Fahy G.M. Biological effects of vitrification and devitrification. In: The 

Biophysics of Organ Preservation Eds. Pegg D.E. and Darow A.M. Jr. 

Plenum Publishing Corp., New York, 1987. pp. 265-297. 

Fahy G.M. The relevance of cryoprotectant ‘toxicity’ to cryobiogy. 

Cryobiology 1986; 23: 1-13. 

Fahy G.M., Levy D., Ali S.E. some emerging principles underlying the 

physical properties, biological actions and utility of vitrification solutions. 

Cryobiology 1987; 24: 196-213. 

Fahy G.M., MacFarlane D.R., Angel C.A., Meryman H.T. Vitrification as an 

approach to cryopreservation. Cryobiology 1984; 21: 407-726. 

Farrant J. General observations on cell preservation. In: Low temperature 

preservation in medicine and biology Eds. Aswood-Smith M.J. and 

Farrant J. Pitman Medical, Tunbridge Wells, 1980. pp. 1-18.  

Farrant, J., C. A. Walter, L. Heather, and L. E. McGann. Use of two-step 

cooling procedure to examine factors influencing cell survival following 

freezing and thawing. Cryobiology 1977; 14:273-286.  

Fauvel C., Omnes M.H., Suquet M., Normant Y. Reliable assessment aof 

overripening in turbot (Scophtalmus maximus) by a simple pH 

measurement. Aquaculture 1993; 117: 107-113. 



 144

Findlay J.K. An update on the roles of inhibin, activin and follistatin as local 

regulators of folliculogenesis. Biol Reprod 1993; 48: 15-23. 

Franks F. Biophysics and Biochemistry at Low Temperarures, Cambridge 

University Press, New York. 1985. 

Franks F., Mathias S.F., Galfre P., Webster S.A.D., Brown D. Ice 

nucleation and freezing in undercooled cells. Cryobiology 1983; 20: 298-

309. 

Frommer W., Archer L., Boon B., Brunius G., Collins C.H., Crooy P., 

Dobihoff-Dier O., Donikian R., Economidis J., Fontali C. Safe 

biotechnology (5), recommendation for safe work with animals and 

human cell cultures concerning potential human pothogens. Applied 

Microbiology Biotechnology 1993; 39: 141-147. 

Fujikawa S. The effect of various cooling rates on the membrane 

ultrastructure of frozen human erythrocytes and its relation extent of 

haemolysi after thawing. J Cell Sci 1981; 49: 369-382. 

Fuller B.J., Lane N., Benson E.E. Life in the Frozen state. CRC Press, 

Boca Raton, FL, 2004.  

Garcia-Diaz M.M., Lorente M.J., Gonzalez J.A., Tuset V.M. Morphology of 

the ovotestis of Serranus atricauda (Teleostei, Serranidae). Aquat Sci 

2002; 64: 87-96, 1015-1621. 

Ghetler Y., Yavin S., Shalgi R., Arav A. The effect of chilling on membrane 

lipid phase transition in human oocytes and zygotes. Hum Reprod 2005; 

12: 3385-2289.  

Goetz F.W., Nagahama Y. Effects of pH on in vitro ovulation of goldfish 

(Carassium auratus) oocytes. J Exp Zool1985; 235: 81-85. 

Goetz F.W., Theofan G. In vitro stimulation of germinal vesicle breakdown 

and ovulation of yellow perch (Perca flavescens) oocytes. Effect of 17α-



 145

hydroxy-20ß-dihydroprogesterone and prostaglandins. Gen Comp 

Endocrinol 1979; 37: 273-285. 

Gomez J.M., Weil C., Ollitrault M., Le Bail P.Y., Breton B., Le Gac F. 

Growth hormone (GH) and gonadotropin subunit gene expression and 

pituitary and plasma changes during spermatogenesis and oogenesis in 

rainbow trout (Oncorhynchus mykiss). Gen Comp Endocrinol 1999; 113: 

413-428. 

Gosden R.G., Aubard Y. Transplantation of ovarian and Testicular Tissue. 

Medical Intelligence Unit, T. Landes Press, Austin, TX, 1996. 

Goto M, Holgersson J, Kumagai-Braesch M, Korsgren O. The ADP/ATP 

ratio: Anovel predictive assay for quality assessment of isolated 

pancreatic islets. Am J Transplant 2006; 6, 2483-2487.  

Griffiths J.B., Cox C.S., Beadel D.J., Hunt C.J., Reid D.S. Changes in cell 

size during the cooling, warming and post-thawing periods of the 

freezing-thaw cycle. Cryobiology 1979; 16: 141-151. 

Griffiths J.B., Doyle A. Cell and Tissue Culture for medical Reseach, 

Wiley, Chichester, 2000. 

Groombridge J.J., Jones C.G., Bruford M.W. Nichols R.A. ‘Ghost’ alleles of 

the Maurities Kestrel. Nature 2000; 403: 616. 

Grout B.W.W., Morris G.J. Freezing and cellular organization. In: Effect of 

Low Temperatures on Biological Systems Eds. Grout B.W. and Morris 

G.J. Arnold, London,  1987. pp. 147-173.  

Guan M, Rawson DM, Zhang T. Cryopreservation of zebrafish (Danio 

rerio) oocytes using controlled slow cooling protocols. Cryobiology 2008; 

56: 204-208. 



 146

Guan M., Zhang T., Rawson D.M. Effects of improved controlled slow 

cooling protocols on the survival of zebrafish (Danio rerio) oocytes. 

Cryobiology 2006; 53, 377-378.  

Gwo J.C. Cryopreservation of aquatic invertebrate seman: A review. 

Aquacult Res 2000; 31: 259-271. 

Haga T. On the subzero temperature preservation of fertilized eggs of 

rainbow trout. Bull Jpn Soc Sci Fisheries 1982; 48: 1569-1572. 

Hagedorn M., Hsu E.W., Pilatus U., Wildt D.E., Rall W.F., Blackband S.J. 

Magnetic resonance microscopy and spectroscopy reveal kinetics of 

cryoprotectant permeation in a multicompartmental biological system. 

Proc Natl Acad Sci USA 1996; 93 (15): 7454-7459. 

Hagedorn M., Kleinhans F.W., Wildt D.E. Water permeability studies in 

dechorionated zebrafish embryos. Cryobiology 1996; 33: 646.  

Hagedorn M., Kleinhans F.W., Wilt D.E., Rall W.F. Chill sensitivity and 

cryoprotectant permeability of dechorionated zebrafish embryos, 

Brachydanio rerio. Cryobiology 1997; 34: 251-263. 

Hallauer C., Kronaurer G., Siegl G. Parvovirus contaminants of permanent 

human cell lines 1 virus isolation from 1960-1970, Arch Gesamte 

Virusforsch, 1971; 35: 80-90. 

Halpin D.M., Charlton H.M., Faddy M.J. Effects of gonadotrophin 

deficiency on follicular development in hypogonadal (hpg) mice. J Reprod 

Fertil 1986; 78(1): 119-125. 

Harp R., Leibach J., Black J., Keldahl C., Karow A. Cryopreservation of 

murine ovarian tissue. Cryobiology 1994; 31: 336-343. 

Hartling R.C., Kunkel J.G. Developemtnal fate of the yolk protein 

lipovitellin in embryos and larvae of winter flounder, Pleuronectes 

americanus. J Exp Zool 1999; 284; 686-695. 

http://www.ncbi.nlm.nih.gov/pubmed/3761262?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/3761262?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 147

Harvey B. Cooling of embryonic cell, isolated blastoderm and intact 

embryos of the zebrafish Brachydanio rerio to -196 ºC. Cryobiology 

1983; 20: 440-447. 

Harvey B., Ashwood-Smith M.J. Cryopretectant penetration and 

supercooling in the eggs of samonid fishes. Cryobiology 1982; 19: 29-40. 

Harvey B., Kelley R.N., Ashwood-Smith M.J. Cryopreservation of zebrafish 

spermatozoa using methanol. Can J Zool 1982; 60: 1867-1870. 

Hasegawa Y., Eto Y., Ibuki Y., Sugino H. Activin as autocrine and 

paracrine factor in the ovary. Horm Tes 1994; 41: 55-62. 

Henry M.A., Noiles E.E., Gao D., Mazur P., Critser J.K. Cryopreservation 

of human spermatozoa, IV, The effect of cooling rate and warming rate 

on the maintenance of motility, plasma membrane integrity, and 

mitochondrial function. Fertil Steril 1993; 60: 911-918. 

Hillier S.G. Current concepts of the roles of follicle stimulating hormone 

and luteinizing hormone in folliculogenesis. Hum Reprod 1994 ; 9(2): 188-

191.  

