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STUDIES ON CRYOPRESERVATION OF ZEBRAFISH 
(DANIO RERIO) OOCYTES USING CONTROLLED 

SLOW COOLING AND VITRIFICATION 
Mo Guan 

ABSTRACT 

Cryopreservation of gametes provides a promising method to preserve fish genetic 
materials, which offers many benefits to the fields of aquaculture, conservation and 
biomedicine. Although successful cryopreservation of spermatozoa of about 200 fish 
species has been achieved, systematic studies on cryopreservation of fish oocytes 
have only recently been undertaken. The objective of the present studies was to use 
zebrafish as a model system to develop a cryopreservation protocol for fish oocytes 
and to develop reliable viability assessment methods for monitoring zebrafish oocyte 
viability both before and after cryopreservation.  

A simple and rapid enzymatic method for zebrafish oocytes isolation was developed 
and the investigations on cryopreservation of zebrafish oocytes using improved 
controlled slow cooling and vitrification were carried out. Oocyte viability following 
cryopreservation was investigated by ATP assay, oocyte viability molecular signature 
(OVMS) and cryomicroscopic observation in addition to staining methods. The 
optimum conditions for oocyte enzymatic separation were identified as 0.4mg/ml 
collagenase or 1.6mg/ml hyaluronidase treatment for 10min at 22ºC and this method 
can be used for oocytes at all stages. The use of sodium free medium (KCl buffer), 
fast warming and 4-step removal of cryoprotectants in an improved controlled slow 
cooling protocol significantly enhanced oocyte viability (67.5 ± 1.7%) when compared 
with a previous study (16.3 ± 2.3%) in this laboratory. Mixtures of cryoprotectants 
(methanol, Me2SO and propylene glycol), stepwise addition and removal of 
cryoprotectants in combination of a new vitrification system (CVA65 vitrification 
system) were used in vitrification studies. Oocyte survivals after vitrification assessed 
by trypan blue staining were relatively high (76.5 ± 6.3%) shortly after warming in KCl 
buffer. Furthermore, the result of ATP assay showed that ATP levels in oocytes 
decreased significantly after cryopreservation indicating the bioenergetic systems of 
oocytes were damaged. Cryomicroscopic observations demonstrated that 
Intracellular ice formation (IIF) is the main factor causing injuries during 
cryopreservation of zebrafish oocytes. The results provided by the present study will 
assist successful protocol design for cryopreservation of fish oocytes in the future. 
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CHAPTER 1    INTRODUCTION 

1.1 Introduction 

Living organisms will naturally decay and die and the structure and function of 

organisms will change and be lost with time. To stop or slow down the rate of 

deterioration of perishable goods, people have attempted to arrest the biological 

clock by removal of water or by a reduction in temperature below which normal 

biochemical reactions take place. Whilst cells and tissues may be injured or even 

killed when exposed to low sub-zero temperatures, at low sub-zero temperatures, 

such as (typically) − 196ºC (the boiling point of liquid nitrogen), they can also be 

maintained for extended periods of months, years or even centuries.  

The first cryobiology study can be traced back to Henry Power in 1600s in his 

experiments on freezing vinegar eels in salt water (Sittig, 1963). In 1683, Sir Robert 

Boyle in his monograph “New Experiments and Observations Touching Cold” 

documented the effects of freezing on living animals (Parks, 1957). Further research 

was continued through the 18th and 19th centuries, but it was not until the mid 1900’s 

that real progress was reported. In the late 1940s, Christopher Polge and his 

colleagues discovered the cryoprotective abilities of glycerol and successfully 

cryopreserved spermatozoa of chickens and cattle (Polge et al., 1949). This 

discovery was a milestone in low temperature biology, leading to the development of 

the science of cryobiology. In 1963, Peter Mazur conducted experiments using 

glycerol to model the mechanisms of freezing within cells (Mazur, 1963). Important 

progress in cryobiology was achieved in the second half of the 20th century and much 

progress resulted from empirical studies. In the last four decades, the development of 

fundamental theoretical cryobiology stimulated a great advance in its progress. 

http://en.wikipedia.org/wiki/Temperature�
http://en.wikipedia.org/wiki/Liquid_nitrogen�
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Cryobiology as an applied science is primarily concerned with low temperature 

preservation. The design and optimization of cryopreservation protocols continues to 

be a central topic in cryobiology research since the first report in 1949 of successful 

cryopreservation of spermatozoa of chickens and hatching of chicks following 

insemination (Polge et al., 1949). Cryopreservation provides storage of biological 

materials, such as living cells or tissues, in a state of suspended animation by a 

reduction in temperature to below -130ºC. At these low temperatures, any biological 

activity, including the biochemical reactions that would lead to cell death, is 

effectively stopped. In this state cells are safe from damage, but during the process 

of cooling to these temperatures and warming to physiological temperature, cells are 

exposed to mechanical, thermal and chemical stresses, that may result in many 

types of injury. Two major injuries that occur during cell and tissue expose to lowered 

temperatures are chilling injury, which is used to refer to the injury following exposure 

to low temperature without freezing, and freezing injury, which refers to cellular 

damage induced by freezing. As the temperature is decreasing during the process of 

cryopreservation, two major steps in the process are separated by the freezing point. 

One is called chilling, lowering the temperature from the physiological temperature to 

the freezing point; the other is freezing, further reducing the temperature to the 

storage temperature (Ghetler et al., 2005). 

1.2 Principles of cryobiology 

1.2.1 Chilling injury 

Chilling can reduce cell viability, in a form of damage known as chilling injury. Chilling 

injury may be distinguished from injury resulting from a high cooling rate (cold shock), 

which is probably due to osmotic damage (Mazur et al., 1992).  

http://en.wikipedia.org/wiki/Cell_death�
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There are several hypotheses of the mechanisms in chilling injury. Membrane lipid 

phase transitions have been proposed as the cause of injury to cells (Hays et al., 

2001). The cell membrane is a semipermeable lipid bilayer, which mainly consists of 

three classes of lipids: phospholipids, glycolipids and steroids (Alberts et al., 2002). It 

also contains a wide variety of integral membrane proteins, which are attributed to 

many cellular functions, such as cell signalling and ion transportation. Temperature 

has a profound effect on membrane fluidity due to membrane lipid phase transitions. 

Lipid in cell membranes undergo a liquid-to-gel phase transition in a range between 

0ºC and 20ºC, the temperature range of maximum chilling injury. During chilling, lipid 

phase transitions result in phase separation of membrane proteins and membrane 

leakiness, which may affect cell viability much more than its general structure. 

Methanol has been reported to reduce chilling injury during zebrafish embryos cold 

storage possibly due to the depression of phase transition temperatures in the lipid 

membranes (Zhang et al., 2003). Chilling injury occurs when human oocytes (Ghetler 

et al., 2005), bovine oocytes (Arav et al., 1996) and the cucumber fruit cells (Parkin 

and Kuo, 1989) membrane undergo transitions from the liquid state to the gel state, 

which indicates that lipid phase transitions may have a role in conferring chilling 

injury. 
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Figure 1.1 Lipids in cell membranes normally undergo a liquid-to-gel phase 

transition in a range between 0ºC and 20ºC (From Hays et al., 2001 ).  

Protein denaturation is also one of the causes of chilling injury. Proteins in 

membranes have an important role in cellular activities. Denaturation is the major 

change in protein caused by heat or low temperature, which results in disruption of 

cell activity and possibly cell death. Denatured proteins can exhibit a wide range of 

characteristics, from loss of solubility to communal aggregation (Lattman et al., 1994).  

Some of the effects of chilling are mediated by reactive oxygen species (ROS) 

(McKersie et al., 1990; Scandalios, 1993; Tsang et al., 1991). ROS include oxygen 

ions, free radicals, and peroxides. ROS form as a natural byproduct of the normal 

metabolism of oxygen and have important roles in cell signaling. However, during 

times of environmental stress ROS levels can increase dramatically, which can result 

in significant damage to cell structures. This cumulates in a situation known as 

oxidative stress. Chilling can induce oxidative stress (Sanchez-Ballesta et al., 2003). 

Under oxidative stress conditions, ROS may cause lipid peroxidation, protein 

denaturation and cell apoptosis (Prasad, 1996; Wood and Youle, 1995).  

http://en.wikipedia.org/wiki/Oxygen�
http://en.wikipedia.org/wiki/Ion�
http://en.wikipedia.org/wiki/Radical_%28chemistry%29�
http://en.wikipedia.org/wiki/Peroxide�
http://en.wikipedia.org/wiki/Oxygen�
http://en.wikipedia.org/wiki/Oxidative_stress�
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1.2.2 Freezing and warming injury 

During the process of cryopreservation, the challenge to cells is not their ability to 

endure storage at low temperature, because in the frozen state (usually at liquid 

nitrogen temperature at -196ºC) almost all the processes of biochemistry and 

physiology have slowed to a halt; but the potentially lethal intermediate zone of 

temperature (-15ºC to ～-60ºC) that they must traverse twice – once during cooling 

and once during warming (Mazur, 1963).  

1.2.2.1 Physical aspects during freezing 

During the freezing process, the cells are subjected to temperatures below the 

equilibrium freezing temperature of the bathing medium. With temperature reaching 

freezing point (at which the solid phase, ice, becomes stable), ice crystals will grow. 

As ice forms preferentially in the extracellular solution either by seeding or by 

heterogeneous nucleation, solute is rejected from the solid phase, consequently, the 

chemical potential of water in the partially frozen extracellular solution decreases. 

The increased osmotic pressure in the extracellular space creates an osmotic 

gradient across the cell’s plasma membrane which provides a driving force for water 

efflux from the cells (Mazur, 1963; Mazur et al., 1984). If the cooling process is slow 

enough, the cells respond by losing water through the semipermeable plasma 

membrane until transmembrane equilibrium is established. If cooling is too rapid, the 

rate at which the osmotic gradient in the extracellular solution increases is faster than 

the rate at which water can diffuse out of the cell and the end result is intracellular ice 

formation (IIF). There are several potential factors involved with freezing injury to 

animal cells. A two–factor hypothesis was suggested to explain cell injury during 

freezing (Mazur, 1970). This hypothesis states that cells are mainly liable to cellular 

dehydration and exposure to solution effects at low cooling rates but that at high 
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cooling rates mainly intracellular ice formation occurs and cells subjected to freezing 

can be killed in one of two ways: rapidly cooled cells appear to be killed by the 

formation of intracellular ice (Bank, 1973; Mazur, 1977), and slowly cooled cells are 

believed to be killed as a result of changes in extracellular solution composition 

accompanying extracellular freezing, which leads to damage or death. This has been 

called ‘solution effects injury’ (Lovelock and Bishop, 1959; Mazur, 1970). 

1.2.2.2 Rapid cooling injury 

During the cooling processes, two major physical events occur – the growth of ice 

and the loss of water from the cell. When the cooling rate is lower, this allows the cell 

to keep a balance of osmotic equilibrium between outside and inside of the cell by 

losing water at same rate as the growth of ice extracellularly. When the cooling rate 

is higher, the rate of ice growth is faster than intracellular water loss, and then the 

cytoplasm becomes supercooled. Supercooling is a liquid state during cooling when 

due to the lack of ice nucleation results in no ice forming even below its freezing point. 

This liquid state can be maintained as the temperature falls until homogeneous 

nucleation occurs. The probability of nucleation increases as the amount of 

supercooling increases. Increasing the cooling rate increases the amount of 

supercooling, which correlates with the likelihood of intracellular freezing (Muldrew et 

al., 2004). 

1.2.2.3 Intracellular freezing injury 

Understanding the mechanism of freezing induced cell injury is one of the most 

important issues in cryobiology in order to develop optimal protocols for 

cryopreservation. This is because water comprises 60 to 85% of cell and is the 

solvent for ions, organic solutes and many of the molecules necessary for the living 
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cells, it plays a central role in cryobiology and, more importantly, a central role in 

biology (Mazur, 2004). Water is essential for living cells during their normal 

physiological reactions, and it must be in the liquid state: ice is a much poorer solvent, 

and the diffusion in ice of solutes other than the hydroxyl ion is very low. Therefore 

there are almost no metabolic activities in organisms or tissues from which most of 

the water is removed, or in which most of the water is frozen. However, removal of 

most of the liquid water is usually fatal to cells due to the increased concentrations of 

solutes or the formation of intracellular ice (Wolfe and Bryant, 2001). 

Intracellular ice formation (IIF) is usually used as an indicator of cell death in 

cryopreservation. Intracellular ice formation (IIF) can be observed in cryomicroscopy 

as a sudden darkening (flashing) of the cytoplasm due to the formation of small ice 

crystals or microscopic gas bubbles which scatter light. 

The surface tension of water is a dominant factor contributing to the tertiary structure 

of proteins. Proteins in their native state are folded so that their hydrophobic regions 

are in contact with other hydrophobic groups rather than water. When liquid water 

becomes ice, the surface tension of ice is only half that of liquid water and the 

geometry with which it forms hydrogen bonds is different. As a result, proteins 

denature in ice. This denaturation may be irreversible (Wolfe and Bryant, 1992). 

When a cell suspension is cooled below its freezing point, water is removed from the 

solution in the form of ice. Because ice is nearly pure, the solutes in the remaining 

unfrozen water become more concentrated. The lower the temperature falls, the 

more the bathing medium is concentrated and the more toxic it is to cells. High 

concentrations of electrolytes also affect the native state of enzymes. Unfolding and 

denaturation of enzymes is also irreversible. Ice crystals maybe also mechanically 

damaged the cellular ultrastructure directly (Wolfe and Bryant, 2001). Cell injury 

associated with intracellular ice formation (IIF) is often related to the formation 
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(Farrant et al., 1977), recrystallization (Mazur et al., 1972), or melting (Farrant and 

Morris, 1973) of intracellular ice during freezing and warming. There are several 

hypotheses on the mechanism of the formation of intracellular ice:  

 When the cooling rates rise, the difference between the intracellular and 

extracellular osmotic pressures increases, and hence the degree of supercooling 

in the cytoplasm increases. At a certain critical degree of supercooling nucleation 

appear spontaneously in the cytoplasm (Scarth and Levitt, 1937). 

 Cytoplasm is nucleated through aqueous pores in the plasma membrane (Mazur, 

1961). 

 Electrical transients at the ice interface induce intracellular ice formation (IIF). 

Electrical transients are created at a growing ice interface in aqueous solutions 

by the selective exclusion of charged species from ice at the interface (Dowgert 

and Steponkus, 1983; Muldrew and McGann, 1990). 

1.2.2.4 Slow cooling injury 

Although cooling rates low enough to prevent intracellular freezing are generally 

necessary for survival, slow cooling itself can be injurious. During slow cooling, an 

optimum cooling rate allows sufficient water to leave the cell to keep the remaining 

cell water in near chemical potential equilibrium with extracellular water and ice 

throughout cooling. With an increase in the proportion of ice to unfrozen extracellular 

solution, the cells will dehydrate and the concentration of the endogenous solutes will 

rise. Concentrated solutes either inside or outside the cells can lead to cell injury. 