Hisaoka K.K., Battle H.I. The normal developmental stages of the 

zebrafish, Brachydanio rerio (Hamilton-Buchanan). J Morphol 1958; 102: 

311-328. 

Hisaoka K.K., Firlit C.F. The localization of nucleic acids during oogenesis 

in the zebrafish. Am J Anat 1962; 110: 203-216. 

Hochi S, Ito K, Hirabayashi M, Ueda M, Kimura K, Hanada A. Effect of 

nuclear stages during IVM on the survival of vitrified-warmed bovine 

oocytes. Theriogenology 1998; 49:787-796. 

Hoffmann N., Bischof J. The cryobiology of cryosurgical injury. Urology 60, 

Suppl 2002; 24: 40-49. 

http://www.ncbi.nlm.nih.gov/pubmed/8027271?ordinalpos=28&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8027271?ordinalpos=28&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 148

Holt W.V., Bennett P.M., Voloboueu V., Waston P.F. Genetic resource 

banks in wildlife conservation. J Zool 1996; 238: 531. 

Holt W.V., Pickard A.R. Role of reproductive technologies and genetic 

resource banks in animal conservation. Rev Reprod 1999; 4: 143-150. 

Hovatta O., Silye R., Abir R., Krausz T., Winston R.M.L. Extracellular 

matrix improves survival of both stored and fresh human primordimal and 

primary ovarian follicles in long-term culture. Hum Reprod 1997; 12: 

1032-1036. 

Isachenko E.F., Nayudu P.L. Vitrification of mouse germinal vesicle 

oocytes: effect of treatment temperature and egg yolk on chromatin and 

spindle normality and cumulus integrity. Hum Reprod 1999; 14: : 400-

408. 

Isachenko V., Soler C., Isachenko E., Perez-Sanchez F., Grishchenko V. 

Vitrification of immature porcine oocytes: effects of lipid droplets, 

temperature, cytoskeleton, and addition and removal of cryoprotectant. 

Cryobiology 1998; 36:250-253. 

Isayeva A., Zhang T., Rawson D.M. Studies on chilling sensitivity of 

zebrafish (Danio rerio) oocytes. Cryobiology 2004 Oct; 49(2):114-22. 

Iwamatsu T., Takahashi S.Y., Sakai N., Nagahama Y., Onitake K. 

Induction and inhibition of in vitro oocyte maturation and production of 

steroids in fish follicles by forskolin. J Exp Zool 1987; 241: 101-111. 

Iwamatsu,T. Stages of normal development in the medaka Oryzias latipes. 

Zoolog Sci 1994; 11: 825–839. 

Jaenicke R. Enzymes under extremes of physical conditions. Annual 

Review of Biophysica Acta 1981;512: 472-479. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15351683&query_hl=1&itool=pubmed_docsum


 149

Jain M.K. Nonrandom lateral organization in bilayers and biomembranes. 

In: Membrane Fluidity in Biology Ed. Aloia R.C. Academic press, New 

York, 1983. pp. 1-37. 

Jalabert B. In virto oocyte maturation and ovulation in rainbow trout (Salmo 

gairdneri), northern pika (Essox lucius), and goldfish (Carassius auratus). 

J Fish Res Board Can 1976; 33: 974-988. 

James JS, Jacques C, Steen W. Detrimental effects of sodium during 

mouse oocyte cryopreservation. Biol Reprod 1998; 59: 395-400. 

Jaoul A., Roubard P. Resistance de l de carpe commune (Cyprinus 

caropio L. Cypprinidae) a des chocs termiques chauds ou froids. Can J 

Zool 1982; 60: 3409-3419. 

Jobst K., Kellermayer N. Sodium-induced changes in the nuclei of 

monolayer HeLa cultures. J Cell Sci 1972; pp. 669-673.  

Jones K.H., Senft J.A. An improved method to determine cell viability by 

simultaneous staining with fluorescein diacetate-propidium iodide. J 

Histochem Cytochem 1985; 33(1):77-79. 

Kagawa H., Tanaka H., Okuzawa K., Hirose K. Development of 

maturational competence of oocytes of red seabream, Pagrus major, 

after human chorionic gonadotropin treatment in vitro requires RNA and 

protein synthesis. Gen Comp Endocrinol 1994; 94: 199-206. 

Kagawa H., Tanaka H., Okuzawa K., Kobayashi M. GTH II but not GTH I 

induces final maturation and the development of maturational 

competence of oocytes of red seabream in vitro. Gen Comp Endocrinol 

1998; 112: 80-88. 

Karlsson J. A theoretical model of intracellular devitrification. Cryobiology 

2001; 42: 154-169. 



 150

Karlsson J.O.M., Ergolu A., Toth Th.L., Cravalho E.G., Toner M. 

Fertilization and development of mouse oocytes cryopreserved using a 

theoretically optimized protocol. Hum Reprod 1996; 11(6): 1296-1305. 

Kimmel C. Genetics and early development of zebrafish. Trends Genet 

1989; 5: 283-288. 

King P.A., Rosholt M.N., Storey K.B. Adaptations of plasma membrane 

glucose transport facilitate cryoprotectant distribution in freeze tolerant 

frogs. Am J Physiol 1993; 265: 1036-1042. 

Klyachko O.S., Pololsukhina E.S., Ozernyuk N.D. The effects of 

temperature and chorionic gonadotropin on the functional properties of 

lactate dehydorgenase from oocytes of loach Misgurnus fossilis. Comp 

Biochem Physiol 1995; 111b: 517-521. 

Kobayashi J., Mizunuma H., Kikuchi N., Liu X., Andoh K., Abe Y., Yokota 

H., Yamada K., Ibuki Y., Hagiwara H. Morphological assessment of the 

effect of growth hormone on preantral follicles from 11-day-old mice in an 

in vitro culture system. Biochem Biophys Res Commun 2000; 268: 36-

41. 

Kohli G., Clelland E., Peng C. Potential targets of transforming growth 

factor-beta I during inhibition of oocyte maturation in zebrafish. Reprod 

Biol Endocrinol 2005; 3: 53-63. 

Kohli G., Hu S., Clelland E., Muccio T.D., Rothenstein J., Pang C. Cloning 

of transforming growth factor-ß1 (TGF- ß1) and its type II receptor from 

zebrafish ovary and role of TGF- ß1 in oocyte maturation. Endocrinology 

2003; 144: 1931-1941. 

Kondo T., Yanagawa T., Yoshida N., Yamashita. Introduction of cyclin B 

induces activation of the maturation-promoting factor and breakdown of 

germinal vesicle in growing zebrafish oocyte unresponsive to the 

maturation-inducing hormone. Dev Biol 1997; 190: 142-152. 



 151

Koshimoto C., Mazur P. Effects of cooling and warming to and from -70 

degrees C, and effect of further cooling from -70 to -196 degrees C on 

the motility of mouse spermatozoa. Biol Reprod 2002; 49: 114-122. 

Krishan A. Rapid flow cytofluorometric analysis of mammalian cell cycle by 

propodium iodide staining. J Cell Biol 1975; 66: 188. 

Kuchnow K.P., Foster R.S. Thermal tolerance of stored fundulus 

heteroclitus gametes: fertilisability and survival of embryos. J Fish Res 

Board Can 1976; 33: 676-680. 

Kumar T.S., Ijiri S., Trant J.M. Molecular biology of the channel catfish 

gonadotropin receptors: 2. Complementary DNA cloning, functional 

expression, and seasonal gene expression of the follicle-stimulating 

hormone receptor. Biol Reprod 2001; 65: 710-717. 

Kumar T.S., Ijiri S., Trant J.M. Molecular biology of the channel catfish 

gonadotropin receptors: 1. Cloning of functional luteinizing hormone 

receptor and preovulatory induction of gene expression. Biol Reprod 

2001; 64: 1010-1018. 

Kwok H. F., So W. K., Wang Y., Ge W. Zebrafish gonadotropins and their 

receptors: I. cloning and characterization of zebrafish follicle-stimulating 

hormone and luteinizing hormone receptors— evidence for their distinct 

functions in follicle development. Biol Reprod 2005; 72, 1370–1381. 

Lahnsteiner F. Cryopreservation protocols for sperm of salmonid fishes. In: 

Cryopreservation in Aquatic Species Eds. Tiersch T.T. and Mazik P.M. 

The World Aquaculture Society, Baton Rouge, Louisiana, USA., 2000. 

pp, 91-100. 

Lahnsteiner F., Weismann T., Patzner R.A. Composition of the ovarian 

fluid in 4 salmonid species: Oncorhynchus mykiss, Salmo trutta 

flacustris, Salvelinus alpinus and Hucho hucho. Reprod Nutr Dev 1995; 

35: 465-474. 



 152

Lahnsteiner F., Weismann T., Patzner R.A. Methanol as cryoprotectant 

and the suitability of 1.2 ml and 5 ml straws for cryopreservation of 

semen from salmonid fishes. Aquacult Res 1997; 28: 471. 

Lahnsteiner, F. Semen cryopreservation in the Salmonidae and in the 

northern pike; in special issue: cryopreservation of gametes in aquatic 

species. Aquacult Res 2000; 31: 245-258. 

Lassalle B., Testart J., Renard J.P. Human embryo features that influence 

the success of cryopreservation with the use of 1,2 propanediol. Fertil 

Steril 1985; 44(5): 645-651. 

Le Gal F, Massip A. Cryopreservation of cattle oocytes: Effects of meiotic 

stage, cycloheximide treatment, and vitrification procedure. Cryobiology 

1999; 38: 290-300. 

Lee M.D., King L.S., Agre P. The aquaporin family of water channel 

proteins in clinical medicine. Medicine 1997; 76(3): 141-155. 

Leff D. Zebrafish: a virus with a backbone. Mosaic 1992; 23: 25-35. 

Legault R. A technique for controlling the time of daily spawning and 

collecting of eggs of the zebrafish, Brachydanio rerio (Hamilton-

Buchanan). Copeia 1958; 4: 328-330. 

Leibo S.P. Cryobiology: Preservation of mammalian embryos. Basic Life 

Sci 1986; 37: 251-272. 

Leibo S.P. Fundametal cryobiology of mouse ova and embryos. In: The 

freezing of Mammalian Embryos, edited by K. Elliot and J. Whelan; 

Elserier, Amsterdam, 1977. 

Leibo S.P. Preservation of ova and embryos by freezing. In: New 

Technologies in Animal Breeding Eds. Brackett B.G. and Seidel S.M. 

Academic Press, New York, 1981. pp. 27-139. 



 153

Leibo S.P. Water permeability and its activation energy of fertilized and 

unfertilized mouse ova. J Membr Biol 1980; 53: 179-188. 

Leibo S.P., Farrant J., Mazur P., Hanna M.G., Jr., Smith L.H. Effects of 

freezing on marrow stem cell suspensions: interactions of cooling and 

warming rates in the presence of PVP, sucrose, or glycerol. Cryobiology 

1970; 6: 315-332. 

Leibo S.P., Martino A., Kobayashi S., Pollard J.W. Stage-dependent 

sensitivity of oocyte and embryos to low temperature. Anim Reprod Sci 

1996; 42: 45-53. 

Leibo S.P., Songsasen N. Cryopreservation of gamets and embryos of 

non-domestic animals. Theriogenology 2002; 57: 303-326. 

Leung L.K.P. Princilples of biological cryopreservation. In: Fish evolution 

and systematics: evidence from spermatozoa Ed. Jamieson B.G.M. New 

York, 1991. 

Li S., Mao Z., Han W., Sun Z., Yan W., Chen H., Yan S. In vitro oocyte 

maturation in the zebrafish, Brachio rerio, and the fertilization and 

development of the mature egg. Chin J Biol 1993; 19(4): 247-255. 

Li T., Phillips D.M., Mather J.P Activin promotes ovarian follicle 

development in vitro. Endocrinology 1995; 136: 849-856. 

Li X.L., Su T., Li W.Ji., Dinneys A. Vitrification of Yunnan yellow cattle 

oocytes: work in progress. Theriogenology 2002; 58: 1253-1260. 

Lin T.T., Chao N.H. Cryopreservation of eggs and embryos of shellfish. In: 

Cryopreservation in Aquatic Species Eds. Tiersch T.R. and Mazik P.M. 

The World Aquaculture Society, Baton Rouge, LA, 2000. pp. 240-250. 

Ling N., Ying S.Y., Ueno N., Shimasaki S., Esch F., Hotta M., Guillemin T. 

Pituitary FSH is released by a heterodimer of the ß-subunits from the two 

forms of inhibin. Nature 1986; 321: 779-782. 



 154

Linhart O., Kudo S., Billard R., Slechta V., Mikodina E.V. Morphology, 

composition and fertilization of carp eggs. Aquaculture 1995; 129: 75-93. 

Liu K., Chou T., and Lin H. Cryosurvival of gold fish embryos after subzero 

freezing. Aquat Living Resour 1993; 6:145-153. 

Liu X., Andoh K., Abe Y., Kobayashi J., Yamada K., Mizunuma H., Ibuki Y. 

A comparative study on transforming growth factor-ß and activin A for 

preantral follicles from adult, immature, and diethylstilbestrol-primed 

immature mice. Endocrinology 1999; 140: 2480-2485. 

Liu X., Andoh K., Yokota H, Kobayashi J., Abe Y., Yamada K., Mizunuma 

H., Ibuki Y. Effect of growth hormone, activin and follistain on the 

development of preantral follicle from immature female mice. 

Endocrinology 1998; 139:2342-2347. 

Liu X.H, Zhang T, Rawson DM. Effect of cooling rate and partial removal 

of yolk on the chilling injury in zebrafish (Danio rerio) embryos. 

Theriogenology 2001; 55: 1719-1731. 

Liu X.H., Pan H., Mazur P. Permeation and toxicity of ethylene glycol and 

methanol in larvae of Anopheles gambiae. J Exp Biol 2003; 206: 2221-

2228.  

Liu X.H., Zhang T.T., Rawson D.M., Effect of cooling rate and partical 

removal of yolk on the chilling injury in zebrafish (Danio rerio) embryos. 

Theriogenology 2001; 55: 1719-1731. 

Liu XH, Zhang T, Rawson DM. Differential scanning calorimetry studies of 

intraembryonic freezing and cryoprotectant penetration in zebrafish 

(Danio rerio) embryos. J Exp Zool 2001; 290: 299-310. 

Liverini G., Iossa S., Barletta A. The effect of cold exposure on rat liver 

mitochondrial respiratory capacity. Comp Biochem Physiol 1991; 98(4): 

583-585. 



 155

Loken M.R., Stall A.M. Flow cytometry as an analytical and preparative 

tool in immunology. J Immunol Meth 1982; 50: R85. 

Lovelock J.E. The mechanism of the protective action of glycerol against 

haemolysis by freezing and thawing. Biochim Biophys Acta 1953; 11: 28-

36. 

Luyet B. Anatomy of the freezing process in physical systems. In: 

Cryobiology Ed. Meryman H.T. 1966. pp. 115-138.  

Luyet B.J. The vitrification of  organic colloids and of protoplasm. 

Biodynamica 1937; 1: 1-14. 

Maddock B.G. A technique to prolong the incubation period of brown trout 

ova. Progressive Fish-Cult 1974; 36: 219-222. 

Magistrini M., Szollosi D. Effects of cole and of isopropyl-N-

Phenylcarbamate on the second Meiotic spindle of mouse oocytes. Eur J 

Cell Biol 1980; 22: 699-707. 

Magnus T., Ar A., Lubzens E. Permeability and toxicity of 3H DMSO to 

developing ornamental carp eggs. Proc Reprod Physiol 5th Inter Symp 

Austin, Tx, 1996. 

Magyary I., Dinnyes A., Varkonyi E., Szabo T., Varadi L. Cryopreservation 

of fish embryos and embryonic cells. Aquaculture 1996; 137: 103-108. 

Martino A., Pollard J.W., Leibo S.P. Effect of chilling bovine oocyte on their 

development competence. Mol Reprod Dev 1996; 45: 503-512. 

Mather J.P., Moore A., Li R.H. Activins, inhibins and follistatins: further 

thoughts on a growing family of regulators. Proc Soc Exp Biol Med 1997; 

215: 209-222. 

Matova N., Cooley L. Comparative aspects of animal oogenesis. Dev Biol 

2001; 230. 



 156

Mattson B.A., Albertini D.F. Oogenesis: chromatin and microtubule 

dynamics during meiotic prophase. Mol Reprod Dev 1990; 25: 374-383. 

Mazur P. Causes of injury in frozen and thawed cells. Fed Proc 1965; 24: 

75-182. 

Mazur P. Equilibrium, quasi-equilibrum, and non-equilibrium freezing of 

mammalian embryos. Cell Biophys 1990; 17: 53-92. 

Mazur P. Freezing of living cells: Mechanisms and implications. Am J 

Physiol 1984; 247: 125-142. 

Mazur P. Kinetics of water loss from cells at subzero temperatures and the 

likelihood of intracellular freezing. J Gen Physiol 1963; 47: 347-369. 

Mazur P. Physical and chemical basis of injury in single-celled micro-

organisms subjected to freezing and thawing. In: Cryobiology Ed. 

Meryman H.T. Academic Press, San Diego, CA, 1966. pp. 214-315. 

Mazur P. Principles of cryobiology. In: Life in the Frozen state Ed. Fuller 

B.J., Lane N. and Benson E.E. CRC Press, Boca Raton, FL, 2004. 