This is called solution effect injury (Mazur et al., 1972). Meanwhile, physical changes 
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to the cell induced by excessive cell shrinkage due to osmosis also damage the cell 

(Steponkus and Wiest, 1978). 

1.2.2.5 Solution effects injury 

When cells are frozen slowly in aqueous suspensions, the solutes in the bathing 

solution become more concentrated as the amount of ice increases. It has been 

generally thought that freezing injury is mediated by the increase in electrolyte 

concentration in the suspensions surrounding the cells, rather than reduction of 

temperature or any direct action of ice (Pegg and Diaper, 1988). As ice progressively 

forms in the solution, the concentrations of solutes increase to very high values. If 

cells are frozen in isotonic NaCl or PBS, the solutes are electrolytes. Concentrated 

electrolytes, including sodium, would appear to impart the majority of damages 

during freezing (Lovelock, 1954). High intracellular sodium concentrations that may 

result from freezing are incompatible with normal cell function, and sodium toxicity 

has been specifically suggested to be a major factor in cryopreservation-related cell 

damage (Stachecki et al., 1998a; Stachecki et al., 1998b; Stachecki and Willadsen, 

2000). Goud et al. (2000) have also shown the benefit of diminished Na+ in the 

freezing solution for preservation of human germinal vesicle and in vitro matured 

human oocytes. The possible reasons for enhanced oocyte survival under low Na+ 

conditions could be a solute effect, involving the transport of large amounts of Na+ 

across the cell membrane through the plasma membrane-associated Na+-K+ pump. 

In regular (i.e. relatively high Na+) media, excess Na+ may be pumped into the 

cytoplasm through Na+/K+ pump, but may be unable to be transported out during the 

freeze-warm process, leading to excess accumulation of intracellular Na and 

ultimately cell death following warming (Stachecki et al., 1998a). 
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1.2.3 Cryoprotective agents 

Cryopreservation is a procedure where cells are preserved by cooling to low subzero 

temperatures. This usually requires the addition of compounds which can offer cells 

protection during freezing and warming. These compounds are so-called 

cryoprotective agents, which are molecules with high water solubility and low toxicity. 

Many chemicals have been shown to have protective functions during the freeze-

warm process. They are generally divided into two groups: permeable cryoprotective 

agents (chemicals that can diffuse through the plasma membrane of cells) and non-

permeable cryoprotective agents (chemicals that can not penetrate into cells).  

1.2.3.1 Permeable cryoprotective agents 

Permeable cryoprotective agents commonly used in cryopreservation of biological 

materials include methanol, glycerol, ethylene glycol, propylene glycol, dimethyl 

sulfoxide, and pyridine oxide.  

1.2.3.2 Mechanisms of protective action of permeable cryoprotective agents 

Although mechanisms of protective action of permeable cryoprotective agents are 

not entirely understood, yet some explanations have been given:  

 When permeable cryoprotective agents diffuse into cells, this results in the 

decrease of the freezing point of intracellular solution, and lowers the 

concentration of electrolytes, which reduces the solute-effect injury; 
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 The presence of permeable cryoprotective agents cause cells osmotically to 

dehydrate, so that the amount of intracellular ice formation (IIF) decreases at a 

given temperature;  

 When cryoprotective agents diffuse into cells, they displace a certain amount of 

water and form hydrogen bonds with biological molecules, such as proteins, 

RNA and DNA. Because hydrogen bonding in aqueous solutions is very 

important for the function of the biological molecules, the biological molecules 

can keep their functional structure, and the cryoprotective agents can form 

strong hydrogen bonds with numerous substances in the cytoplasm. Therefore, 

this can increase cytoplasm stability and influence the emergence and growth of 

ice (Yu and Quinn, 1994); 

 Cryoprotective agents can provide osmotic buffering for the cells during freezing 

and warming. 

1.2.3.3 Mechanisms of toxicity of permeable cryoprotective agents 

Although cryoprotective agents play very important protective roles in successful 

cryopreservation of cells, the toxicity of cryoprotective agents is an obstacle to 

successful cryopreservation of sensitive cells. High concentrations of cryoprotective 

agents can protect cells from ice formation and the accompanying freeze-warming 

injury, but could be lethal to nonfrozen cells (Fahy, 1986a; Fahy et al., 1987). 

Therefore, understanding the mechanisms of the toxicity of cryoprotective agents 

would be important for reducing toxicity and developing optimal cryopreservation 

protocols. Denaturation of enzymes, disruption of transmembrane ionic pumps, or 

perturbations of cellular structure and function, are mostly due to the direct 

interaction of cryoprotective agents with proteins and biological membranes 
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(Arakawa et al., 1990; Mande and Sobhia, 2000). Cryoprotective agents can stabilize 

the proteins, but they can also induce protein denaturation at high temperatures 

(Arakawa and Timasheff, 1985; Brandts and Hunt, 1967; Fujita et al., 1982; Ivanov, 

2001). When some cryoprotective agents diffuse into cytoplasm, they strongly bind to 

proteins, which can lead to the protein unfolding and denaturating. Cryoprotective 

agents can also cause dehydration damage. Cryoprotective agents bind with water 

molecules (Bidault et al., 2001), which can lead to membrane damage by water 

molecules not properly hydrating proteins and other macromolecules (Clegg et al., 

1982). Cryoprotective agents can also be toxic to cells by producing toxic 

formaldehyde (Karran and Legge, 1996) or by dissolving DNA structure at high 

concentrations and temperatures above 20ºC (Bonner and Klibanov, 2000).  

1.2.3.4 Non-permeable cryoprotective agents 

The molecular size of non-permeable cryoprotective agents usually prevents their 

entry into cells and often are used in combination with permeable cryoprotectants in 

cryo-media to achieve their protective functions. Cryo-media containing non-

permeable and permeable cryoprotectants, seem to be more advantageous than 

solutions containing only a permeable cryoprotectant (Shaw et al., 2000). Non-

permeable cryoprotectants include sugars (sucrose, trehalose, lactose, mannitol, 

sobitol), macromolecules (PVP, BSA, Ficoll, PVA), and antifreeze proteins (antifreeze 

peptides and glycoproteins). Sugars are widely used in cryopreservation of 

mammalian gametes. They exert their protection in one or more of the following ways: 

 decrease of the freezing point of solution and the temperature range of the 

danger zone, and also decrease of the amount of intracellular and extracellular 

ice formation (EIF) by osmotic dehydration and forming amorphous glass 

(Friedler et al., 1988).  
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 Interaction with the phospholipids, through hydrogen bonding between hydroxyl 

groups of the sugars molecules with the phosphate moiety of the phospholipids 

in the membrane. These interactions can stabilize both proteins and membranes 

during freezing (Nounou et al., 2005). Sucrose and trehalose are used widely in 

oocyte cryopreservation. Sucrose can reduce the effects of high concentration of 

permeable cryoprotectants by acting as a stabilizer. Trehalose interacts directly 

with lipids and proteins of the membrane. It can change lipid and protein 

behaviour (Crowe and Crowe, 1982; Crowe et al., 1984; Holt, 2000), take the 

place of water molecules on the membrane surface, thus inhibiting denaturation 

and aggregation of proteins during dehydration (Puhlev et al., 2001). 

 As an ice growth inhibitor during freezing and warming, sugars can influence the 

size and form of ice crystal to decrease the damage to membranes. Trehalose 

and sucrose can inhibit ice crystal growth (Nicolajsen and Hvidt, 1994). Crowe et 

al. (1998) found that during freezing without trehalose, massive fusion had 

occurred and the ability to transport calcium was lost; with trehalose, the 

structure of the membrane and activity of enzymes retained intact.  

Macromolecules are often added to vitrification solutions. They can increase the 

viscosity of solutions and decrease the amount of ice formation during cooling. 

Compared with low permeable cryoprotectant, they are less toxic. PVP 

(polyvinypyrrolidone) is one of the many macromolecules widely used for 

cryopreservation of cells. Synthetic polyvinyl alcohol and polyvinyl alcohol also are 

used in vitrification to block ice by inhibition of heterogeneous nucleation (Wowk et al., 

2000).  

Antifreeze proteins (AFPs), initially found in the blood of Arctic fish, are a class of 

polypeptides produced by plants, insects and polar and subpolar fishes. AFPs are 
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associated with modification of ice structure or rate of growth, the fluid properties of 

solutions, and response of organisms to harsh environments (Griffith and Ewart, 

1995). Because the size and form of ice crystal are associated with the damage of 

cells during freeze-warming, the addition of AFPs inhibits the growth of the ice 

crystals by the AFPs covering the water-accessible surfaces of ice (Jorov et al., 

2004). AFPs can also interact with cell membranes to avoid cold damage, and they 

act as ice blockers to prevent the growth and the recrystallization of ice, thus they 

can minimise the injuries during freeze-warming . 

1.2.4 Controlled slow cooling 

A major factor determining whether or not cells survive freezing to subzero 

temperatures is the rate at which they are cooled. Both higher cooling rates and 

lower cooling rates can lead to lower cell survival, because every cell has its own 

optimal cooling rate. Commercial controlled freezing machines are designed to be 

simple to operate for use in laboratories and can provide secure and accurate profile 

contol. When a program of controled slow cooling is designed, there are some crucial 

parameters considered: cooling rate, ice seeding, liquid nitrogen plunging 

temperature, warming, removal of cryoprotectant and post-warming handling.  

1.2.4.1 Cooling rate 

A major factor determining whether or not cells survive freezing to low subzero 

temperature is the rate at which they are cooled. Commonly plots of their survival vs. 

cooling rate take the form of an inverted U (Figure 1.2). Maximum survival occurs at 

an intermediate rate. Fewer cells survive if the cooling rate is too low or too high 

(Mazur, 2004). Different types of cells require different optimal cooling rates. In order 
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to obtain the optimal cooling rates, the size of the cells and their membrane 

permeability to water and cryoprotective agents are usually considered.  

 

Figure 1.2 Survival of stem cells, yeast, mouse embryo, hamster cells and 

human red cells as function of cooling rate (From Mazur et al. 1970).  

1.2.4.2 Ice seeding 

During the freezing process, a solution will supercool below its freezing point until 

spontaneous nucleation and ice crystal formation. During this process, intracellular 

ice formation (IIF) will occur randomly and unpredictably, and the amount of 

intracellular ice will increase drastically when the solution is at a high degree of 

supercooling, which can cause severe damage to cells and survival rates will be 

highly variable (Toner et al., 1993). Ice seeding is often used in controlled slow 

cooling procedures for artificially initiating the controlled formation of ice to decrease 
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the incidence of IIF and increase the survival rate of frozen-warmed cells.  

There are several different means to achieve the ice seeding: 

(a) chamber spike methods, which achieve the seeding of ice by quickly cooling the 

biological samples to a temperature well below the freezing point of the cryo-media, 

then allowing the temperature to rise quickly to near the equilibrium temperature (at 

which the cell is incubated in cryo-media before the freezing procedure), this method 

often causes cell damage because of overseeding of ice in the samples;  

(b) electronic methods, which use thermoelectric elements that can produce 

controllably local cooling;  

(c) mechanical means, which can provide localized cooling by use of precold probes, 

bars or pins to contact the tips of straws.  

An accurate ice seeding temperature is crucial for the design of a protocol for 

cryopreservation of cells. If the ice seeding temperature is far below its freezing point, 

the solution will have a high degree of supercooling. Consequently, when the seeding 

of ice appears, ice formation will occur extremely rapidly and uncontrollably, which 

results in lethal damage to the cells. An optimal ice seeding temperature can provide 

time for cells to dehydrate before ice nucleation is induced. Generally, ice seeding 

temperatures depend on the concentration of cryoprotective agents. The addition of 

each mole of cryoprotective agents into the freezing medium can decrease the 

seeding temperature by 2.5ºC. Therefore, 1M cryoprotective agents seed at -5ºC; 2M 

cryoprotective agents seed at 7.5ºC; 3M cryoprotective agents seed at 10ºC; and 4M 

cryoprotective agents seed at -12.5ºC (Zhang, 1994). 

http://dict.cn/uncontrollably.htm�


 36 

1.2.4.3 Warming rate 

During cryopreservation the process of warming is as important as that of cooling, 

The effects of warming rates are influenced by the prior rate of cooling. When 

subsequent waming was more rapid than the former cooling, higher survival could be 

achieved (Kasai et al., 1980; Taylor et al., 1987). This benefit from rapid warming is 

mainly due to the fact that rapid warming can avoid recrystallization of internal ice or 

devitrification of glassy water (Mazur, 2004). Recrystallization is a physical process 

that often happens when warming, which refers to the growth of large crystals by 

conversion of small ice crystals. 

The effect of the warming rate on slowly cooled cells is still difficult to interpret 

because there are three possibilities in this process. First, the warming rate has no 

effect, such as the experiment on human stem cells frozen in Me2SO (Wells et al., 

1979). Secondly, rapid warming is better than slow warming, such a pattern was 

shown by the previous study on the zebrafish embryo cryopreservation (Zhang et al., 

1993). One general explanation for this is that the damaging effect on cells is time-

dependent, and slow cooling/rapid warming can decrease the total exposure time in 

the critical temperature zone range when compared to slow cooling/slow warming. 

Thirdly, rapid warming is more damaging than slow warming, such as seen with 

mouse embryos frozen in Me2SO (Van den Abbeel et al., 1994; Whittingham et al., 

1979) and common carp embryo cryopreservation (Zhang et al., 1989). Osmotic 

shock induced by rapid warming is one possible explanation. During slow freezing 

additives may be in excess in the cytoplasm, with insufficient time for the solute to 

leave the cells during rapid warming. As a result the cells swell and lyse as the 

medium is abruptly diluted by the melting ice (Van den Abbeel et al., 1994). 
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1.2.4.4 Removal of cryoprotectants 

After warming, cells are exposed to hypotonic solutions, which may be damaging to 

the post-warmed cells, especial to osmotic sensitive cells. Both high osmotic 

gradients and high water flux movement offer a great challenge to the fragile 

membranes. Therefore dilution of cryoprotective agents needs to be carried out in a 

controlled manner. Strategies to reduce excessive osmotic stress include removal of 

cryoprotectants by stepwise dilution or sucrose dilution. In stepwise dilution, cells are 

exposed to a series of progressively reduced concentrations of cryoprotectant 

solutions, and cells can gradually progress into the isotonic handling medium, which 

reduces osmotic stress to the cells, and restores an equilibrium volume (Wessel and 

Ball, 2004). Alternatively, sucrose dilution is also widely used in rapid removal of the 

cryoprotective agents. The addition of sucrose in extracellular solution keeps volume 

excursions and osmotic stresses to within tolerable limit. Sucrose could be removed 

by a single step, whilst the cells return to its isotonic state (Muldrew et al., 2004). 