Mazur P. Stopping biological time. The freezing of living cells. Ann N Y 

Acad Sci 1988; 541: 514-531. 

Mazur P. The role of intracellular freezing in the death of cells cooled at 

supraoptimal rates. 1977; Cryobiology 14 (3): 251–272. 

Mazur P., Cole KW. Roles of unfrozen fraction, salt concentration and 

changes in cell volume in the survival of frozen human erythrocytes. 

Cryobiology 1989; 26: 1-29. 

Mazur P., Leibo S.P., Chu E.H.Y. A two-factor hypotesis of freezing injury. 

Exp Cell Res 1972; 71: 345-355. 



 157

Mazur P., Rall W.F., Rigopoulos N. Relative contributions of the fraction of 

unfrozen water and of salt concentration to the survival of slowly frozen 

human erythrocytes. Biophys J 1981; 36: 653-665. 

Mazur P., Rigopoulos N. Contributions of unfrozen fraction and of salt 

concentration to the survival of slowly frozen human erythrocytes: 

Influence of warming rates. Cryobiology 1983; 20: 274-289. 

Mazur P., Schneider U., Mahowald A.P. Characteristics and kinetics of 

subzero chilling injury in Drosophila embryos. Cryobiology 1992; 29: 39-

68. 

McGann L.E., Farant J. Survival of tissue culture cells frozen by a two-step 

procedure to -196 °C. I. Holding temperature and time. Cryobiology 

1976; 13: 261-268. 

Meduri G., Charnaux N., Driancourt M.A. Combettes L., Granet P., 

Vannier B., Loosfelt H., Milgrom E. Follicle-stimulating hormone 

receptors in oocytes? J Clin Endocr Metab. 2008; 87 (5): 2266-2276. 

Miralles A., Martine E., Pujol N., Garcia A., Philipatos D., Shaw J. 

Ultrastructural changes in mouse oocytes cooled in absence of freezing. 

Cryobiology 1989; 26: 540. 

Mochida K., Wakayama, Takano K., Noguchi Y., Yamamoto Y., Suzuki O., 

Oguru A., Matsuda J. Successful cryopreservation of Mongolian gerbil 

embryos by vitrification. Theriogenology 1999; 51: 171. 

Morris G.J., Clarke A. Cells at low temperatures. In: Effect of Low 

Temperatures on Biological Systems Eds. Grout B.W. and Morris G.J. 

Arnold, London, 1987. pp. 72-119.  

Morris G.J., Watson P.F. Cold shock injury-A comprehensive bibliography. 

CryoLetters 1984; 5: 352-372. 



 158

Muldrew K., McGann L.E. Cryobiology - A Short Course. Online textbook. 

Copyright 1997. Dept. of  Physiology & Biophysics, and Dept. of Surgery, 

Unviersity of Calgary; Dept. of Pathology, University of Alberta, Alberta, 

Canada, 1990. 

Muldrew K.,  McGann L.E. The osmotic rupture hypothesis of intracellular 

freezing injury. Biophys J 1994; 66: 532-541. 

Nagahama Y., Hirose K., Young G., Adachi S., Suzuki K., Tamaoki B.  

Relative in vitro effectiveness of 17 alpha, 20 beta-dihydroxy-4-pregnen-3-

one and other pregnene derivatives on germinal vesicle breakdown in 

oocytes of ayu (Plecoglossus altivelis), amago salmon (Oncorhynchus 

rhodurus), rainbow trout (Salmo gairdneri), and goldfish (Carassius 

auratus). Gen Comp Endocrinol 1983; 51(1): 15-23 

Nagahama Y., Kagawa H., Tashiro F. The in vitro effects of various 

gonadotropins and steroid hormones on oocyte maturation in amago 

salmon Oncorhynchus rhodurus and rainbow trout Salmo gairdneri. Bull 

Jpn Soc Sci Fisheries 1980; 46: 1097-1102. 

Nahapetian A.T., Thomas J.N., Thilly W.G. Optimization of  environment 

for high density Vero cell culture: effect of dissolved oxygen and nutrient 

supply on cell growth and changes in metabolites. J Cell Sci 1986; 81: 

65-103. 

Naidenko T., Kol’tsova E.A. Using antioxidant echinochrome A for 

cryopreservation of sea urchin embryos and larvae. Biol. Morya 

(Vladivostok) 1998; 24: 198-201. 

Newton H., Aubard Y., Rutherford A., sharma V., Gosden R. Low 

temperature storage and grafting of human ovarian tissue. Hum Reprod 

1996; 11(7): 1487-1491. 

Olive P.J.W., Wang W.B. Cryopreservation of Nereis virens (Polychaeta, 

Annelida) larvae: The mechanism of cryopreservation of a differentiated 

metazoan. Cryobiology 1997; 34: 284-294. 

http://www.cell.com/biophysj/issue?pii=S0006-3495%2894%29X7219-8


 159

Onizuka N., Kator K., Egami N. Mass cooling of embryos and fry of the fish 

(Oryzias latipes). Cryobiology 1984; 21: 709-710. 

Orvar B.L., Sangwan V., Omann F., Dhindsa R.S. Early steps in cold 

sensing by plant cells: the role of cryoskeleton and membrane fluidity. 

Plant J 2000; 23: 785-794. 

Palase AT, Mapletoft RJ. Cryopreservation of mammalian embryos and 

oocytes: Recent advances. Biotechnol Adv 1996; 14: 127-149. 

Pang Y., Ge W. Activin stimulation of zebrafish oocyte maturation in vitro 

and its potential role in mediating gonadotropin-induced oocyte 

maturation. Biol Reprod 1999; 61: 987-992. 

Pang Y., Ge W. Gonadotropin and activin enhance maturational 

competence of oocytes in the zebrafish (Danio rerio). Biol Reprod 2002a; 

66: 259-265. 

Pang Y., Ge W. Gonadotropin regulation of activin ßA and activin type IIA 

receptor expression in the ovarian follicle cells of the zebrafish, Danio 

rerio. Mol Cell Endocrinol 2002b; 188: 195-205. 

Paniagua-Chavez C., Supan J., Buchana J., Tiersch T.R. Settlement and 

growth of eastern oyster produced from cryopreserved larvae. 

CryoLetters 1998; 19: 283-292. 

Paniagua-Chavez C.G., Tiersch T.R. Laboratory studies of 

cryopreservation of sperm and trochophore larvae of the eastern oyster. 

Cryobiology 2001; 43(3): 211-223. 

Park SE, Son WY, Lee SH, Lee KA, Ko JJ, Cha KY. Chromosome and 

spindle configurations of human oocytes matured in vitro after 

cryopreservation at the germinal vesicle stage. Fertil Steril 1997; 68: 

920-926. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Paniagua-Chavez%20CG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tiersch%20TR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Cryobiology.');


 160

Patino R., Bolamba D., Thomas P., Kumakura N. Effects of external pH on 

hormonally regulated ovarian follicle maturation and ovulation in Atlantic 

croaker. Gen Comp Endocrinol 2005; 141: 126-134. 

Patino R., Kagawa H. Regulation of gap junctions and oocyte maturational 

competence by gonadotropin and insulin-like growth factor-I in ovarian 

follicles of red seabream. Gen comp Endocrinol 1999; 115: 454-462. 

Patino R., Sullivan C.V. Ovarian follicle growth, maturation, and ovulation 

in teleost fish. Fish Physiol Biochem 2002; 26: 57-70. 

Patino, R., Thomas, P. Characterization of membrane receptor activity for 

17a, 20b,21-trihydroxy-4-pregnen-3-one in ovaries of spotted seatrout 

(Cynoscion nebulosus). Gen. Comp. Endocrinol. 1990; 78: 204–217. 

Pearl M., Arav A. Chilling sensitivity in zebrafish (Brachiodanio rerio) 

oocytes is related to lipid phase transition. CryoLetters 2000; 21: 171-

178. 

Pegg D.E., Diaper M.P. Freezing versus vitrification; basic principles. 

Boston, Kluwer Acedemic Publisher, 1990. pp. 55-69. 

Pelegri F. Maternal factors in zerafish development. Dev Dyn 2003; 228: 

535-554. 

Petrino T.R., Greeley M.S. Jr., Selman K., Lin Y.W., Wallace R.A. 

Steroidogenesis in Fundulus heteroclitus. II. Production of 17 alpha-

hydroxy-20 beta-dihydroprogesterone, testosterone, and 17 beta-estradiol 

by various components of the ovarian follicle. Gen Comp Endocrinol 1989; 

76(2): 230-240. 

Pickering S.J., Braude P.R., Johnson M.H. Cryopreservation of human 

oocytes: inappropriate exposure to DMSO reduces fertilization rates. 