1.2.5 Vitrification 

Vitrification as a cryopreservation technology has been widely introduced into animal 

conservation since the first ice-free cryopreservation of a mouse embryo (Rall and 

Fahy, 1985). In comparison to traditional slow-cooling protocols, vitrification has 

many advantages and benefits, such as no ice crystal formation, rapid freezing 

procedure, reduction in chilling injuries and in cost of freezing equipment. Vitrification 

is also a natural process observed in frogs and insects when they tolerate freezing 

during winter (Ken, 1990). The concept of vitrification was first put forward on the 

basis that the cooling of small living systems at very rapid speeds could eliminate ice 

formation and form a glass-like state (Luyet, 1937). However, the demanded rapid 

cooling rates that Luyet mentioned could not be obtained at that time. Water is not 
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very viscous, therefore, vitrification of water inside cells can be achieved only when 

an extremely rapid rate of cooling is reached and higher concentrations of 

cryoprotectants diffused into cells, which can increase viscosity and depress the 

freezing temperature inside cells. So when the solution is rapidly cooled and formed 

into a glass during vitrification, the entire solution contains no ice crystals (Fahy, 

1986b). There are many variables in the vitrification procedure that can greatly 

influence its effectiveness, which will be explained in the following few subsections. 

1.2.5.1 Cooling and warming rates 

Successful vitrification requires rapid rates of cooling and warming. When samples 

are immersed into liquid nitrogen, the liquid nitrogen is warmed and boiling occurs. 

These samples are coated by vapour, which create an insulating layer and decrease 

the cooling rate. There are several ways to increase cooling and warming rates:  

1) use minimum volume of the solution surrounding the cells (Begin et al., 2003; 

Chen et al., 2001);  

2) minimise the gas coat formation around the sample by directly dropping the cells 

onto a pre-cooled metal plate (Huang et al., 2008; Zhang et al., 2008a);  

3) avoid the liquid nitrogen vapour formation by a new vitrification device called the 

VitMaster which is able to slightly decrease the temperature of LN2 to between -205 

to -208ºC achieved by creating a partial vacuum (Arav et al., 2000; Orief et al., 2005).  

1.2.5.2 Concentration of cryoprotectants 

Avoiding the ice crystal formation both intracellularly and extracellularly is the main 

target for a vitrification protocol because cell injury and death during cryopreservation 

is due mainly to the large amount of ice crystals formation within and outside cells. 
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Dehydration of the cells and displacement of inner water by cryoprotectants are 

important steps before freezing by vitrification. Cryoprotectants are used to obtain the 

required intracellular dehydration by osmosis. However, high concentrations of 

cryoprotectants could results in toxic and osmotic effects on the cells. Minimising the 

toxicity of cryoprotectants is another strategy to a successful vitrification. 

Cryoprotectant toxicity can be reduced by increasing the cooling and warming rates; 

using mixtures of cryoprotectants, adding macromolecules and disaccharides in 

cryoprotectant solutions, and stepwise addition and removal of cryoprotectants (Orief 

et al., 2005). 

1.2.5.3 Samples size and carrier systems 

To achieve fast cooling and warming rates, the size of the sample and the volume of 

vitrification solution surrouding cells should be minimised as much as possible. 

Thermal conductivity of the vitrification devices should also be optimised. Special 

carriers have been introduced into the vitrification procedures, such as open pulled 

straws (OPS) (Vajta et al., 1998; Vajta et al., 1999), close pulled straws (CPS) (Chen 

et al., 2001; Ramezani et al., 2005), electron microscope copper grids (EM) (Hong et 

al., 1999), microdrops (Landa and Tepla, 1990; Le Gal and Massip, 1999), hemistraw 

system (Liebermann and Tucker, 2002), nylon mesh (Abe et al., 2005; Matsumoto et 

al., 2001), solid surface vitrification (SSV) (Begin et al., 2003; Dinnyes et al., 2000), 

the flexipet denuding pipette (FDP) (Liebermann et al., 2002), minimun volume 

cooling using the cryotop (MVC) (Esaki et al., 2004; Ushijima et al., 2004), and CVA 

65 vitrification system. These special carriers have been used to obtain higher 

cooling rates in many species.  
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1.2.5.4 Advantages and disadvantages of vitrification 

Vitrification as a cryopreservation method has many advantages and benefits:  

1) Decrease in the time period of the process, which is both simple and fast;  

2) Ice free cryopreservation is the main feature, which successfully eliminates the 

deadly injury caused by ice formation during the slow freezing procedure;  

3) Decrease in the chilling injury by quickly passing through the danger temperature 

zones, which is especially benefical for chilling sensitive species, such as bovine 

oocytes and fish oocytes;  

4) It allows the operator to observe the cells during the vitrification process.  

5) It requires less specialized or expensive equipment, which makes it extremely cost 

effective and offers a tremendous economic advantage over traditional methods 

(Imam El-Danasouri and Selman, 2005).  

So far vitrification has been successfully applied to preservation of tissue (Brockbank 

et al., 2000; Fujita et al., 2000), mouse ovary (Migishima et al., 2003), mouse 

embryos and oocytes (Nakagata, 1989; Nakao et al., 1997; Shaw et al., 1991; Wood 

et al., 1993), hamster embryos and oocytes (Lane et al., 2000; Wood et al., 1993), 

bovine embryos and oocytes (Atabay et al., 2004; Chian et al., 2004; Diez et al., 

2005; Kuwayama et al., 1992; Papis et al., 2000), rabbit embryos and oocytes (Cai et 

al., 2005; Kasai et al., 1992; Silvestre et al., 2003; Vicente et al., 1999), pig embryos 

and oocytes (Berthelot et al., 2000; Esaki et al., 2004; Fujihira et al., 2004; Gupta et 

al., 2007; Kuwayama et al., 1997; Misumi et al., 2003; Rojas et al., 2004), sheep (Ali 

and Shelton, 1993b; Bogliolo et al., 2007; de Paz et al., 1994; Papadopoulos et al., 

2002; Silvestre et al., 2006)embryos and oocytes , and human embryos and oocytes 
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(Kuwayama et al., 2005; Kyono et al., 2005; Liebermann and Tucker, 2002; 

Liebermann and Tucker, 2004; Lucena et al., 2006; Son et al., 2002; Yoon et al., 

2003). 

However, many variables in the vitrification process exist that can profoundly affect 

its efficiency, such as a high concentration of cryoprotectants, which are associated 

with high toxicity to cells; the temperature of vitrification solution at exposure, which is 

associated with toxicity and membrane permeability; the duration of exposure to the 

final vitrification solution before plunging into liquid nitrogen; the vitrification devices, 

which influence the size of the vapor coat and the rate of heat transfer; the technical 

proficiency of the operator; the long-term storage method of samples, because most 

rapid cooling rates are achieved by directly plunging into liquid nitrogen, which may 

lead to contamination. And finally, the vitrification solid is not stable and is easily 

cracked due to slight changes in storage temperature.  

1.3 Cryopreservation of spermatozoa, oocytes and embryos of aquatic species 

Fish populations are globally threatened due to overharvesting and environmental 

pollution (Roberts et al., 2002). Cryopreservation of gametes provides a promising 

method of preserving fish genetic material, which is of great importance in 

aquaculture, preserving species diversity and managing fish models used in human 

biomedical research. Cryopreservation of gametes prevents genetic drift, offering a 

viable alternative to maintaining active breeding colonies, while safeguarding the 

genetic integrity of scientifically valuable strains (Harvey, 1982). Although successful 

cryopreservation of spermatozoa of about 200 fish species has been achieved 

(Billard and Zhang, 2001; Lahnsteiner et al., 2000; Magyary et al., 1996; Tiersch, 

2000), successful cryopreservation of fish embryos remains elusive (Cabrita et al., 

2003a; Cabrita et al., 2003b; Requejo et al., 2003; Robles et al., 2005; Robles et al., 
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2003; Zhang et al., 1993; Zhang et al., 1989) and systematic studies on 

cryopreservation of fish oocytes have only recently been undertaken (Isayeva et al., 

2004; Plachinta, 2007; Plachinta et al., 2004a; Plachinta et al., 2004b; Zhang et al., 

2005).  

1.3.1 Factors limiting the successful cryopreservation of fish embryos 

Attempts to cryopreserve fish eggs and embryos with controlled slow cooling and 

vitrification have proved to be a difficult problem in cryobiology over the last two 

decades (Hagedorn et al., 1997a; Hagedorn et al., 1997b; Zhang and Rawson, 

1996b; Zhang and Rawson, 1998). Intensive studies on cryopreservation of zebrafish 

embryos have been carried out in this and Hagedorn’s laboratory. Zhang and 

Rawson (1995) reported that the stage dependent chilling sensitivity of the zebrafish 

embryo is one obstacle. This is  accelerated rapidly at subzero temperatures. The 

developmental stages beyond 50%-epiboly are less sensitive to chilling. Low 

permeability to both water and cryoprotectants is another obstacle for the fish embryo 

(Seki et al., 2007b), which is coupled with its large size and the yolk syncytial layer. 

Hagedorn et al. (2004) reported that because of high ice nucleation temperature of 

fish embryos, controlled slow cooling is not an option for zebrafish embryos. During 

slow cooling, intracelluar ice was formed within seconds after the appearance of 

external ice in the extracellular solution. The intraembryonic ice formation is lethal to 

the embryo. Generally, fish embryos are larger than most mammalian embryos, and 

have a large amount of yolk, a thick chorion and a complex structure during 

development (Hagedorn et al., 1998; Zhang and Rawson, 1996b). These features 

make fish embryo difficult to cryopreserve. 
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1.3.1.1 Low membrane permeability to water and cryoprotectants 

Intracellular ice formation (IIF) is lethal to cells during cooling and warming. 

Dehydrating the cells and achieving abundant cryoprotectants in the embryos are two 

strategies to aim for in successful cryopreservation. In comparison to human eggs 

(～100μm in diameter), fish eggs (> 1mm in diameter) are one thousand times larger. 

The large size of fish eggs result in low surface area/volume ratios and lower 

membrane permeability to water and cryoprotectants. Furthermore, fish embryos 

have a complex multi-compartmental system, surrounded by the multinucleated yolk 

syncitial layer and vitelline membrane. These structures make the transportation of 

water and cryoprotectants across the membranes difficult (Janik et al., 2000; Kopeika 

et al., 2006). There have been many attempts to overcome the difficulties involved in 

cryopreservation of fish embryos including directly microinjection of cryoprotectants 

into cytoplasm (Leung and Jamieson, 1991), using negative pressure to improve the 

permeability of fish embryos to cryoprotectants (Hagedorn et al., 1997c), 

dechorionation (Routray et al., 2002), or under hydrostatic pressure (Dinnyes et al., 

1998; Hagedorn et al., 1997c; Valdez et al., 2005a; Zhang et al., 2003; Zhang and 

Rawson, 1995). All of these were unsuccessful. 

1.3.1.2 High chilling sensitivity 

Stage-dependant chilling sensitivity of fish embryos has been proved to be one of 

major obstacles for successful cryopreservation of fish embryos (Zhang and Rawson, 

1995). The reason for the extent of the stage-dependant chilling sensitivity may be 

associated with the changes in cells and tissue types, number of cells, effectiveness 

of repair mechanisms, and enzymatic reactions. Although the presence of 

cryoprotectants somewhat reduce the chilling injury in fish embryo, the reduction in 

subzero chilling injury is limited (Liu et al., 1999; Liu et al., 2001). The yolk content in 
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fish embryo is essential for in vitro embryonic development, which can provide all 

nutrients. Studies on zebrafish showed that after partial removal of yolk, zebrafish 

embryos at post-prime-6 stage can survive well and their sensitivity to chilling can be 

reduced (Isayeva et al., 2004; Pearl and Arav, 2000). These suggest that high chilling 

sensitivity to chilling injury may be related to the large amounts of yolk in embryos.  

1.3.2 Factors limiting the successful cryopreservation of fish oocyte 

With the growth of intensive aquaculture and the dramatic decline in fish populations, 

and the long term storage of gametes for brood stock management, preservation of 

genetic diversity urgently needs to be carried out. Whilst cryopreservation of fish 

spermatozoa are successful in many species, maternal genome cryopreservation is 

also important as several genetic factors are inherited maternally by the oocyte 

cytoplasm such as mitochondrial DNA and mRNAs that determine the early stages of 

embryonic development. Cryopreservation of immature and mature oocytes is a 

specific challenge. Some studies have been carried out on oocyte sensitivity to 

chilling (Plachinta et al., 2004b) and cryoprotectant toxicity (Seki et al., 2007b; Valdez 

et al., 2006; Valdez et al., 2005b; Zhang et al., 2005), oocyte membrane permeability 

to water and cryoprotectants (Plachinta, 2007; Plachinta et al., 2004a), and 

development of controlled slow cooling procedures (Liu et al., 1999).  

1.3.2.1 Fish oocyte sensitivity to chilling and cryoprotectant toxicity 

Chilling sensitivity of fish oocytes must be taken into account before development of 

a cryopreservation method. The fish oocytes are large (especially in stage III, IV and 

V) and contain a large amount of yolk, which is accumulated in vitellogenesis in order 

to provide nutrition for the embryonic development. The large amount of yolk has 

been proved to be associated with high chilling sensitivity (Pearl and Arav, 2000). 
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Isayeva et al. (2004) investigated the chilling sensitivity of zebrafish stage III 

(vitellogenic) and stage V (mature) oocytes. It was found that stage III oocytes were 

more susceptible to chilling than stage V oocytes, and high chilling sensitivity of 

zebrafish oocytes may be one of the obstacles for development of protocol of their 

cryopreservation. Chilling sensitivity in zebrafish oocytes may be related to lipid 

phase transition of their membranes (Plachinta et al., 2004b). 

The toxicity of cryoprotectants is another factor that being considered as a first step 

in freezing protocol design. In zebrafish oocytes, Plachinta et al. (2004) investigated 

the toxicity of commonly used cryoprotectants -- dimethyl sulfoxide (DMSO), 

methanol, ethylene glycol (EG), propylene glycol (PG), sucrose and glucose, to stage 

III (vitellogenic), stage IV (maturation) and stage V (mature egg) zebrafish oocytes. 

The results showed that cryoprotectant toxicity to stage III zebrafish oocytes 

increased in the order of methanol, PG, DMSO, EG, glucose and sucrose. No 

Observed Effect Concentrations (NOECs) for stage III oocytes were 2M, 1M, 1M, 

0.5M, less than 0.25M and less than 0.25M for methanol, PG, DMSO, EG, glucose 

and sucrose respectively. The sensitivity of oocytes to cryoprotectants appeared to 

increase with development stage with stage V oocytes being the most sensitive 

(Valdez et al., 2006). 

1.3.2.2 Fish oocyte membrane permeability 

Permeability of fish oocyte membrane plays a vital role in their successful 

cryopreservation and it is important to know which stage is most feasible for 

cryopreservation. Fish oocyte membrane permeability parameters were firstly 

reported by Zhang et al. (2005), which indicated that the permeability of immature 

oocytes to water and cryoprotectants is generally lower than that obtained from 

successfully cryopreserved mammalian oocytes and higher than those obtained with 
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fish embryos and sea urchin eggs. The similar results were also reported by Seki et 

al. (2007). In this study, membrane permeability of immature or mature zebrafish 

oocytes to ethylene glycol, propylene glycol, and Me2SO at 25°C was investigated. 

They also found that immature oocytes would be more suitable than mature oocytes 

for conservation. Valdez et al. (2005b) also found that immature medaka (Oryzias 

latipes) oocytes would be more suitable for the cryopreservation. A novel approach 

for increasing membrane permeability to water and cryoprotectants has been 

reported for medaka oocytes (Eppig, 1977; Eppig and Schroeder, 1989). In this study, 

the permeability of medaka oocytes to water and cryoprotectants was improved by 

the artificial expression of aquaporin-3 without compromising the developmental 

ability of the oocytes. This method could be a feasible option for increasing the 

permeability of fish oocytes in the future. 

1.3.2.3 Isolation method of oocytes 

Immature fish oocytes are primarily integrated in cumulus. One of the main obstacles 

encountered in fish oocyte cryopreservation studies was the difficulty in obtaining 

large numbers of single oocytes at different stages. A large part of an experimental 

day was spent in collecting oocytes mechanically, limiting the number of experiments 

that could be performed. The mechanical method used for isolating oocytes from a 

zebrafish ovary was laborious and time consuming. There are some reports in the 

literature that morphologically and functionally normal oocytes can be obtained from 

the mammalian ovary using different enzymatic isolation methods (Roy and 

Greenwald, 1985). Several enzymatic methods have been successfully developed to 

isolate intact follicles from hamster (Saha et al., 2000), bovine (Greenwald and Moor, 

1989), pig (Roy and Treacy, 1993) and human ovaries (Lambert, 1973; Selman et al., 

1994; Selman et al., 1993; Yamamoto and Onozato, 1968). However, fish oocytes 

are larger, filled with membrane-bound yolk bodies and covered externally by a 
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single layer of follicle cells (granulosa) overlaid with a vascularized connective tissue 

compartment or theca (Choe and Sackin, 1997; Miledi and Woodward, 1989). 

 Investigations were needed to determine whether enzymatic methods that had been 

used for mammalian follicles were suitable for isolation of fish follicles. In Xenopus, 

oocytes were disaggregated from cumulus by collagenase-hyaluronidase solution 

(Schultheiss et al., 1997) and trypsin (Plachinta, 2007), but in fish, attempts using 

hyaluronidase, collagenase, and trypsin to isolate oocytes from cumulus had failed 

(Isayeva et al., 2004; Plachinta et al., 2004b). Therefore new methods for separating 

oocytes were urgently needed. 

1.3.2.4 Viability assessments 

Reliable viability assays are also vital for monitoring oocyte viability before and after 

manipulation or cryopreservation. There are several viability assays that have been 

reported for fish oocytes : carboxyfluorescein diacetate (cFDA) staining, trypan blue 

(TB) staining, methyl thiazolyl tetrazolium (MTT) staining and in vitro maturation 

followed by germinal vesicle breakdown (GVBD) observation (Hoefel et al., 2003).  

cFDA staining is widely applied to detect metabolically active bacteria (Pearl and 

Arav, 2000; Yaniz et al., 2008). cFDA can easily penetrate into cells and be 

enzymatically broken down to carboxyfluorescein, which emits fluorescence and can 

be counted by fluorescent microscopy and flow cytometry. Because the membrane of 

live cells is not permeable to carboxyfluorescein, live cells can be detected by the 

green fluorescent color whilst dead cells can not be detected. The integrity of cells 

membranes can be determined by cFDA staining (Plachinta et al., 2004b). However, 

this assay is not suitable to assess zebrafish oocyte viability due to the ambiguous 

results (Jewgenow et al., 1998; Nijs et al., 1992; Yamada, 1991; Zhang et al., 2008b). 



 48 

Trypan blue (TB) staining is a vital stain used to assess the membrane integrity of 

cells. Live cells or tissues with intact cell membranes do not absorb trypan blue, so 

viable cells are unstained; however, the nuclei and the cytoplasm of dead cells can 

be stained by trypan blue. This vital stain is widely used for cell and tissue viability 

assessment (Roberts et al., 1996; Segu et al., 1998; Uludag and Sefton, 1990; Wu et 

al., 2003). Plachinta et al. (2004) reported that trypan blue staining may not be ideal 

for a zebrafish oocyte viability assessment as it only assesses the membrane 

damage as opposed to whole cell physiological status, but it is the fastest assay and 

can be used for all oocytes developmental stages.  

Methyl thiazole tetrazolium (MTT) assay is also a standard colorimetric assay for 

measuring the activity of mitochondrial enzymes that reduce MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) to purple colored 

formazan crystals, which can be dissolve into solubilisation solution. The absorbance 

of this colored solution can be quantified by measuring at a certain wavelength by a 

spectrophotometer. Therefore, this method is often used as a measure of viable cells 

(Plachinta et al., 2004b). However, as many different conditions can increase or 

decrease metabolic activity, MTT assay often gives completely different results when 

compared with other viability tests. In zebrafish oocyte viability assessments, MTT 

assay is not sensitive enough and does not stain stage V oocytes at all (Suwa and 

Yamashita, 2007). 

In vitro maturation followed by germinal vesicle breakdown (GVBD) the observation 

assay is based on the developmental capability of the maturing oocytes. During the 

process of oocyte maturation, oocytes undergo dramatic morphological changes in 

accordance with the progression of meiosis. With the hormonal stimulation, the 

germinal vesicle migrates to the animal pole and then GVBD takes place. GVBD is 

usually a indicator of the progress of oocyte maturation (Plachinta et al., 2004b; 

http://en.wikipedia.org/wiki/Di-�
http://en.wikipedia.org/wiki/Di-�
http://en.wikipedia.org/wiki/Di-�
http://en.wikipedia.org/wiki/Thiazole�
http://en.wikipedia.org/wiki/Phenyl�
http://en.wikipedia.org/wiki/Tetrazole�
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Selman et al., 1994). During this process, the cytoplasm of oocytes undergo 

morphological changes and the opaque oocyte becomes translucent (Plachinta, 2007; 

Zhang et al., 2007). GVBD test is the most reliable method for assessing oocyte 

viability as it assesses the overall oocyte developmental capability. However, this test 

has long testing periods (8-24h) (Brand et al., 2002) and can only be used to stage III 

oocyte as the later stages have already gone through maturation. 

1.3.3 Advantages in cryopreservation of fish oocyte 

Since fish spermatozoa could be cryopreserved easily (Hagedorn et al., 1998; Zhang 

and Rawson, 1996b), to cryopreserve a fish oocyte successfully can leave open the 

option of a spermatozoa donor. In comparison to fish embryos, fish oocytes have 

certain features that could be advantageous for cryopreservation.  

 The smaller size of oocyte, which results in a higher surface area/volume ratio 

and potentially has higher membrane permeability to water and cryoprotectants.  

 Oocyte has a single compartment without a fully formed chorion and does not 

have barriers found in the complex miti-compartmental system, such as fish 

(Seki et al., 2007b; Valdez et al., 2005b)embryos , which may render the oocyte 

more permeable to water and cryoprotectants.  

 The membrane permeability of immautre oocytes to water and cryoprotectants is 

much higher than mature oocyte (Mayden et al., 2007), which suggests the 

immature oocytes are better candidates for cryopreservation. 

1.4 Using zebrafish as a model system 

Zebrafish (Danio rerio) are freshwater fish that were originally found in the streams of 

the southeastern Himalayan region, including India, Pakistan, Bangledesh, Nepal 
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and Burma (Fishman et al., 1997; Stainier and Fishman, 1992; Strehlow et al., 1994; 

Westerfield, 2000). There are some unique features and advantages of zebrafish 

making it an ideal model system:  

1) zebrafish are easy to maintain and manipulate. In comparison to mammalians, 

zebrafish embryos are larger and can be obtained easily. Their embryos are 

externally fertilised and developed outside of mother’s body. Under simple laboratory 

conditions, zebrafish can produce a large number of fertilised eggs on a daily basis. 

The embryo development process is visible and rapid (Nusslein-Volhard et al., 2002);  

2) Generation times (3-4 months) are also short for a vertebrate species, which 

facilitates genetic studies;  

3) Zebrafish are more closely related to humans than commonly used invertebtate 

models such as fruit flies. Zebrafish are more similar to human in many biological 

traits;  

4) Their usefullness for gene identification by mutations is another important 

advantage for zebrafish (Buono and Linser, 1992; Leff, 1992; Squire et al., 2008; 

Westerfield, 2000).  

Because of these various advantages, zebrafish have become an important 

vertebrate model system for for developmental, genetic, and biomedical research 

(Nusslein-Volhard et al., 2002). 

1.4.1 Zebrafish reproduction 

Zebrafish are a teleost fish of the cyprindid family in the class of ray-finned fishes 

(Westerfield, 2000), which include minnows and oviparous species. The fish rarely 

exceed 4.5cm in length and have cylindrical bodies with 7-9 dark blue horizontal 
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strips on sliver, which run into the caudal and anal fins, and olive green backs (Figure 

1.3). Males are slender and torpedo-shaped, usually with gold on their belly, ventral 

fin, pelvic fins, and pectoral fins. Females are fat when filled with eggs and do not 

usually have gold on their undersides. Zebrafish require a water temperature ranging 

between 25°C and 28°C. Although zebrafish reach sexual maturity in 10-12 weeks, 

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

production (Suwa and Yamashita, 2007).  

 

Figure 1.3  Adult zebrafish Danio rerio 

1.4.2 Developmental stages of zebrafish oocytes 

The remarkable early studies of Selman (1993) have shown that the development of 

zebrafish oocytes can be classed into five stages in terms of morphological criteria 

(e.g., follicle size, type of yolk, thickness of the vitelline envelop) and physiological 

and biochemical events (Table 1.1). From ovarian follicles to oocytes ovulation, the 

development of zebrafish oocytes is divided into five stages. During these stages, 

oocytes undergo obvious morphological changes according to the process of meiosis, 
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including chromosome condensation and germinal vesicle breakdown (Hisaoka and 

Firlit, 1962).  

 

Table 1.1 Developmental stages of zebrafish oocytes 

1.4.2.1 Stage I zebrafish oocyte (primary growth stage) (oocyte diameter = 7-

140μm) 

The oocytes begin to grow in size and produce maternal products through the stage 

of prophase and arrest in diplotene of the first meiotic division (Baumeister, 1973). 
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According to the nuclear events and whether the oocyte resides within a nest or 

follicle, this stage can be divided into two phases. 

Stage IA: pro-follicle phase of primary growth (oocyte diameter = 7-20μm) 

The oocytes lie in nests surrouded by a single layer of pre-follicle cells. The nuclei in 

the oocytes are large relative to the amount of cytoplasm, and chromosomes 

gradually become more visible because they begin to condense. With the 

chromosomes continue to condense and become more invidible, the oocytes are 

covered by a sheath of pre-follicle cells and leave the nest. 

Stage IB: follicle phase of primary growth (oocyte diameter = 20-140μm) 

The oocytes are transparent and the nucleus of the oocytes is visible. The oocytes 

grows and intracellular organelles proliferate. The chromosomes begin to 

decondense and enter deplotene and arrest for the later stage of oocyte 

development (Hart, 1990; Hart and Yu, 1980). Nucleoli display both intenal fibrillar 

and external granular components. During this stage, the oocytes are surround by 

layers of somatic tissues. Later, the thea and granulosa cells are formed to support 

further oocyte growth. By the end of this stage, mitochondria, golgi complexes, and 

cisternae are abound in the cortiacal ooplasm. 

1.4.2.2 Stage II zebrafish oocyte (cortical alveolus stage) (oocyte diameter = 

140-340μm) 

The appearance of cortical alveoli is the major event in this stage. Living follicles 

develop increasingly in size and become opaque and the germinal vesicles are 

difficult to observe. As the oocyte grows, cortical alveoli become large and by the end 
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of this stage they fill most of the ooplasm. Cortical alveoli will disappear during the 

latter stages of oocyte development when cortical reaction happens at fertilisation 

(Matova and Cooley, 2001). During this stage, the germinal vesicles increase in size 

and become irregular in shape. The reactions of nucleoli proliferation are more active 

in this stage. Another major synthetic event takes place is the formation of a tripartite 

vitelline envelope. In the later part of this stage, there is a space appearing between 

the granulosa layer and the the oocyte surface (Riggio et al., 2003; Wallace and 

Selman, 1980). 

1.4.2.3 Stage III zebrafish oocyte (vitellogenesis) (oocyte diameter = 340-690μm) 

During this stage, follicles become more opaque and the germinal vesicle is 

completely invisiable. Because of the accumulation of yolk in the ooplasm, the size of 

oocytes increase dramatically. At the beginning of this stage, small membrane-bound 

yolk bodies were found in the oocyte and with the follicles growth yolk bodies 

increase in size and number. This is due to vitellogensis, which is the process of 

synthesis and uptake of nutrients-egg yolk in oocytes. It starts when the anterior 

pituitary gland is producing hormones and releasing these hormones into the 

circlulation. The hormones stimulate the theca and granulosa cells to produce 

estrogen and stimulate the liver to produce vitellogenin protein. Vitellogenesis is the 

preparation for later embryogenesis. As the vitellogensis proceeds, yolk bodies are 

full of ooplasm and many oil droplets also appear (Lyman-Gingerich and Pelegri, 

2007).  

1.4.2.4 Stage IV zebrafish oocyte (maturation) (oocyte diameter = 690-730μm) 

During this stage, there are many events taking place. Meiosis is restarted, the 

germinal vesicle moves toward the oocyte periphery, the nuclear envelope breaks 
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down, the first meiotic division occurs, and the chromosomes gather to second 

meiotic metaphase. During the oocytes maturation, yolk bodies lose their crystalline 

main bodies and develop a homogenous interior, and follicles become translucent 

referred to as the events of germinal versicle breakdown (GVBD). In genernal, the 

maturation process takes around 4 hours. During this stage, the nucleus of the egg 

migrates from the center of the egg to the periphery. In zebrafish, the volume of 

oocytes increases by 10-15% by the event of hydration, which is driven by cleavage 

of yolk proteins into free amino acids. When this happens, the osmolarity of oocyte 

cytoplasm increases, which drives water to diffuse into the cytoplasm of the oocyte. 

The oil drops proceed around the nucleus, which can be observed with a light 

microscope. Then they gather and fuse into big oil drops that migrate towards the 

animal pole.  

1.4.2.5 Stage V zebrafish oocyte (egg) (oocyte diameter =730-750μm) 

The oocytes are ready to be spawned into fresh water and fertilized. Ovulation is 

triggered by hormonal stimulation, which itself is provoked by the mating behavior of 

the male (Selman et al., 1993; Wallace and Selman, 1981a). The mature egg is 

homogeneous, finely granular, and weakly basophilic. The nuclear contents are 

diffused in the ooplasm, which restricted to a narrow rim, lies beside the zona radiata 

at the oocyte periphery. After oocytes are released into lumen of ovary in response to 

hormonal stimulation, the cells of theca and granulosa layer remain in the ovarian 

stroma as the postovulatory follicle (Plachinta et al., 2004a; Plachinta et al., 2004b) 

1.5 Aims and intended approaches in the present study  

The aim of this project was to develop cryopreservation protocols for fish oocytes 

using zebrafish as the experimental model. Taking into account the advantages and 
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disadvantages of cryopreservation of zebrafish oocytes that were identified in the 

earlier part of this chapter, four main areas of investigation were carried out in this 

study. 