Hum Reprod 1991; 6: 142-143. 

http://www.ncbi.nlm.nih.gov/pubmed/2591717?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2591717?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2591717?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 161

Pickering S.J., Johnson M.H. The influence of cooling on the organization 

of the meiotic spindle of the mouse oocyte. Hum Reprod 1987; 2:207-

216 

Picton H.M., Danfour M.A., Harris S.E., Chambers E.L., Huntriss J. Growth 

and maturation of oocytes in vitro. Reprod Suppl 2003; 61: 445-462. 

Pitt R., Steponkus P. Quantitative analysis of the probability of intracellular 

ice formation during freezing of isolated protoplasts. Cryobiology. 1989; 

26:44-63. 

Plachinta M. Studies on cryopreservation of zerafish (Danio rerio) oocytes 

using controlled slow cooling, Luton Institute of Research in the Applied 

Natural Sciences, University of Bedfordshire, Luton, 2007; pp. 146-181. 

Plachinta M., Zhang T., Rawson D.M. Studies on cryoprotectant toxicity to 

zebrafish (Danio rerio) oocytes. CryoLetters 2004; 25(6):415-24. 

Polge C., Smith A.U., Parkes A.S. Revival of spermatozoa after vitrification 

and dehydration at low temperatures. Nature 1949; 164: 666. 

Porcu E. Oocyte freezing. Semin Reprod Med 2001; 19: 221-230. 

Postlethwait J.H., Tan Y.L., Gates M.A., Horne S., Amores A., Brownlie A., 

Donovan A., Egan E.S., Force A., Gong Z., Goutel C., Fritz A., Kelsh R., 

Knapik E., Liao E., Paw B., Ransom D., Joly J.S., Larhammar D., Rosa 

F., Westerfield M., Zon L.I., Talbot W.S. Vertebrate genome evolution 

and the zebrafish gene map. Nat Genet 1998; 18: 345-349. 

Prat F., Sumpter J.P., Tyler C.R. Validation of radioimmunoassay for two 

salmon gonadotropins (GTH I and GTH II) and their plasma 

concentrations throughout the reproductive-cycle in male and female 

rainbow trout (Oncorhynchus mykiss). Biol Reprod 1996; 54: 1375-1382. 

Quinn P.J. A lipid-phase separation model of low temperature damage to 

biological membranes. Cryobiology 1985; 22: 128-146. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15660168&query_hl=2&itool=pubmed_docsum


 162

Rall W.F. Factors affecting the survival of mouse embryos cryopreserved 

by vitrification. Cryobiology 1987; 24: 387-402. 

Rall W.F., Czlonkowski C., Barton S.C., Polge C. Cryoprotection of Day 4-

mouse embryos by methanol. J Reprod Fertil 1984; 70: 293-300. 

Rall W.F., Fahy G.M. Ice-free cryopreservation of mouse embryos at -196 

ºC by vitrification. Nature 1985; 313: 573-575. 

Rall W.F., Mazur P., McGrath J.J. Depression of the ice-nucleation 

temperature of rapidly cooled mouse embryos by glycerol and dimethyl 

sulphoxide. Biophys J 1983; 41: 1-12. 

Rana K.J. Preservation of gametes. In: Broodstock Management and Eggs 

and Larval Quality Eds. Bromage N.R. and Roberts R.J. Cambridge 

University Press, Cambridge, U.K. 1995. pp. 53-76. 

Rauen U., Polzar B., Stephan H., Mannherz H.G., Groot H. Cold-induced 

apoptosis in cultured hepatocytes and liver endothelial cells: mediation 

by reactive oxygen species. Faseb J 1999; 13: 155-168. 

Rawson D.M. Zhang T., Kalicharan D., Jongebloed W.L. FE-SEM and 

TEM studies of the chroion, plasma membrane and syncytial layers of 

the gastrula stage embryos of the zebrafish (Brachydanio rerio): A 

consideration of the strutureal and functional relationship with respect to 

cryoprotectant penetration. Aquault Res 2000; 31: 325-336. 

Renard P. Cooling and freezing tolerances in embryos of Pacific oyster 

Crassostrea gigas: methanol and sucrose effect. Aquaculture 1991; 92: 

43-57. 

Rich S.J., Swift S., Thirdborough S.M., Rumford G., James R.F., London 

N.J. Cryopreservation of rat islets of Langerhans: a comparison of two 

techniques. Cryobiology 1993; 30: 407-412. 



 163

Rieger D., Bruyas J.F., Lagneaux D., Bezard J., Palmer E. The effect of 

cryopreservation on the matabolic activity of Day-6.5 horse embryos. J 

Reprod Fertil Suppl 1991; 44: 411-417. 

Rienzi L, Martinez F, Ubaldi F, Minasi MG, Iacobelli M, Tesarik J, Greco E. 

Polscop analysis of meiotic spindle changes in living metaphase II 

human oocytes during the freezing and thawing procedures. Hum 

Reprod 2004; 19: 655-659. 

Riggio M., Filosa S., Parisi E., Scudiero R. Changes in Zinc, copper and 

metallothioein contents during oocyte growth and early development of 

the teleost Danio rerio (zebrafish). Comp Biochem Physiol 2003; 135: 

191-196. 

Robles V., Cabrita E., Fletcher G.L., Sheers M.A., King M.J., Herraez M.P. 

Vitrification assays with embryos from cold tolerant sub-arctic fish 

species. Teriogenology 2005; 64: 1633-1646. 

Ross L.S., Parrett T., Ester S.S., Jr. Axonogenesis and morphogenesis in 

the embryonic zebrafish brain. J Neurosci 1992; 12: 467-482. 

Rotman B., Papermaster B.W. Membrane properties of livivng mammalian 

cells as studied by enzymatic hydrolysis of fluorogenic esters. Proc Natl 

Acad Sci.USA 1966; 55: 134. 

Roubaud P., Chaillou C., Sjafei D. Variations cycliques de la tolerance a 

un choc thermique froid appliqué au cours de la segmentation de 

l’embryon de la carpe commune (Cyprinus caropio L.). Can J Zool 1985; 

63: 657-663. 

Rowe E.S. The effects of ethanol on the thermotropic properties of 

dipalmitoyphosphatidylcholine. Mol Pharmacol 1982; 22: 9-133. 

Rubinsky B., Arav A., De Vries A.L. Cryopreservation of oocyte using 

directional cooling and antifreeze glycoproteins. CryoLetters 1991; 12: 

93-106. 



 164

Rugh R. Experimental embryology, a manual of techniques and 

procedures. Burgess Pub. Co., New York, 1948. 

Ruppert-Lingham CJ, Paynter SJ, Godfrey J, Fuller BJ, Shaw RW. 

Developmental potential of murine germinal vesicle stage cumulus-oocyte 

complexes following exposure to dimethylsulphoxide or cryopreservation: 

loss of membrane integrity of cumulus cells after thawing. Hum Reprod 

2003; 18(2):392-398.  

Sakai A., Kobayashi S., Oiyama I. Cryopreservation of nuclear, cells of 

navel orange (Citrus Sinensis Osb. Var. Brasiliensis Tanaka) by 

vitrification. Plant Cell Reprod 1990; 9: 30-33. 

Sakai N., Burgess S., Hopkins N. Delayed in vitro fertilization of zebrafish 

eggs in Hank’s saline containing bovine serum albumin. Mol Mar Biol 

Biotechnol 1997; 6: 84-87. 

Sakai N., Burgess S., Hopkins N. Delayed in vitro fertilization of zebrafish 

eggs in Hank’s saline containing bovine serum albumin. Mol Mar Biol 

Biotechnol 1997; 6: 84–87. 

Salle B., Lornage J., Demirci B., Vaudoyer F., Poirel M.T., Franck M., 

Rudigoz R.C., Guerin J.F. Restoration of ovarian steroid secretion and 

histologic assessment after freezing, thawing and autograft of a hemi-

ovary in sheep. Fertil Steril 1999; 72: 366-370. 

Sanger J.W., Sanger J.M., Kreis T.E., Jockusch B.M. Reversible 

translocation of cytoplasmic actin into nucleus caused by dimethyl 

sulphoxyde. Proc Natl Acad Sci 1980; 77: 5268-5272. 

Sathananthan A.H., Kirby C., Trounson A., Philipatos D., Shaw J. The 

effects of cooling mouse oocytes. J Assist Reprod Genet 1992; 9: 139-

148. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ruppert-Lingham%20CJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Paynter%20SJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Godfrey%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fuller%20BJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Shaw%20RW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Hum%20Reprod.');


 165

Saunders K.M., Parks J.E. Effects of cryopreservation procedures on the 

cytology and fertilization rate of in vitro-matured bovine oocytes. Biol 

Reprod 1999; 61:178-187. 