1.5.1 Enzymatic method for ovary separation 

Aim of this study is to develop a simple and rapid enzymatic method for zebrafish 

oocytes isolation. In order to study cryopreservation of zebrafish (Danio rerio) 

oocytes, large numbers of oocytes need to be isolated from the ovaries for 

experimental use. Previous methods for mechanical isolation of oocyte from ovaries 

are laborious and time consuming. Since enzymatic methods have been successfully 

applied to isolation of mammalian oocytes, and there are no successful enzymatic 

methods for obtaining a large number of single morphologically and functionally intact 

fish oocytes at different developmental stages, an enzymatic method for zebrafish 

oocyte isolation is urgently to be developed. 

1.5.2 Cryopreservation of zebrafish oocytes using controlled slow cooling  

Previously studies on cryopreservation of zebrafish (Danio rerio) oocytes using 

controlled slow cooling identified the optimum cryoprotective medium, and the 

cooling rate for stage III zebrafish oocytes (Plachinta, 2007; Plachinta et al., 2004a). 

In this study, different cryopreservation media, cryoprotectant removal method, the 

final sample freezing temperature before LN2 plunge, warming rate, and the post-

warm incubation time on oocyte viability were investigated.  

1.5.3 Cryopreservation of zebrafish oocytes using vitrification  

Cryopreservation of fish oocytes is challenging because these oocytes have low 
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membrane permeability to water and cryoprotectants and are highly sensitive to 

chilling. Vitrification is considered to be a promising approach for their 

cryopreservation as it involves rapid cooling and warming of the oocytes and 

therefore can minimize the chilling injury. In this study, the vitrification features and 

toxicity of a series of vitrification solutions, different vitrification devices, different base 

media, different post-warm dilution solutions and the incubation periods were 

investigated. 

1.5.4 Fish oocyte viability assessments 

Monitoring of oocyte viability prior to and after cryopreservation is vital for 

development of a successful cryopreservation protocols. Since the viability 

assessement methods discussed above have limitations in application to fish oocytes 

cryopreservation, new reliable methods are urgently needed. In this study, three 

methods will be investigated: 

 Oocyte viability molecular signature (OVMS) 

The accumulation of specific maternal infromation and molecules, such as RNAs, 

can support the oocyte developing into a viable embryo (Lyman-Gingerich and 

Pelegri, 2007). The expression of specific maternal mRNAs during oogenesis can 

be detected and at later stages some mRNAs become localized to specific 

regions of the oocyte (Brand et al., 2002). Specific localization of selected 

maternal transcripts in fish oocytes may be visualized by mRNAs marker, which 

can indicate oocyte viability. 

 Assessment of adenosine triphosphate (ATP) level in the cytoplasm of oocytes  
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This method is based on the level of ATP content in the cytoplasm for evaluation 

of viability of the oocytes. ATP is a vital substance for oocyte survival, their 

normal developmental and reproductive potential. ATP content in the cell is an 

important parameter for evaluation of viability of the cells, which has been used in 

and fish oocytes (Knoll-Gellida and Babin, 2007). For determination of ATP 

content in zebrafish oocytes the commercially available ATP Bioluminescent 

Assay Kit (FL-AA, Sigma) were used. 

 Cryomicroscopic observation of zebrafish oocytes during controlled slow cooling 

Cryomicroscopy is a useful tool for visual observation of the process of freezing. 

Because the temperature and pattern of extracellular and intracellular ice 

formation (IIF) have direct impact on the injury of cells, the determination of 

these parameters is very important. 
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CHAPTER 2    MATERIALS AND METHODS  

2.1 Introduction 

Four main areas of study were carried out in the project:  

1) Development of a new method for isolating zebrafish oocytes from ovary tissue 

masses;  

2) Cryopreservation of zebrafish oocytes using improved controlled slow cooling; 

3) Cryopreservation of zebrafish oocytes using vitrification;  

4) Studies on oocyte viability following cryopreservation, including determination of 

cell ATP levels, studies on oocyte viability molecular signature (OVMS) and studies 

on oocyte cryodamage using cryomicroscope.  

All experiments were carried out in the laboratories at the Institute of Research in the 

Applied Natural Sciences (LIRANS), University of Bedfordshire except for the OVMS 

study which was carried out in the laboratories of Genomic and Fish Physiology, 

University Bordeaux 1, France. 

2.2 General information 

2.2.1 Maintenance of zebrafish 

2.2.1.1 Zebrafish care 

Adult zebrafish (Danio rerio) (2-4 months) were purchased from a local aquatic 

supply company (Aquascape Fish Imports, Birmingham, UK) and maintained (without 
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separation of males and females) in filtered, aerated and temperature-regulated 

(26ºC ± 1ºC) water in 40L tanks with a light/dark cycle of 12/12h. Forty to fifty fish 

were kept in each tank with an in-tank filtration system. The mineral content and 

buffering capacity of the water is important for the health of fish. In this laboratory, 

chlorine released tap water was used and deionised water with added sea salts 

(0.25g/L) was mixed with aged tap water when the water is too rich in calcium 

carbonate. Half of the tank water was replaced every week and the tanks were 

thoroughly cleaned every two months. Aeration of the tank water was carried out 

using an electric air pump to pump air through an upturned funnel that was 

surrounded by filter floss (King British®, England) in a plastic beaker (1L) immersed 

in the fish tank. The funnel and floss were held in the position by a layer of smooth 

gravel. A constant stream of water was pulled through the gravel and floss by the 

suction effect generated by the rising air bubbles. These can collectively filter the 

water and provide a large surface area for aerobic denitrifying bacteria, which can 

degrade ammonium compounds to nitrite and finally nitrate. The filter floss is cleaned 

about twice a month by rinsing then in clean water and is also changed every three 

months (Brand et al., 2002).  

2.2.1.2 Feeding 

Zebrafish were fed with standard dry food flake ‘Tetramin’ (Tetra, Germany) 

(ingredients: fish and fish derivatives, cereals, yeast, vegetable protein extracts, 

molluscs and crustacerans, iols and fats, algae, various sugars, 

electroencephalogram (EEG) permitted colorants and preservative) twice a day 

(once on weekend days). Fish were also fed once a day with live brine shrimps 

(Artemia salini). Live brine shrimps were harvested from brine hatcheries (from 

Aquaculture Supply Company, Birmingham, UK).  
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2.2.2 Chemicals 

Information on the chemicals used in the present study is given in Table 1 of 

Appendix A. Fresh aqueous solutions were prepared in deionised water shortly 

before their use and stored in a fridge (4°C) or freezer (-20°C). 

2.3.3.1 Trypan blue staining (TB) assay 

Trypan Blue (TB) staining was used to assess oocyte membrane integrity. Oocytes 

were incubated in 0.2% TB (Sigma, 0.4% stock solution was prepared in 0.81% 

sodium chloride and 0.06% potassium phosphate, the stock solution was diluted in 

Hank’s solution) for 3-5min at 22°C and then washed in Hank’s solution before 

viability assessment. Stained cells were considered non-viable and unstained viable 

(Figure 2.2). 

                            

a                                                                  b 

Figure 2.2   a) Viable stage III oocyte; and b) Non-viable stage III oocyte 

stained by TB (blue colour).  
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2.3.3.2 In vitro maturation and germinal vesicle breakdown observation (GVBD) 

assay 

In vitro maturation of oocyes followed by the observation of Germinal Vesicle 

Breakdown (GVBD) was used to evaluate oocyte development competence after 

isolation. GVBD occurs during oocyte maturation (stage IV). During this stage the 

nucleus migrates to the periphery, the nuclear envelope breaks down and at the 

same time the follicle become translucent. The translucent appearance of oocytes 

cytoplasm after incubation in vitro was used as the indication of viable oocytes that 

successfully went through the GVBD process (Selman et al., 1994). After isolation, 

the oocytes of 0.50–0.65 mm in diameter were selected, pooled, and randomly 

distributed in wells of 6-well plates for the experiments. The oocytes were incubated 

for 24 hours in the 50% Leibovitz L-15 medium (1.3mM CaCl2, 0.8mM MgSO4, 

5.4mM KCl, 0.4mM KH2PO4, 138mM NaCl and 1.3mM Na2HPO4) (from Sigma) 

containing 1µg/ml 17α, 20β-dihydroxy-4-pregnen-3-one (DHP) obtained from Sigma 

(DHP was first dissolved in ethanol as stock solution and then diluted to the desired 

concentration with the medium before use) (Pang and Ge, 1999)   and 0.1mg/ml 

gentamicin (sigma) at 25°C in the dark. The oocytes were assessed at 24h of 

incubation for those that had turned translucent due to germinal vesicle breakdown 

(GVBD), an easily identifiable marker for oocyte maturation (Figure 2.3). All the 

experiments were repeated three times to confirm the results. 
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a                                                                         b 

Figure 2.3 a) Intact stage III oocyte; and b) Matured oocyte after 24h 

incubation in the 50% Leibovitz L-15 medium. GVBD occurs during oocyte 

maturation and the oocytes cytoplasm become translucent. 

2.4 Data Analysis  

2.4.1 Calculation of oocyte viability 

The viability of oocyte was calculated by the formula: 

Viability (%) =   Number of viable oocytes        

2.4.2 Normalisation of oocytes survival 

   X 100% 

                                      Total number of oocytes                                                 
(including non-viable and viable oocytes) 

Normalised survival was calculated in order to eliminate individual differences in 

initial oocytes samples and to compare the results from different viability 

assessments. 

Normalised oocyte survival (%) =        Experimental viability             X 100% 

                                                         Viability of untreated control 
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2.4.3 Statistical analysis 

In the present study, three replicates were used for each treatment and experiments 

were repeated at least three times. One-way ANOVA (analysis of variance) followed 

by Scheffe’s post-hoc test, was used for statistical analysis (p< 0.05). In the figures, 

bars labelled with the same letter are not different from each other at the 5% level of 

significance. The results of the study are presented as “means ± SEM (standard error 

of the mean)”, or “normalised mean ± SEM”. 
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CHAPTER 3    DEVELOPMENT OF A NEW METHOD FOR ISOLATING 

ZEBRAFISH OOCYTES (DANIO RERIO) FROM OVARY TISSUE MASSES 

3.1 Introduction 

In order to study cryopreservation of zebrafish (Danio rerio) oocytes, large numbers 

of oocytes need to be isolated from the ovaries for experimental use. The aim of the 

present study was to develop a simple and rapid method for obtaining large number 

of morphologically and functionally intact zebrafish oocytes at different stages of 

development. Three enzymes – trypsin, collagenase and hyaluronidase were 

investigated as they have all been successfully used in mammalian cell 

disaggregation (Bertuzzi et al., 2006; Fraser et al., 1997; Rasey and Nelson, 1980; 

Ryan, 1984).  

3.2 Materials and methods 

3.2.1 Mechanical method 

To obtain oocytes, gravid female zebrafish were anaesthetised with a lethal dose of 

tricaine (0.6 mg/ml) for 5min and decapitated before the ovaries were removed. The 

ovaries were gently placed immediately into a Petri dish containing Hank’s solution 

(246mOsm, pH 8.2) (0.137M NaCl, 5.4mM KCl, 0.25mM Na2HPO4, 0.44mM KH2PO4, 

1.3mM CaCl2, 1mM MgSO4, 4.2mM NaHCO4) at 22°C. Oocytes were separated 

manually using forceps and scissors (Plachinta et al., 2004b).  
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3.2.2 Enzymatic method 

3.2.2.1 Preparation of the isolation medium 

Trypsin, collagenase type IA and hyaluronidase were purchased from Sigma-Aldrich. 

Stock solutions of 80mg/ml of all three enzymes were made up in full-strength Hank’s 

solution and stored frozen at -20ºC. Immediately before use the enzymatic stock 

solution was warmed and diluted with Hank’s solution. The working concentrations of 

trypsin and collagenase type IA were 0.2mg/ml and 0.4mg/ml, and the concentrations 

for hyaluronidase were 0.4mg/ml, 0.8mg/ml and 1.6mg/ml. These working 

concentrations were selected as they had been used for separation of mammalian 

ovarian mass (Demeestere et al., 2002; Roy and Greenwald, 1985; Van de Velde et 

al., 1997). 

3.2.2.2 Enzymatic isolation 

The ovarian cumulus was immersed into enzymatic solutions immediately after 

removal for 5, 10 or 20min at 22°C (Figure 3.1A). Oocytes were then separated by 

repeat pipetting, to remove the interstitial cells and the theca layer, until the ovarian 

cumulus separated into single oocytes. After enzyme treatment oocytes were 

washed three times in Hank’s solution (Figure 3.1B). 
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Figure 3.1 The ovarian cumulus immediately after removal and immersion in 

enzymatic solution (A). Separated stage III oocytes following enzymatic 

treatments (B). 

3.2.3 Viability assessments 

Two viability assessment methods were used in this study, trypan blue staining and 

GVBD test. 

3.3 Results  

3.3.1 Effects of enzymes on separation percentage of oocytes 

The effectiveness of oocyte enzymatic separation depends on the nature of the 

enzyme, the concentrations and treatment times. In these experiments three 

enzymes at different concentrations and treatment times were used. The separation 

rates of zebrafish oocytes after trypsin, collagenase and hyaluronidase treatment at 

22ºC are given in Figure 3.2. For all three enzymes, the separation rates increased 

with concentration and treatment time. Optimal oocytes separation rates were 

obtained after treatment with 0.4 mg/ml trypsin, 0.4mg/ml collagenase and 1.6mg/ml 

hyaluronidase. 
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Figure 3.2   Comparison of the separation percentage of zebrafish oocytes 

following trypsin (a), collagenase (b) and hyaluronidase (c) treatment of 

ovaries at 22°C, and mechanical separation. Values are means. 
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3.3.2 Effects of enzymes on oocyte viability assessed with TB 

In these experiments, stage III oocyte viability was assessed using TB staining 

immediately after isolation. Oocyte viability after trypsin, collagenase and 

hyaluronidase treatments are shown in Figure 3.3. The results showed that after 

treatment with all three enzymes, the viabilities of oocytes are generally higher than 

those obtained after mechanical separation and especially after 0.4mg/ml trypsin, 

0.4mg/ml collagenase and all hyaluronidase treatments. Therefore, these conditions 

were used for the subsequent GVBD Test. 
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Figure 3.3   Viability of stage III oocytes isolated by trypsin (a), collagnease (b) 

and hyaluronidase (c) at 22°C. Oocyte viability was assessed with trypan blue 

staining. Values are means ± SEM. Bars labelled with different letters indicate 

differences between the groups (p<0.05). 
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3.3.3 Effects of enzymes on oocyte viability assessed by GVBD 

Viabilities of stage III oocytes assessed by GVBD after trypsin, collagenase and 

hyalurondase treatments are shown in Figure 3.4. Immediately after separation 

oocytes were incubated for 24 hours in 50% L-15 medium at 25°C in the dark. 

Results obtained from GVBD test showed that the best conditions for oocytes 

separation for the three enzymes were 5min 0.4mg/ml trypsin, 10min 0.4mg/ml 

collagenase and 10min 1.6mg/ml hyaluronidase treatments. Oocytes survivals were 

22.9 ± 1.2, 34.8 ± 4.0 and 35.4 ± 2.0% respectively. Oocytes survivals obtained from 

10min 0.4mg/ml collagenase and 10min 1.6mg/ml hyaluronidase treatments were not 

significantly different from those obtained with mechanical separation.  
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Figure 3.4   Viability of stage III oocytes isolated by trypsin (a), collagenase (b) and 

hyaluronidase (c). Oocyte viability was assessed using GVBD test. Oocytes were 

incubated for 24 hours in the 50% L-15 medium containing 17α, 20β-dihydroxy-4-

pregnen-3-one (1µg/ml) and gentamicin (0.1mg/ml) at 25°C. Bars labelled with 

different letters indicate differences between the groups (p<0.05). 
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3.3.4 Comparisons of oocytes viabilities after enzymatic treatment using both 

TB and GVBD  

Results obtained from both TB and GVBD tests on oocyte viability after optimal 

enzymatic treatment conditions are shown in Figure 3.5. Although TB staining test 

showed oocytes viabilities obtained after enzymatic treatment were significantly 

higher than those obtained after mechanical separation, GVBD test showed that the 

developmental ability of enzymatic isolated oocytes was not significantly different 

from those obtained by the mechanical method, with the exception of 5min 0.4mg/ml 

trypsin treatment which led a lower oocyte viability. Optimum conditions for 

enzymatic treatments were confirmed as 0.4mg/ml collagenase and 1.6mg/ml 

hyaluronidase for 10min at 22ºC. 
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Figure 3.5   Comparison of oocytes viabilities after enzymatic treatment using 

both trypan blue staining (oocytes were stained for 3-5min with 0.2% TB) and 

GVBD (oocytes were incubated for 24 hours in 50% L-15 medium containing 

17α, 20β-dihydroxy-4-pregnen-3-one (1µg/ml) and gentamicin (0.1mg/ml) at 

25°C in the dark. Bars labelled with different letters indicate differences 

between the groups (p<0.05). 
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3.3.5 Effect of enzymes on oocytes at different stages 

In this experiment the two optimum enzymatic treatment methods were used. 

Oocytes were treated with 1.6mg/ml hyaluronidase or 0.4mg/ml collagenase for 

10min at 22ºC. The viabilities, as assessed by TB staining, of different stage oocytes 

after enzymatic treatment are shown in Figure 3.6. The results showed that both 

enzymatic methods can be used for oocytes at all stages, and show a high 

percentage of intact oocytes at different stages. 
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Figure 3.6   Viability of stage I, II and III oocyte isolated by 0.4mg/ml 

collagenase or 1.6mg/ml hyaluronidase (10min) treatment. Oocyte viability 

was assessed using TB staining (oocytes were stained for 3-5min with 0.2% 

TB). Bars labelled with different letters indicate differences between the 

groups (p<0.05). 

3.4 Discussion 

Successful enzymatic separation of zebrafish oocytes from the ovary mass using 

trypsin, collagenase and hyaluronidase is reported here for the first time. In contrast 
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to the mechanical method, enzymatic treatment is a simple and rapid method for 

obtaining large numbers of morphologically and functionally intact zebrafish oocytes 

at different stages of development. The enzymatic isolation method is more effective 

than the mechanical method because it removes most interstitial cells (Eveloff et al., 

1980). Although enzymatic separation has been used to obtain large numbers of 

intact follicles in mammalian species such as hamster (Roy and Greenwald, 1985), 

mice (Demeestere et al., 2002)  and the domesticated cow (Carambula et al., 1999), 

the results obtained from the present study showed that the method can also be used 

to separate fish oocytes, and the separation rates increased with concentration and 

treatment time period. More than 80% of viable oocytes were separated with any of 

the three enzymes when optimal concentration and treatment time combinations 

were used. 

The optimum enzymatic isolation method for oocytes should ensure high separation 

rates as well as high oocyte viability. If the ovarian mass is treated by enzymes 

excessively, oocytes would be damaged. The degree of damage will depend on the 

duration of treatment, the concentration of enzyme, and the type of tissue (Roy and 

Greenwald, 1985), whilst the nature of the enzyme is also important. If the treatment 

time is too long and enzyme concentration is too high, then enzymatic separation can 

be lethal to cells. This has already been demonstrated in rabbit (Nicosia et al., 1975), 

rats and mice (Grob, 1964). However, our results indicate that if the treatment time 

period is too short and the enzyme concentration is low, oocytes can not be 

satisfactorily separated, also the oocytes are more susceptible to damage when 

repeatedly pipetted. In this study, three enzymes at different treatment times and 

concentrations were investigated. Both TB staining and GVBD assessment results 

demonstrated that the optimal treatment conditions were 0.4mg/ml collagenase 

(10min treatment) and 1.6 mg/ml hyaluronidase (10min treatment). Under these 

conditions, both high separation and viability levels of oocytes were obtained. This 
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suggests that the enzymatic method does not adversely affect the oocyte capacity to 

mature in vitro when compared to the mechanical method. Similar observations have 

also been described in mice follicular isolation (Demeestere et al., 2002). 

Collagenase has been reported to be capable of attacking native collagen without 

having an effect on related proteins and not damaging epithelial tissue (Roy and 

Greenwald, 1985). It has long been used in preparation of cells and tissues for in 

vitro studies (Bertuzzi et al., 2006; Liu and Liu, 2006). Hyaluronan, a linear 

homogeneous polymer composed of N-acetyl-D glucosamine and D-glucuronic acid, 

is found in the extracellular matrix, and it is well know that hyaluronan is important for 

the maintenance of tissue architecture (Fraser et al., 1997; Laurent and Fraser, 

1992). Hyaluronidases, a family of â-1, 4-endoglucosaminidase that can 

depolymerise hyaluronan into small oligosaccharides, have been commonly used for 

isolating follicles from mammals (Van de Velde et al., 1997). The present study 

demonstrated that they could also be efficiently used for isolating follicles from fish 

ovary. 

Tests also showed that GVBD observation is a more sensitive and reliable method 

than TB staining, as it assesses overall oocyte developmental capability. However, 

TB staining is the faster test and can be used with all ooctytes developmental stages, 

but the results should be compared to other tests wherever possible (Plachinta et al., 

2004b). 

To avoid unknown harmful effects in oocyte isolation, enzymes should be used in low 

concentrations and for short periods of time (Van de Velde et al., 1997). The results 

from the present study showed that although the enzyme treatment temperature 

(22ºC) used for zebrafish follicles was lower than that used with mammalian follicles 

(37ºC), the optimum treatment concentrations (0.4mg/ml collagenase or 1.6 mg/ml 

hyaluronidase) are similar to those found for mammalian follicles, whilst the optimum 
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treatment time period of 10min was shorter (Demeestere et al., 2002; Roy and 

Greenwald, 1985). This demonstrates that zebrafish follicles are more sensitive to 

enzyme treatment than mammalian follicles. Early stage zebrafish oocytes are 

covered by a single layer of follicle cells and overlying the follicle cells is a 

vascularised connective tissue compartment, the thecal cell layer, separated by a 

basement membrane (basal lamina) (Selman et al., 1993). This structure in fish 

oocytes may be more susceptible to enzymatic treatment compared to mammalian 

oocytes. During enzyme treatment, the basal lamina is easily digested thus 

separating the thecal cell layer from the follicle cell layer. This process is helped by 

repeated pipetting of the ovarian cumulus during enzymatic treatment, significantly 

reducing the time the oocytes were exposed to enzymes. After treatment, granulosa 

cells remained attached to the oocytes, but thecal cell layer was removed. 

The results also indicated that the enzymatic method can be used to obtain large 

number of morphologically intact single zebrafish oocytes at different stages. TB 

staining revealed a high level (>90%) of intact of stage I, II and III oocytes after 

enzymatic treatment. The successful development of the enzymatic separation 

method in the present study provides an easier option for obtaining early stage 

oocytes for in vitro culture, an essential tool in understanding the underlying 

mechanisms of zebrafish oocyte growth.  

In this study, a new effective enzymatic isolation method for zebrafish oocytes has 

been developed. The method will undoubtedly assist investigations on 

cryopreservation of zebrafish oocytes and studies on zebrafish oocytes in general. 
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CHAPTER 4    CRYOPRESERVATION OF ZEBRAFISH (DANIO RERIO) 

OOCYTES USING IMPROVED CONTROLLED SLOW COOLING 

PROTOCOLS 

4.1 Introduction 

Fish populations are globally threatened due to over harvesting and environmental 

pollution. Cryopreservation of gametes provides a promising method to preserve fish 

genetic material, which is of great importance in preserving species diversity, 

aquaculture, and managing fish models used in biomedical research. 

Cryopreservation of gametes prevents genetic drift, offering a viable alternative for 

maintaining active breeding colonies while safeguarding the genetic integrity of 

scientifically valuable strains. Although cryopreservation of fish gametes has been 

studied extensively in the last two decades, and the successful cryopreservation of 

spermatozoa of many fish has been achieved (Lahnsteiner, 2000; Lahnsteiner et al., 

2000; Rana and Gilmour, 1996; Tiersch and Mazik, 2000), cryopreservation of fish 

embryos has not been successful (Hagedorn et al., 1996; Zhang and Rawson, 1996a) 

mainly due to their low membrane permeability and chilling sensitivity. Maternal 

genome cryopreservation is important as several genetic factors are inherited 

maternally in the oocyte cytoplasm such as mitochondrial DNA, and mRNAs that 

determine the early stages of embryonic development. Cryopreservation of oocytes 

offers several advantages when compared to fish embryos, such as their smaller size, 

and the absence of a fully formed chorion that may render them more permeable to 

water and solutes. 

Previously studies on cryopreservation of zebrafish (Danio rerio) oocytes using 

controlled slow cooling identified the optimum cryoprotective medium and cooling 
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rate for stage III zebrafish oocytes (Plachinta et al., 2004a; Plachinta et al., 2004b). In 

this present study, two different cryopreservation media, cryoprotectant removal 

method, the final sample freezing temperature before LN2 plunge, warming rate, and 

the post-warm incubation time on oocyte viability were investigated.  

4.2 Materials and methods 

4.2.1 Oocytes collection 

To obtain oocytes, gravid female zebrafish were anaesthetised in tricaine (0.6 mg/ml) 

for 5min and decapitated before removal of the ovaries. The ovarian cumulus was 

immersed in 1.6mg/ml hyaluronidase (made up in KCl-buffer or 50% L-15 medium) at 

22°C for 10min immediately after removal. Oocytes were separated by repeated 

gentle pipetting to remove the interstitial cells and the ovarian cumulus was 

separated into single oocytes. After isolation, oocytes were washed three times in 

KCl-buffer (55mM KCl; 55 mM K acetate; 1 mM MgCl2; 2 mM CaCl2; 10 mM HEPES; 

pH 7.4) or 50% L-15 medium and stage III oocytes (>0.5mm in diameter) were 

selected, pooled, and randomly distributed in wells of 6-well plates in either KCl-

buffer or 50% L-15 medium. 

4.2.2 Cryoprotective media 

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

were used in the present study. As L-15 medium has been used in in vitro maturation 

of zebrafish follicles, it is also used in the present study for comparisons. Solutions of 

cryoprotective agents (CPAs) were made up in 50% L-15 or KCl-buffer at a range of 

concentrations (2M, 3M and 4M). 0.2M glucose was used in combination with 

permeating cryoprotectant.  
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4.2.3 Cryopreservation procedures 

After 30min incubation in cryoprotectant solutions, oocytes were loaded into 0.5ml 

plastic straws and transferred into to a programmable cooler (Planer KRYO 550). 

The following cooling protocols were used: cooled at 2̊C/min from 20°C to seeding 

temperatures (-7.5°C for 2M; -10°C for 3M; and -12.5°C for 4M CPAs), manually 

seeded and held for 5min at seeding temperatures, cooled from seeding 

temperatures to -40˚C at 0.3˚C/min, from -40 to -80˚C at 10˚C/min and from -80 to -

160˚C at 50˚C/min. Samples were plunged into liquid nitrogen (LN2) at -40, -80 or -

160˚C and held in LN2 for at least 10min. Samples were warmed from -80, -160 or -

196˚C to 20˚C at 2˚C/min and 10˚C/min (both using Planer KRYO 550) or using a 

water bath at 27̊C (>300°C/min) (Figure 4.1). Cryoprotectants were then removed 

either in 1 or 4 steps by either direct transfer into KCl-buffer or via a series of 

methanol and glucose solutions (2M methanol + 0.2M glucose, 1M methanol + 0.1M 

glucose or 0.5M methanol + 0.05M glucose in KCl-buffer, 2.5min for each step) 

before final transfer to KCl-buffer or 50% L-15 medium. 

 

Figure 4.1   Cooling protocols and programmable cooler (Planer KRYO 550) 

used in the experiments. 
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Effect of cryoprotectants on viability of zebrafish oocytes 

After isolation and selection, oocytes were transferred into each well of a 6-well cell 

culture plates containing cryoprotective media (2, 3 and 4M methanol, DMSO, EG 

and PG) and incubated for 30min at 22°C. After incubation in CPA solutions, oocytes 

were washed twice with L-15 medium or KCl-buffer and viability tests were then 

conducted.  

Effect of KCl-buffer and 50% L-15 medium on oocytes viabilities after 
cryopreservation 

In these experiments oocytes were treated in 4M methanol in KCl-buffer or 50% L-15 

medium at 22°C for 30min, cooled to -80°C followed by plunging into LN2, then fast 

warmed and cryoprotectants removed in 1 step.  

Effect of cryoprotectant removal method on oocytes survival 

In these experiments, samples were frozen to -80, -160 or -196°C in 4M methanol + 

0.2M glucose in KCl-buffer, and then fast warmed and CPA removed in 1-step or 4-

step.  

Effect of plunge temperature 

In these experiments, samples were frozen to -40, -80, or -160°C and then plunged 

into LN2. Samples were then fast warmed and CPA removed in 4 steps.  

Effect of warming rate on oocyte viability 

In these experiments, 4M methanol with 0.2M glucose in KCl buffer was used. 

Samples were frozen to – 80°C, and then warmed at 2, 10°C/min or greater than 

300°C/min. CPA was removed in 4 steps. 



 82 

4.2.4 Oocyte viability assessment after cryopreservation  

Trypan Blue (TB) staining was using in this study. The viability of oocytes in control 

groups were assessed 10min after separation. This method was described in 2.3.3.1. 

4.3 Results 

4.3.1 Effect of cryoprotectants on viability of zebrafish oocytes 

Oocyte viability following exposure to 2, 3 and 4M methanol, DMSO, EG and PG are 

given in Figure 4.2. Oocyte viability was assessed with TB staining. The results 

showed that the toxicity of cryoprotectants generally increased with the concentration 

and that the toxicity of the four cryoprotectants increased in the order of methanol, 

PG, EG and DMSO. Methanol and PG being the least toxic CPAs to stage III oocytes 

at 4M compared with the other tested CAPs, oocytes survivals were 83.4 ± 1.2%, 

79.4 ± 2.6%, 61.9 ± 4.8% and 60.4 ± 3.1% for methanol, PG, EG and DMSO 

respectively (Figure 4.2).  
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Figure 4.2  Toxicity of cryoprotectants to stage III zebrafish oocytes assessed 

with trypan blue staining. Oocytes were exposed to 2M, 3M and 4M methanol, 

dimethyl sulfoxide, ethylene glycol and propylene glycol for 30min at 22°C. 