Schiewe M.C., Tall W.F., Stuart L.D., Wildt D.E. Analysis of cryoprotectant, 

cooling rate and insitudilution using conventional freezing or vitrification 

for cryopreserving sheep embryos. Theriogenology 1991; 36: 279-293. 

Schmitt K.L., Hildebrandt T.B., Hermes R., Goritz F. Assisted reproductive 

technology in elephants, in 1st Internation Symposium on Assisted 

Reproductive Technology for the Conservation and Genetic 

Management of Wildlife, Henry Doorly Zoo, Omaha, Ne, 2001; pp. 22-24. 

Schneider U., Mazur P. Osmotic consequences of cryoprotectant 

permeability and its relation to the survival of frozen thawed embryos. 

Theriogenology 1984; 21: 68-78. 

Schneider U., Mazur P. Relative influence of unfrozen fraction and salt 

concentration on the survival of slowly frozen eight-cell mouse embryos. 

Cryobiology 1987; 24: 17-41. 

Schneider W. J. Vitellogenin receptors: oocyte-specific members of the 

low-density lipoprotein receptor supergene family. Int Rev Cytol  1996; 

166: 103-137. 

Schoots A.F.M. Stikkelbroeck J.J.M., Bekhuis J.F., Denuce J.M. Hatching 

in teleost fishes: Fine structure changes in the egg envelope during 

enzymatic breakdown in vivo and in vitro. J Ultra Res 1982; 80: 185-196. 

Schwartz G.J., Diller K.R. Intracellular freezing of human granulocytes. 

Cryobiology 1984; 21(6):654-60. 

Scott A.P., Baynes S.M. A review of the biology, handing and storage of 

salmonid spermatozoa. J Fish Biol 1980; 17: 707-739. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Schwartz%20GJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Diller%20KR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


 166

Seki S., Kouya T., Tsuchiya R., Valdez Jr D.M., Jin B., Hara T., Saida N., 

Kasai M., Edashige K. Development of a reliable in vitro maturation 

system for zebrafish oocytes. Reproduction 2008; 125: 285-292.  

Selman K., Petrino T., Wallace R. Experimental conditions for oocyte 

maturation in the zebrafish, Brachydanio rerio. J Exp Zool 1994; 269: 

538-550. 

Selman K., Wallace R.A., Sarka A., Qi X. Stages of oocyte development in 

the zebrafish Brachio rerio. J Morphol 1993; 218: 203-224. 

Shabana M., McGrath J.J. Cryomicroscope investigation and 

thermodynamic modeling of the freezing of unfertilized hamster ova. 

Cryobiology 1988; 30: 448-465. 

Shaw J.M., Oranratnachai A., Trounson A.O. Fundamental cryobiology of 

mammalian oocytes and ovarian tissue. Theriogenology 2000; 53: 59-72. 

Shimada K., Asahina E. Type of cell freezing and post-thawing survival of 

individual HeLa cells. Cryobiology 1972; 9: 51-56. 

Shimada K., Asahina E. Visualization of intracellular ice crystals formed in 

very rapidly frozen cells at -27 °C. Cryobiology 1975; 12: 209-218. 

Smith L.D., Ecker R.E. Role of the oocyte nucleus in physiological 

maturation in Rana pipiens. Dev Biol 1969; 19: 281-309. 

Smitz J., Cortvrindt R., Hu Y., Vanderstichele H. Effects of recombinant 

activin A on in vitro culture of mouse preantral follicles. Mol Reprod Dev 

1998; 50: 294-304.  

Smorag Z., Gajda B., Wieczorek B., Jura J. Stage-dependent viability of 

vitrified rabbit embryos. Theriogenology 1989; 31: 1227-1231. 

Song J.L., Wessel G.M. How to make an egg: transcriptional regulation in 

oocytes. Differentiation 2005; 73: 1-17. 



 167

Songsasen N., Yu I.J., Ratterree M.S., VandeVoort C.A., Leibo S.P. Effect 

of chilling on the organization of tubulin and chromosomes in rhesus 

monkey oocytes. Fertil Steril 2002; 77: 818-825. 

Southward J.H., Belzer F.O. New concepts in organ preservation. Clin 

Transplant 1993; 7: 134-137. 

Stachecki J.J. Willadsen S.M. Cryopreservation of mouse oocytes using 

medium with low sodium content: effect of plunge temperature. 

Cryobiology 2000; 40: 4-12. 

Stachecki J.J., Cohen J., Willadsen S.M. Cryopreservation of unfertilized 

mouse oocytes: the effect of replacing sodium with choline in the 

freezing medium. Cryobiology 1998a; 37: 346-354. 

Stachecki J.J., Cohn J., Willadsen S.M. Detrimental effect of sodium 

during mouse oocyte cryopreservation. Biol Reprod 1998b; 59: 395-400. 

Stein A., Fisch B., Tadir T., Ovadia J., Kraicer P.F. Cryopreservation of rat 

blastocysts: Acomparative study of different cryoprotectants and freezing 

/  thawing method, Cryobiology 1993; 30: 128-134. 

Steponkus P.L., Langis R., Fujikawa S. Cryopreservation of plant tissues 

by vitrification. In: Advances in low-temperature biology Ed. Steponkus 

P.L. JAI Press Ltd, London, England, 1992. pp. 1-61.  

Steponkus P.L., Myers S.P., Lynch D.V., Gardner L., Bronshteyn V., Leibo 

S. P., Rall W.F., Pitt R.E., Lin T.T., MacIntyre R.J. Cryopreservation of 

Drosophila melanogaster embryos. Nature 1990; 345: 170-172. 

Steponkus P.L., Myers S.P., Lynch D.V., Pitt R.E., Lin T.T., MacIntyre 

R.J., Leibo S.P., Rall W. F. Cryobiology of Drosophila rnelanogaser 

embryos. In : Insects at Low Temperature Eds. Lee R.E. and 

Denlinger,D.L. Chapman and Hall, Ltd., 1991. pp. 408-423. 



 168

Stojkovic M., Machado S.A., Stojkovic P., Zakhartchenko V., Hutzler P., 

Goncalves P.B., Wolf E. Mitochondrial distribution and adenosine 

triphosphate content of bovine oocytes before and after in vitro 

maturation: Correlation with morphological criteria and developmental 

capacity after in vitro fertilization and culture. Biol Reprod 2001; 64: 904-

909. 

Stoss J., Donaldson E.M. Studies on cryopreservation of eggs from 

rainbow trout (Salmo gairdneri) and coho salmon (Oncorhynchus 

Kisutch). Aquaculture 1983; 31: 51-65. 

Strehlow K., Gilbert W. A fate map for the first clevages of the zebrafish. 

Nature 1993; 361: 451-453. 

Streisinger G., Walker C., Dower N., Knauber K., Singer F. Production of 

clones of homozygous diploid zebrafish (Brachdanio rerio). Nature 1981; 

291: 293-296. 

Strussman C.A., Nakatsugawa H., Takashima F., Hasobe M., Suzuki T., 

Takai T. Cryopreservation of isolated fish blastomeres: Effect of cell 

stage, cryoprotectant concentration and cooling rate on post-thaw 

survival, Cryobiology 1999; 39: 252-261. 

Stuart G.W., Vielkind J.R., McMurry J.V., Westerfield M. Stable lines of 

transgenic zebrafish exhibit reproducible patterns of transgene 

expression. Development 1990; 109: 577-584. 

Sukhato, P.S. Thongsodseang, A. Utha, and N. Songsasen. Effects of 

cooling and warming conditions on post-thawed motility and fertility of 

cryopreserved buffalo spermatozoa. Anim Reprod Sci 2001; 67:67-77. 

Suquet M.D., Dreanno C., Fauvel C., Cosson J., Billard R. 

Cryopreservation of sperm in marine fish. Aquaculture Res 2000; 31: 

231-243.  



 169

Suszynski T.M., Wildey G.M., Falde E.J., Cline G.W., Maynard K.S., Ko 

N., Sotiris J., Naji A., Hering B.J., Papas K.K. The ATP/DNA ratio is a 

better indicator of islet cell viability than the ADP/ATP ratio. Transpl P 

2008; 40: 346-350.  

Suzuki T., Komatsu H., Miyajima K. Effects of glucose and its oligomers on 

the stability of freez-dried liposomes. Biochim Biophys Acta 1996; 1278; 

176-182. 

Swanson P. Salmon gonadotropins: reconciling old and new ideas. In: 

Scott A.P., Sumpter J.P., Kime D.E., Tolfe M.S., (eds.), Reproductive 

Physiology of Fish. Sheffield, UK: FishSymp 1991; 91: 2-7. 

Swanson P., Dickey J.T., Campbell B. Biochemistry and physiology of fish 

gonadotropins. Fish Physiol Biochem 2003; 28: 53-59. 