Values are means ± SEM. Bars labelled with different letters indicate 

differences between the groups (p<0.05). 

4.3.2 Effect of KCl-buffer and 50% L-15 medium on oocytes viabilities after 

cryopreservation 

After 30min incubation in 2, 3 and 4M methanol, DMSO, EG and PG oocytes were 

cryopreserved using controlled slow cooling. The results showed that there was no 

oocyte survival after warming except in the case of those in 4M methanol, and 4M 

methanol was selected for use in the subsequent experiments. In these experiments 

oocytes were treated in 4M methanol in KCl-buffer or 50% L-15 medium at 22°C for 

30min, cooled to -80°C at 10°C/min followed by plunging into LN2, then fast warmed 

and cryoprotectants removed in 1 step. The comparisons of oocyte viability in KCl-

buffer and 50% medium used in this study are shown in Figure 4.3. The results 

showed that the KCl buffer was more beneficial for cryopreservation of zebrafish 

oocytes than 50% L-15 medium. Although there were no significant differences 

between oocytes treated in the two bathing media at 22°C, significant differences in 
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oocyte viability were found between the two bathing media (64.9 ± 3.9% in KCl buffer 

and 4.1 ± 0.8% in 50% L-15 medium) post freezing and warming. 
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Figure 4.3 Comparisons of oocyte viability after cryoprotectants treatment (4M 

methanol) and cryopreservation in KCl-buffer + 4M methanol and 50% L-15 

medium + 4M methanol. Oocyte viability was assessed at three stages – after 

oocyte isolation (Control), after cryoprotectant treatment for 30min (22°C) or 

after freezing to – 80°C at 10°C/min followed by plunging into LN2 (LN2). Fast 

warming (>300°C/min) was used and cryoprotectant was removed in 1 step. 

Oocyte viability was assessed using TB staining. Bars labelled with different 

letters indicate differences between the groups (p<0.05). 

4.3.3 Effect of cryoprotectant removal method on oocytes survival 

Oocyte viability after 1-step or 4-step CPA removal is shown in Figure 4.4. In these 

experiments, samples were frozen to -80°C at 10°C/min, -160°C at 50°C/min or -

196°C in 4M methanol + 0.2M glucose in KCl-buffer, and then rapidly warmed and 

CPA removed. The results showed that oocyte viability increased significantly in 4-

step CPA removal after warming compared with those obtained using 1-step CPA 
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removal. There was no significant differences in oocyte viability between those 

obtained using 4-step CPA removal and the control group. The viability of oocytes in 

control groups were assessed 10min after separation. 
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Figure 4.4   Effect of 1-step and 4-step CPA removal on oocytes survival. 

Samples were frozen to  -80°C at 10°C/min, -160°C at 50°C/min or -196°C in 

KCl-buffer + 4M methanol + 0.2M glucose, and then rapidly warmed 

(>300°C/min). Samples were either transferred into KCl-buffer or to a series 

of methanol and glucose solutions (2M methanol + 0.2M glucose, 1M 

methanol + 0.1M glucose or 0.5M methanol + 0.05M glucose in KCl-buffer, 

2.5min for each step) before they were finally transferred to KCl-buffer. 

Oocyte viability was assessed by TB staining. Bars labelled with different 

letters indicate differences between the groups (p<0.05). 

4.3.4 Effect of plunge temperature 

The effects of plunge temperature on oocyte viability are shown in Figure 4.5. 

Samples were frozen to -40°C at 0.3°C/min, -80°C at 10°C/min, -160°C at 50°C/min 
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and then plunged into LN2. Samples were then fastrapidly thawwarmed and CPA 

removed in 4 steps. The results showed that although there were no significant 

differences in oocyte viability among the groups, when plunged at -160°C oocytes 

showed better morphology when compared with the other two groups.  
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Figure 4.5 Effect of sample plunge temperature (-40, -80, and -160°C) on 

oocyte viability. 4M methanol with 0.2M glucose in KCl buffer was used. 

Samples were frozen to -40 at 0.3°C/min, -80 at 10°C/min, -160 at 50°C/min, 

and then plunged into LN2. Samples were rapidly warmed and CPA was 

removed in 4 steps. Oocyte viability was assessed with TB staining. Bars 

labelled with different letters indicate differences between the groups (p<0.05). 

4.3.5 Effect of warming rate 

Although high cooling rates are generally considered to be beneficial for fish embryo 

and egg cryopreservation and rapid warming has been used in the previous 

experiments, some reports also found that slow warming is better than rapid warming 

in fish embryo cryopreservation (Helen et al., 2001; Picton et al., 2001). Therefore, 

two lower warming rates were also investigated in these experiments. The effect of 
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warming rates on oocyte viability is shown in Figure 4.6. The results showed that 

oocytes viabilities increased with the increased warming rates. Fast warming 

(>300°C/min) increased oocyte viability significantly when compared with warming at 

2, or 10°C/min. 

0

10

20

30

40

50

60

70

80

90

100

Control 2˚C/min 10˚C/min Fast thawing

V
ia

bi
lit

y 
of

 O
oc

yt
es

 (%
)

a

b

c

d

 

Figure 4.6   Effect of warming rate on oocyte viability. 4M methanol with 0.2M 

glucose in KCl buffer was used. Samples were frozen to –80°C, and then 

warmed at 2, 10°C/min or greater than 300°C/min. CPA was removed in 4 

steps. Oocyte viability was assessed by TB staining. Bars labelled with 

different letters indicate differences between the groups (p<0.05). 

4.4 Discussion 

Developing protocols for successful cryopreservation of fish oocytes has proven to 

be a major challenge. An optimum protocol should protect the oocytes from the 

effects of intracellular ice crystal formation, cellular dehydration and drastic changes 

in solute concentrations at both high and low temperatures (Helen et al., 2001). 

Cryopreservation media, cryoprotectant removal method, the final sample freezing 

temperature before LN2 plunge and warming rate should all be considered in 
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developing a protocol for successful cryopreservation of oocytes. An increase in 

electrolyte concentration, including sodium, during cryopreservation can result in 

cellular damage (Lovelock, 1954; Stachecki et al., 1998a). Sodium salts are the 

major components of virtually all cell handling media including those used in studies 

on cryopreservation of zebrafish embryos. High intracellular sodium concentrations 

that may result from freezing are incompatible with normal cell function and sodium 

toxicity has been suggested to be a major factor in cryopreservation related cell 

damage (Stachecki et al., 1998a; Stachecki and Willadsen, 2000). In the present 

study, KCl-buffer, a sodium free medium, proved to be a better bathing medium than 

50% L-15 medium for cryopreservation of zebrafish oocytes at -196°C. Goud et al. 

(2000) have also shown the benefit of diminished Na+ in the freezing solution for 

preservation of human germinal vesicle and in vitro matured human oocytes. In 

typical (i.e. relatively high Na+) media, excess Na+ may be pumped into the 

cytoplasm but is unable to be transported out during the freeze-warm process, 

leading to excess accumulation of intracellular Na+ and ultimately cell death following 

warming (Stachecki et al., 1998a). 

Cryobiological studies have shown that different type of cells, even when frozen in 

the same solution, require different optimum warming rates, and warming rate can 

exert significant effects on the survival of cells after freezing (Mazur, 1985). In the 

present study, fast warming (>300°C/min) proved superior to slow warming (2, and 

10°C/min). Slowly cooled cells, and rapidly cooled ones, are more likely to be 

damaged with slow warming than with rapid warming (Henry et al., 1993) and such a 

pattern is also seen in mammalian cells (Koshimoto and Mazur, 2002; Rich et al., 

1993; Taylor and Benton, 1987; Tze and Tai, 1990), suggesting that the development 

of a damaging event is time-dependent. The sequence of slow cooling/slow warming 

is more damaging than that of slow cooling/rapid warming simply because of an 

increase in the total exposure time at subzero temperatures (Mazur, 2004). 
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The survival of frozen cells is dependent not only on cooling and warming rates, but 

also the method by which CPAs are removed from cryopreserved cells. In the 

present study, a 4-step removal was superior to 1-step removal. 4-step removal 

reduced osmotic stress of oocytes during the process of CPAs removal, whilst 1-step 

removal can result in a post-hyperosmotic stresses to oocytes (Isayeva et al., 2004).  

Although the use of sodium free medium (KCl buffer), fast warming and 4-step 

removal of cryoprotectants enhanced oocyte viability, oocytes became translucent 

after warming suggesting cytoplasmic damage. A similar phenomenon was 

previously reported by Isayeva et al. (2004) in studies on chilling sensitivity of 

zebrafish oocytes. Chilling sensitivity of zebrafish oocytes may be one of the 

obstacles to the development a successful protocol for their cryopreservation along 

with low membrane permeability (Zhang et al., 2005). The large size of zebrafish 

oocytes results in much lower surface area to volume ratio, reducing water and 

cryoprotectant permeability (Isayeva et al., 2004). Vitrification, ice-free 

cryopreservation using high cryoprotectant concentrations and rapid cooling rates, 

offers some advantages to overcome some of these obstacles. Compared to stage III 

oocytes, smaller sized stage I and stage II oocytes may be better candidates for 

zebrafish oocyte cryopreservation. New oocyte viability assessment methods 

including molecular markers are also urgently needed.  

 

 

 

 



 90 

CHAPTER 5    CRYOPRESERVATION OF ZEBRAFISH (DANIO RERIO) 

OOCYTES BY VITRIFICATION 

5.1 Introduction 

The cryopreservation of zebrafish germplasm is one of the most pressing problems 

we have today in medical research. Many other model systems (such as mouse, rat, 

domestic swine, rhesus monkeys) are fairly well represented in terms of the amount 

of genetic material safely banked away, but this is not the case for zebrafish embryos 

or oocytes. There are some obstacles to zebrafish oocytes cryopreservation: (a) the 

large size of oocytes, which results in low membrane permeability to water and 

cryoprotectant (Selman et al., 1993; Zhang et al., 2005) ; (b) high chilling sensitivity 

of the oocytes, which may be linked to the presence of a large amount of highly 

intracellular yolk  (Isayeva et al., 2004; Lubzens et al., 2005; Wallace and Selman, 

1981b). As oocytes are highly chill-sensitive, the low cooling rate required to prevent 

IIF may produce long exposure times at low temperature with the risk of major 

chilling injury. This conflict appears to apply to embryos of the pig, and Drosophila, 

and to oocytes of many other species (Mazur et al., 2008). Vitrification is considered 

to be a promising approach for cryopreservation for chilling sensitive gamates or 

embryos as it involves rapid cooling and warming and therefore can minimize the 

chilling injury.  

Vitrification, achieved by high concentration of cryoprotectants and a significant 

increase in cooling rates, has many primary advantages and benefits, such as no ice 

formation and ease of application in the field or laboratory without specialized 

equipment. However, high concentration of cryoprotectants in turn can introduce 

serious osmotic and toxicity problems. Increasing the cooling rates and decreasing 

the concentration of cryoprotectant is a promising approach for cryopreservation of 
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fish oocytes by vitrification methods. To develop a protocol for cryopreservation of 

fish oocytes by vitrification, there are several factors that need to be considered. 

These include (a) the vitrification properties of cryoprotectants alone or in 

combination; (b) toxicity of different types and concentrations of cryoprotectants to 

fish oocytes; (c) the type of device that is used for vitrification; (d) the basic medium, 

the post-warm dilution solutions and the incubation periods. 

In the present study, a series of experiments were designed to determine the 

concentration at which cryoprotectants would vitrify when in solution singly or in 

combination during cooling and warming. The toxicity of these cryoprotectants and 

their combinations to oocytes were also studied. Commonly used cryoprotectants in 

zebrafish embryo and oocytes cryopreservation, such as Me2SO, methanol, 

propylene glycol and ethylene glycol (Plachinta et al., 2004b; Zhang et al., 2005; 

Zhang et al., 2003), were investigated. The actual rate of heat transfer during 

vitrification procedures may vary widely depending on the device used, technical 

proficiency, and the specific movement at immersion. Therefore, 0.25ml plastic straw 

and CVA65 cryohook were applied in these studies. Two basal media, 50% L-15 and 

sodium-free KCl buffer medium, together with two post-warm dilution solutions and 

the incubation periods after freeze-warming were also investigated. 

5.2 Materials and method 

5.2.1 Vitrification studies 

The cryoprotectants investigated were: Me2SO, methanol, propylene glycol and 

ethylene glycol, which were commonly used in fish cryopreservation (Zhang et al., 

2007). The solutions for testing were prepared in 50% L-15 or sodium-free KCl buffer 

media. Each individual cryoprotectant, was tested at a range of concentrations (Table 
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5.1) according to the individual cryoprotectant vitrification results of Ali and Shelton 

(1993a) and Liu (2000)’s work.  

Table 5.1  The concentrations of individual cryoprotectants tested in present study. 

Cryoprotectant Concentrations (moll-1) 

methanol 8.5 9.0 9.5 10 10.5 

Me2SO 3.5 4.0 4.5 5.0 5.5 

propylene glycol 3 3.5 4.0 4.5 5.0 

ethylene glycol 4.5 5.0 5.5 6.0 6.5 

The tendency for solutions of three cryoprotectants in combination to vitrify was 

determined by minimum vitrifying concentration of individual cryoprotectants and their 

non-observed effect concentrations to zebrafish oocytes (Plachinta et al., 2004b). 

Solutions were tested for vitrification in unsealed 0.25ml plastic straw filled at room 

temperature by suction with syringe or in CVA65 cryohook (5-10 µl) loaded by 20µl 

pipette. The loaded straws were plunged directly into liquid nitrogen to test for the 

vitrification on cooling; the loaded cryohook was carefully transferred to the 

vitrification block and the droplet placed onto its surface (CVA65) (Figure 5.1) or 

carefully immerged into liquid nitrogen (CVA65-LN) to test for vitrification. The ability 

of the solution to remain vitreous during warming was tested by plunging the vitrified 

straws into a water bath maintained at 26 ± 1ºC or by immersing the glassy bead on 

the cryohook into prewarmed warming medium. During cooling and warming, that 

transparent glassy appearance was used to identify vitrified solution; a milky 

appearance was used to identify non-vitrification or devitrification. 