Swanson P., Dittman A. Pituitary gonadotropins and their receptors in fish. 

In: Kawshima S., Kikuyama S. (eds.), Advances in Comparative 

Endocrinology. Bologna, Italy: Monduzzi Editore; 1997: 841-856. 

Swanson P., Suzuki K., Kawauchi H., Dickhoff W.W. Isolation and 

characterization of two coho salmon gonadotropins, GTH I and GTH II. 

Biol Reprod 1991; 44: 29-38. 

Takahashi T., Inada S., Pommier G.G., O’Shea J.J., Brown E.J. Osmotic 

stress and the freez-thaw cycle cause shedding of Fc and C3b receptors 

by human polymorphonuclear leukocytes. J Immunol 1985; 134: 4062. 

Taylor M.J., Benton M.J. Interaction of cooling rate, warming rate, and 

extent of permeation of cryoprotectant in determining survival of isolated 

rate islets of Langerhans during cryopreservation. Diabetes 1987; 36: 59-

65. 

Tervit H.R., Adams S.L., Roberts R.D., McGowan L.T., Pugh P.A., Smith 

J.F., Fanke A.R. Successful cryopreservation of Pacific oyster 

(Crassostrea gigas) oocytes. Cryobiology 2005; 51(2): 142-151. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tervit%20HR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Adams%20SL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Roberts%20RD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22McGowan%20LT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pugh%20PA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Smith%20JF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Smith%20JF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Janke%20AR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Cryobiology.');


 170

Tharasanit T, Colenbrander B, Stout TAE. Effect of maturation stage at 

cryopreservation on post-thaw cytoskeleton quality and fertilizability of 

equine oocyte. Mol Reprod Dev 2006; 73: 627-637.  

Thomas F.H., Armstrong D.G., Telfer E.E. Activin promotes oocyte 

development in ovine preantral follicles in vitro. Reprod Biol Endocrinol 

2003; 1: 76. 

Tiersch T.R. Introduction. In: Cryopreservation in Aquatic Species Eds. 

Tiersch T.R. and Mazik P.M. Baton Rouge, LA, World Aquaculture 

Society, 2000. 

Tiersch T.R., Mazik P.M. Cryopreservation in Aquatic Species. The World 

Aquaculture Society, Baton Rouge, LA. 2000. 

Tildon J.T., Roeder L.M. Glutamine oxidation by dissociated cells and 

homogenates of rat brain: Kinetics and inhibitor studies. J Neurochem 

1984; 42: 1069-1076. 

Toner M., Cravalho E.G., Stachecki J., Fitzgerald T., Tompkins R.G., 

Tarmuch M.L., Armant D.R. Nonequilibrium freezing of one-cell mouse 

embryos. Biophys 1993; 64: 1980-1921. 

Toshimori K., Yasuzumi F. The morphology and the function of the oocyte 

chorion in the teleost, Plecoglossus altivelis. J Electron Microscopy 1976; 

25: 210. 

Trombetta C., Liguori G., Gianaroli L., Magli M.C., Selman H.A., Colpi G., 

Belgrano E., Vitali G., Ferraretti A.P. Testicular sperm extraction 

combined with cryopreservation of testicular tissue in treatment of 

azoospermia. Urologia internationalis 2000; 65: 15-29. 

Trounson A., Peura A., Freemann L., et al. Ultrarapid freezing of early 

cleavage stage human embryos and eight – cell mouse embryos. Fertil 

Steril 1988; 49: 822-826.  



 171

Tsvetkov T, Naydenova Z. Activity of ATP synthetase complex after low 

temperature treatment or freez-drying of mitochondria isolated from 

skeletal muscles, Cryobiology 1987; 24:  280-284. 

Tsvetkova L.I., Cosson J., Linhart O., Billard R. Motility and fertilizing 

capacity of fresh and frozen-thawed spermatozoa in sturgeons Acipenser 

baeri and A. ruthenus. J Appl Ichthyol 1996; 12: 107-112. 

Tucker M.J., Morton P.C., Wright G., Sweitzer C.L., Massey J.B. Clinical 

application of human egg cryopreservation. Hum Reprod 1998; 13(11): 

3156-3159. 

Tyler C.R., Sumpter J.P. Oocyte growth and developemtn in telosts. Rev 

Fish Biol Fish 1996; 6: 287-318. 

Tyler C.R., Sumpter J.P., Kawauchi H., Swanson P. Involvement of 

gonadotropin in the uptake of vitellogenin into vitellogenic oocytes of the 

rainbow trout, Oncorhynchus mykiss. Gen Comp Endocrinol 1991; 84: 

291-299. 

Tze W.J., Tai J. Successful banking of pancreatic endocrine cells for 

transplantation. Metabolism 1990; 39: 719-723. 

Valdez M.D.Jr., Miyamoto A., Hana T., Edashige K., Kasai M. Sensitivity of 

chilling of medaka (Orysias latipes) embryos at various developmental 

stage. Theriogenology 2005; 64: 112-122. 

Vale W., Privier J., Vaughan J., McClintock T., Corrigan A., Woo W., Karr 

K., Spiess J. Purification and characterization of an FSH releasing 

protein from porcine ovarian follicular fluid. Nature 1986; 321: 776-779. 

Van Blerkom J, Sinclair J, Davis P. Mitochondria transfer between 

oocytes; potential applications of mitochondrial donation and the issue of 

heteroplasmy. Hum Reprod 1998; 13: 2857-2868. 

http://www.ncbi.nlm.nih.gov/pubmed/9853874?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9853874?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 172

Van Blerkom J. Maturation at high frequency of germinal-vesicle-stage 

mouse oocytes after cryopreservation: alterations in cytoplasmic, nuclear, 

nucleolar and chromosomal structure and organization associated with 

vitrification. Hum Reprod 1989; 4(8):883-898. 

Van der Elst J., Nerinckx S., Van Steirteghem A.C. In vitro maturation of 

mouse germinal vesicle-stage oocytes following cooling, exposure to 

cryoprotectants and ultrarapid freezing: limited effect on the morphology 

of the second meiotic spindle. Hum Reprod 1992; 7:1440-1446. 

Van Uem J., Siebzehnurbl E.R., Schuh B. Birth after cryopreservation of 

unfertilizd oocytes. Lancet 1987; 1: 752-753. 

Veprintsev B.N., Rott N.N. Genome Conservation, Academy of Sciences 

of the USSR, Puschinology 1980; pp. 1-49. 

Vincent C., Garnier V., Heyman T., Renard J.P. Solvent effects on 

cytoskeletal organization and in vivo survival after freezing of rabbit 

oocytes. J Reprod Fertil 1989; 87: 809-820. 

Visintin J.A., Garcia J.F., Pantano T., Ortiz M.E., D’Avila A. 

Cryopreservation of mouse morulae in glycerol, sucrose and honeybee 

royal jelly. Braz J Vet Res Anim Sci 2000; 37a (4). 

Wallace R.A., Jared D.W. Protein incorporation by isolated amphibian 

oocytes: specificity for vitellogenin incorporation. J Cell Biol 1976; 69: 

345-351. 

Wallace R.A., Selman K. Cellular and dynamic aspects of oocyte growth in 

Teleosts. Am Zool 1981; 21: 325-343. 

Wallace R.A., Selman K. Ultrastructural aspects of oogenesis and oocyte 

growth in fish and amphibians. J Electron Microsc Tech 1990; 16: 175-

201. 

http://www.ncbi.nlm.nih.gov/pubmed/2693483?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2693483?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2693483?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2693483?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 173

Walsh J.R., Diller K.R., Brand J.J. Measurement and simulation of water 

and methanol transport in algal cells. J Biomech Eng 2004; 126: 167. 

Wang X.N., Greenwald G.S. Synergistic effects of steroids with FSH on 

folliculogenesis, steroidogenesis and FSH- and hCG-receptors in 

hypophysectomized mice. J Reprod Fertil. 1993; 99(2): 403-413. 

Wang Y., Ge W. Gonadotropin regulation of follistatin expression in the 

cultured ovarian follicle cells of zebrafish, Danio rerio. Gen Comp 

Endocrinol 2003; 134; 308-315. 

Wang Y., Ge W. Involvement of cyclic adenosine 3’, 5’-monophosphate in 

the differential regulation of activin ßA and ßB expression by 

gonadotropin in the zebrafish ovarian follicle cells. Endocrinology 2003; 

144: 491-499. 

Wang Y., Newton H., Spaliviero J.A., Allan C.M., Marshan B., Handelsman 

D.J., Illingworth P.J. Gonadotropin control of inhibin secretion and the 

relationship to follicle type and number in the hpg mouse. Biol Reprod 

2005; 73(4): 610-618.  

Warga R.M., Kimmel C.B. Cell movements during epiboly and gastrulation 

in zebrafish. Development 1990; 108: 569-580. 

Watson P.E., Morris G.J. Cold shock injury in animal cells. Symp Soc Exp 

Biol 1987; 41: 311-340. 

Watson P.F., Holt W.V. Cryobanking the Genetic Resource. Taylor and 

Francis, London, 2001. 

Weil C., Bougoussa-Houadec M., Gallais C., Itoh S., Sekine S., and 

Valotaire Y. Preliminary evidence suggesting variations of GtH 1 and 

GtH 2 mRNA levels at different stages of gonadal development in 

rainbow trout, Oncorhynchus mykiss. Gen Comp Endocrinol 1995; 100: 

327-333. 

http://www.ncbi.nlm.nih.gov/pubmed/8107022?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8107022?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8107022?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15917350?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15917350?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


 174

Wessel G.M., Brooks J.M., Green E., Haley S., Voronina E., Wong J., 

Zaydfuim V., Conner S. The biology of cortical granules. Int Rev Cytol 

2001; 209: 117-206. 

Wessel M.T., Ball B.A. Step-wise dilution for removal of glycerol from fresh 

and cryopreserved equine spermatozoa. Anim Reprod Sci 2004; 84:147-

56. 

Westerfield M. The zebrafish book: A Guide for the Laboratory Use of 

Zebrafish (Brachydanio rerio). Eugene: University of Oregon Press, 

1993. 

Whittingham D. G., Leibo S. P., Mazur P. Survival of mouse embryos 

frozen to -196°C and -269°C. Science 1972; 178: 411–414. 

Whittingham D.G., Rosenthal H. Attempts to preserve herring embryos at 

subzero temperatures. Arch FishWiss 1978; 29: 75-79. 

Wildt D.E., Rall W.F., Critser J.K., Monfort S.L., Seall U.S. Genome 

resource banks. Bioscience 1997; 47: 689-698. 

Willadsen S.M. Factors affecting the survival of shep embryos during 

freezing and thawing. Ciba Found Symp 1977; 52: 175-201. 

Wood M.J., Candy C.J., Holt W.V. Gamete and embryo cryopreservation 

in rodents, In ‘Cryobanking the Genetic Resouce. Wildlife conservation 

for the future?’, P.F. Watson and W.V. Holt (Eds.), Taylor and Francis, 

London, 2001; pp. 229-266. 

Woods E., Zieger M., Gao D.Y., Critser J.K. Equations for obtaining 

melting points for the ternary system ethylene glycol/sodium 

chloride/water and their application to cryoperservation. Cryobiology 

1999; 38: 403-407. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wessel%20MT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ball%20BA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Anim%20Reprod%20Sci.');


 175

Wu B., Tong J., Leibo S.P. Effect of cooling germinal vesicle-stage bovine 

oocytes on meiotic spindle formation following in vitro maturation. Mol 

Reprod Dev 1999; 54: 388-395. 

Wu M.Ch., Lee Hs.M. Vitrification of porcine oocytes. J Chinese Soc Anim 

Sci 1996; 25(1): 35-51. 

Wu T., Patel H., Mukai S., Melino C., Garg R., Ni X., Chang J., Peng C. 

Activin, inhibin and follistatin in zebrafish ovary: expression and role in 

oocyte maturation. Biol Reprod 2000; 62: 1585-1592. 

Yamamoto, N. Effect of dimethyl sulfoxide on cytosolic ionized calcium 

concentration and cytoskeletal organization of hepatocytes in a primary 

culture. Cell Struct Funct 1989;14: 75–85. 

Yamanaka K.I., Aono N., Yoshid H., Sato E. Cryopreservation and in vitro 

maturation of germinal vesicle stage oocytes of animals for application in 

assisted reproductive technology. Reprod Med Biol 2007; 6: 61-68. 

Yi G., Kejun G., Xiaoguang T. Oocyte retrieval and in vitro maturation from 

frozen thawed human ovarian cortex transplanted in immune suppressed 

mice. Chin Med J 2001; 14(11): 85-91. 

Zampolla T, Rawson DM, Zhang T. Development of new viability 

assessment methods for zebrafish (Danio rerio) oocytes. Cryobiology 

2006; 58: 16.  

Zell S.R. Cryopreservation of gametes and embryos of salmonid fish. Ann 

Biol Anim Biochim Biophys 1978; 18: 1089-1099. 

Zenzes M.T., Bielecki R., Casper R.F., Leibo S.P., Effects of chilling to 0 

degrees C on the morphology of meiotic spindles in human metaphase II 

oocytes. Fertil Steril 2001; 75: 769-777. 



 176

Zeron Y., Pearl M., Borochov A., Arav A. Kinetic and temporal factor 

influence chilling injury to germinal vesicle and mature bovine oocytes. 

Cryobiology 1999; 38: 35-42. 

Zhang T, Isayeva A, Adams SL, Rawson DM. Studies on membrane 

permeability of zebrafish (Danio rerio) oocytes in the presence of 

different cryoprotectants. Cryobiology 2005; 50: 285-293. 

Zhang T. Investigations into the cryopreservation of zebrafish 

(Brachydanio rerio) embryos. Ph.D Thesis, University of Luton, 1994.  

Zhang T., Rawson D.M. Studies on chilling sensitivity of zebrafish 

(Brachydanio rerio) embryos. Cryobiology 1995; 32: 239-246. 

Zhang T.T., Rawson D.M. Feasibility studies on vitrification of intact 

zebrafish (Brachydanio rerio) embryos. Cryobiology 1996; 33: 1-13. 

Zhang T.T., Rawson D.M. Permeability of dechorionated 1-cell and 6-

somite stage zebrafish (Brachydanio rerio) embryos to water and 

methanol. Cryobiology 1998; 37: 13-21. 

Zhang T.T., Rawson D.M., Morris G.J. Cryopreservation of pre-hatch 

embryos of zebrafish (Brachydanio rerio). Aquat Living Resour 1993; 6: 

145-153. 

Zhang X.S., Zhao L., Hua T.C., Chen X.H., Zhu H.Y. A study on the 

cryopreservation of common carp (Cyprinus caropio) embryos. 

CryoLetters 1989; 10: 271-278. 

Zhu Y., Aida K., Furukawa K., Hanyu I. Development of sensitivity to 

maturation-inducing steroids and gonadotropins in the oocytes of the 

tobinumeri-dagonet, Repomucenus beniteguri Callionymidae (Teleostei). 

Gen Comp Endocrinol 1989; 76: 250-260. 

Zhu Y., Rice C. D., Pang Y., Pace M., Thomas P. Cloning, expression, and 

characterization of a membrane progestin receptor and evidence it is an 



 177

intermediary in meiotic maturation of fish oocytes. PNAS 2003; 

100:2231-2236. 

 

Appendix: Publications 

The following co-authored publications were produced during the course of 

the research project: 

Tsai S., Rawson D.M., Zhang T. Studies on chilling sensitivity of early 

stage zebrafish (Danion rerio) oocytes. Cryobiology 2007; 364-365. 

[Abstract] 

Tsai S., Rawson D.M., Zhang T. Studies on cryoprotectant toxicity to early 

stage zebrafish (Danio rerio) ovarian follicles. CryoLetters 2008; 29(1): 84-

85. [Abstract] 

Tsai S., Rawson D.M., Zhang T. Studies on cryoprotectant toxicity to early 

stage zebrafish (Danion rerio) ovarian follicle. CryoLetters 2008; 29: 477-

483. 

Tsai S., Rawson D.M., Zhang T. Development of cryopreservation 

protocols for early stage zebrafish (Danio rerio) ovarian follicles using 

controlled slow cooling. Theriogenology 2009 (In Press). 

Tsai S., Rawson D.M., Zhang T. Studies on chilling sensitivity of early 

stage zebrafish (Danion rerio) oocytes. Cryobiology 2008 (In Press). 

 

 

 


	Paniagua-Chavez C.G., Tiersch T.R. Laboratory studies of cryopreservation of sperm and trochophore larvae of the eastern oyster. Cryobiology 2001; 43(3): 211-223.
	Ruppert-Lingham CJ, Paynter SJ, Godfrey J, Fuller BJ, Shaw RW. Developmental potential of murine germinal vesicle stage cumulus-oocyte complexes following exposure to dimethylsulphoxide or cryopreservation: loss of membrane integrity of cumulus cells after thawing. Hum Reprod 2003; 18(2):392-398. 
	Tervit H.R., Adams S.L., Roberts R.D., McGowan L.T., Pugh P.A., Smith J.F., Fanke A.R. Successful cryopreservation of Pacific oyster (Crassostrea gigas) oocytes. Cryobiology 2005; 51(2): 142-151.