 93 

 

Figure 5.1  CVA – 65 vitrification block was used in the present experiment 

5.2.2 Toxicity studies 

Due to the previous results of ‘no observed effect concentration (NOEC)’ of 

cryoprotectants on zebrafish oocytes assessed by GVBD assay (Plachinta et al., 

2004b), 2M for methanol, 1M for Me2SO and propylene glycol and 0.5M for ethylene 

glycol are ‘no observed effect concentrations’. The results of vitrification properties of 

individual cryoprotectant showed that Me2SO and propylene glycol had better 

vitrification property than methanol and ethylene glycol. Because methanol is lowest 

toxic among them, 2M methanol is chosen as equilibration agent and Me2SO and 

propylene glycol are chosen as the best vitrified cryoprotectants. Therefore, the 

individual cryoprotectants tested for oocyte toxicity were: Me2SO and propylene 

glycol at concentration of 1, 2, 3 and 4M in 50% L-15 or sodium-free KCl buffer 

media at room temperature. Stage III oocytes were incubated in the solutions 

described above for 5, 15 and 30min, then their viabilities were assessed. As a result 

of these tests and the vitrification studies on cryoprotectant solutions, vitrification 

solutions (V3 and V4) were formulated and tested for oocyte toxicity after 5, 15 and 

30min treatments. 
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5.2.3 Vitrification solution 

Based on the results of the above toxicity and vitrification studies, 2 vitrification 

solutions were selected from the 5 tested vitrification solutions (Table 5.2). They are 

V3 (3M Me2SO + 2M methanol + 2M propylene glycol) and V4 (2.5M Me2SO + 2M 

methanol + 2.5M propylene glycol) prepared in KCl buffer or 50% L-15 medium. Two 

equilibration media containing lower concentration of cryoprotectants were designed 

for stepwise addition. They are ES1 (1M Me2SO + 1M methanol + 0.75M propylene 

glycol) and ES2 (2M Me2SO + 2M methanol + 1.5M propylene glycol) prepared in 

KCl buffer or 50% L-15 medium. Two dilution media ES2 and 0.5M glucose in base 

media were used in warming procedures. 

Table 5.2 The composition of vitrification solutions of the combinations of three 

different cryoprotectant at different concentrations. 

5.2.4 Vitrification procedures 

Stage III oocytes were equilibrated in ES1 at room temperature for 15min, followed 

by ES2 for 10min. After equilibration, oocytes were transferred to V3 or V4 for 5min 

and loaded into unsealed 0.25ml plastic straw at room temperature by suction with 

Vitrification 

solutions 

Concentration of component (moll-1) 

Me2SO Methanol PG 

V1 4 2 1 

V2 3.5 2 1.5 

V3 3 2 2 

V4 2.5 2 2.5 

V5 2 2 3 
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syringe or into CVA65 cryohook (5-10 µl) by 20µl pipette. The loaded straws were 

plunged directly into liquid nitrogen for vitrification; whilst the loaded cryohook was 

carefully immerged into liquid nitrogen for vitrification. The oocytes were stored in 

LN2 at least 10min. The straws were warmed in a water bath maintained at 26 ± 1ºC, 

oocytes were then release into warming media. The glassy beads on the cryohook 

were directly immerged into warming media. Cryoprotectants were then gradually 

diluted in ES2 or 0.5M glucose media in 4 steps before final transfer to KCl buffer. 

5.2.5 Oocyte viability assessment 

Trypan blue (TB) staining was used in this study to assess oocyte viability.  

5.3 Results 

5.3.1 Vitrification studies on individual cryoprotectants 

In these experiments, the vitrification properties of four different cryoprotectants 

(Me2SO, methanol, propylene glycol and ethylene glycol) were tested (Table 5.3). 

Cryoprotectants tested were prepared in KCl buffer or 50% L-15 medium at a range 

of concentrations (Table 5.1) and loaded in 0.25ml plastic straw or CVA65 hook, and 

plunged in three different ways. Me2SO vitrified at 5.5 M in straws and with CVA65-

LN (the loaded cryohook was carefully immerged into liquid nitrogen); methanol at 

9.5M only in CVA65-LN; propylene glycol at 4.5M in straw, CVA65 (the loaded 

cryohook was carefully transferred to vitrification block and place the droplet onto its 

surface) and CVA65-LN; and ethylene glycol at 6M in straw and CVA65-LN. However, 

all of these devitrified during warming. CVA65-LN and 0.25ml plastic straw are better 

than CVA65 in solution vitrification. Based on the previous results on the no observed 

effect concentrations and the vitrification properties of individual cryoprotectants 



 96 

(Zhang et al., 2007), EG is not used in the subsequent experiments, and CVA65-LN 

and 0.25ml plastic straw were used in the subsequent experiments. 

Table 5.3 The minimum concentrations of individual cryoprotectants in different 

vitrification systems in KCl buffer or 50% L-15 medium. 

Cryoprotectants 

Minimum concentrations of cryoprotectants that vitrified (moll-1) 

0.25ml plastic straw CVA65 CVA65-LN 

L K L K L K 

Methanol C C C C 9.5 9.5 

Me2SO 5.5 5.5 C C 5.5 5.5 

PG 4 4 4.5 C 4 4 

EG 6 6 C C 6 6 

Note: C: crystallization resulted in milky appearance of the solution at the maximum 

concentrations tested in present study. 

           L: 50% L-15 medium;       K: KCl buffer. 

5.3.2 Toxicity studies of individual cryoprotectants 

Due to the previous results of ‘no observed effect concentration (NOEC)’ of 

cryoprotectants on zebrafish oocytes assessed by GVBD assay (Plachinta et al., 

2004b), 2M for methanol, 1M for Me2SO and propylene glycol and 0.5M for ethylene 

glycol are no observed effect concentrations. The results of vitrification properties of 

individual cryoprotectant showed that Me2SO and propylene glycol had better 

vitrification property than methanol and ethylene glycol. Because methanol has the 

lowest toxicity among them, 2M methanol was chosen as the equilibration agent and 

Me2SO and propylene glycol were chosen as mainly vitrified cryoprotectants. The 
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toxic effects of Me2SO and propylene glycol at the concentration of 1, 2, 3, and 4M in 

KCl buffer or 50% L-15 medium on oocyte viability were studied. Oocyte viability was 

assessed at 5, 15, and 30min treatment at room temperature (Fig 5.2). The results 

showed that there are no significant difference in oocyte viability between control 

groups and groups treated in the four different concentration of Me2SO for 5, 15 and 

30min exposure. The viability of oocyte treated in propylene glycol at 3 and 4M after 

15 and 30min treatments is significant lower than that in control groups (Figure 5.3). 
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Figure 5.2   The toxic effect of Me2SO (a in KCl buffer, b in 50% L-15 medium) at the 

concentration of 1, 2, 3, and 4M on oocyte viability. Oocyte viability was assessed at 

5, 15, and 30min treatment by trypan blue staining (TB). Values are means ± SEM. 

Bars labelled with different letters indicate differences between the groups (p<0.05). 
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Figure 5.3   The toxic effect of propylene glycol (a in KCl buffer, b in 50% L-15 

medium) at the concentration of 1, 2, 3, and 4M on oocyte viability. Oocyte viability 

was assessed at 5, 15, and 30min treatment by trypan blue staining (TB). Bars 

labelled with different letters indicate differences between the groups (p<0.05). 

5.2.3 Vitrification studies on the combinations of three different 

cryoprotectants 

According to the results of vitrification experiments on individual cryopretectants and 

the relative toxicity of individual cryoprotectants, 5 combinations of three 

cryoprotectants were selected for study of the vitrification properties (Table 5.4). 

When combinations of three cryoprotectants were tested, V3 and V4 in KCl buffer 
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were found in every vitrification system that would vitrify on plunging into liquid 

nitrogen and remain vitreous on warming, but V3 and V4 in 50% L-15 medium are 

easily devitrified during warming (Table 5.5). Therefore, V3 and V4 in KCl buffer were 

selected for further toxicity tests. 

 Table 5.4 The composition of vitrification solutions of the combinations of three 

different cryoprotectant at different concentrations. 

Table 5.5 Vitrification and devitrification features of vitrification solutions in different 

vitrification systems 

Vitrification 

solutions 

0.25ml plastic straw CVA65 CVA65-LN 

L K L K L K 

V1 C C C V/V V/D V/V 

V2 C C V/V V/V V/D V/V 

V3 V/D V/V V/V V/V V/V V/V 

V4 V/D V/D C V/V V/D V/V 

V5 C V/D C C V/D V/V 

 

Note: C: crystallization resulted in milky appearance of the solution; 

          V: vitrification was evidenced by the formation of a transparent glass; 

          D: devitrification conferred to the occurrence of milky appearance rather than remaining 

clear during warming; 

           L: 50% L-15 medium;       K: KCl buffer. 

Vitrification solutions 
Concentration of component (moll-1) 

Me2SO Methanol PG 

V1 4 2 1 

V2 3.5 2 1.5 

V3 3 2 2 

V4 2.5 2 2.5 

V5 2 2 3 
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5.2.4 Toxicity studies of vitrification solutions 

The toxic effects of V3 and V4 on oocyte viability were tested in this experiment. 

Oocytes were exposed to V3 and V4 for 5, 15 and 30min at room temperature and 

oocyte viability were assessed by trypan blue (Fig 5.4). The results showed that there 

were no significant differences in oocyte viability between control groups and groups 

treated in V3 for 5, 15 and 30min treatments (79.6 ± 2.6%, 72.7 ± 4.4%, 76.7 ± 3.2% 

and 71.2 ± 3.7% respectively). However, there were significant differences between 

control groups and groups treated in V4 for 15 and 30min treatments (79.6 ± 2.6%, 

65.9 ± 2.1%, and 63.4 ± 5.3% respectively). 
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Figure 5.4   The toxic effects of V3 and V4 on oocyte viability were tested in this 

experiment. Oocytes were exposed to V3 and V4 for 5, 15 and 30min at room 

temperature and oocyte viability were assessed by TB. Bars labelled with different 

letters indicate differences between the groups (p<0.05). 

5.2.5 Vitrification experiments 

In these experiments, oocytes were exposed first to ES1 (1M Me2SO + 1M methanol 

+ 0.75M propylene glycol) for 15min, then ES2 (2M Me2SO + 2M methanol + 1.5M 
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propylene glycol) for 10min, and finally V3 or V4 for 5min, before being loaded into 

0.25ml plastic straws. Straws were directly plunged into liquid nitrogen and stored at 

least for 10min. Oocytes were warmed in a water bath and cryoprotectants were 

removed in ES2 or 0.5M glucose in 4 steps. Oocyte viability was assessed 10min 

post warming (Fig 5.5). The results showed that there are no significant differences in 

oocyte viability between control group and experimental groups. There were no 

significant difference between the control groups and the groups diluted in ES2 in 

steps, but there were significant differences between the control group and groups 

diluted in 0.5M glucose. However, microscopic observations showed that all oocytes 

became translucent 10min after warming. 
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Figure 5.5  Oocyte viability after warming assessed by TB. Oocytes were stepwisely 

equilibrated in ES1 for 15min, ES2 for 10min, and V3 or V4 for 5min, and then loaded 

into 0.25ml plastic straw. Straws were directly plunged into liquid nitrogen and stored 

at least for 10min. Oocytes were warmed in a water bath and cryoprotectants were 

removed in either ES2 or 0.5M glucose in 4 steps. Oocyte viability was assessed 

10min post warming. Bars labelled with different letters indicate differences between 

the groups (p<0.05). 
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5.2.6 Comparison of vitrification system: 0.25 plastic straw and CVA65-LN 

In these experiments, oocytes were vitrified in V3 and cryoprotectants were removed 

in ES2 in 4 steps. Two vitrification systems were used in these experiments. Oocyte 

viability was assessed with trypan blue staining either immediately after warming or 

after 30, or 60min incubation in KCL buffer at room temperature (Fig 5.6). The results 

showed that the use of CVA65 vitrification system improved oocyte survival when 

compared with plastic straws after 30min incubation at 22°C post-warming (68.5 ± 

7.2% Vs 48.3 ± 4.6%). However, microscopic observations showed that all oocytes 

became translucent around 18min after warming in CVA65-LN vitrification system 

whilst oocytes became translucent 10min after warming in plastic straw. In addition, 

during the incubation, oocytes become swelled and their membrane ruptured in a 

time-dependant manor. 
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Figure 5.6   Oocytes were vitrified in V3 and diluted in ES2 in 4 steps. Two vitrification 

systems were used in these experiments. Oocyte viability was assessed with trypan 

blue staining either immediately after warming or after 30, 60min incubation in KCl 

buffer at room temperature. Bars labelled with different letters indicate differences 

between the groups (p<0.05). 
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5.2.7 Comparison of controlled slow cooling and CVA65-LN vitrification system 

Oocyte viability obtained from control slow cooling and vitrification was compared in 

Figure 5.7. Oocytes were cryopreserved by controlled slow cooling and CVA65-LN 

vitrification. Oocyte viability was assessed with trypan blue staining either 

immediately after warming or after 30, 60min incubation at room temperature. The 

results showed that there are no significant differences in oocyte viability between 

controlled slow cooling and CVA65-LN.  
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Figure 5.7   Oocytes were cryopreserved either by controlled slow cooling or CVA65-

LN vitrification. 4M methanol with 0.2M glucose in KCl buffer was used in controlled 

slow cooling. Oocytes were incubated in the cryoprotective medium for 30min at room 

temperature, controlled slow cooled to -160°C, plunged into LN2, then fast warmed 

(>300°C/min) and cryoprotectant was removed in 4 steps. In CVA65-LN vitrification, 

oocytes were vitrified in V3 and diluted in ES2 in 4 steps. After warming, oocytes 

were incubated for 10, 30, and 60 at 22°C in KCl buffer. Oocyte viability was 

assessed with trypan blue. Bars labelled with different letters indicate differences 

between the groups (p<0.05). 
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5.4 Discussion 

Successful cryopreservation of fish oocytes would have important implications in 

conservation and aquaculture. Cryopreservation of fish oocyte is challenging 

because these oocytes have low membrane permeability to water and cryoprotectant 

and are highly chilling sensitivity. Vitrification is considered to be a promising 

approach for their cryopreservation as it involves rapid cooling and warming of the 

oocytes and therefore can minimize the chilling injury. Experiments on vitrification 

properties of four different cryoprotectants showed the considerable differences 

among cryoprotectants in the molarities at which they can vitrify. The apparent 

vitrification concentrations of cryoprotectants depend on their physicochemical 

properties, hydrostatic pressure, cooling and warming rates (Fahy et al., 1984), 

sample size, vitrification devices (Chen et al., 2001; Imam El-Danasouri and Selman, 

2005). In the present study, CVA65-LN and 0.25ml plastic straw are better than 

CVA65 in solution vitrification, which probably due to the fact that when CVA65 

method requires more carefully transferring of droplets containing ooytes to 

vitrification block surface and therefore resulted in lower cooling rates. Methanol at 

the maximum concentration did not vitrify in 0.25ml straw cooled by directly plunging, 

but can vitrify by CVA65 hook cooled by plunging into liquid nitrogen, which may be 

associated with the smaller volume (5-10 µl) of the solution surrounding the cells and 

faster cooling rates (Begin et al., 2003; Chen et al., 2001). However, none of the 

single cryoprotectants remained vitreous at the maximum tested concentrations 

during warming procedure. These vitrification properities of cryoprotectants tested 

were similar to those that apply to mouse embryo vitrification (Ali and Shelton, 

1993a). It is possible that ice nuclei that formed during cooling did not have sufficient 

time to grow, but during warming they grew to the macroscopic ice crystall. Due to 

the previous results of no observed effect concentration (NOEC) of cryoprotectants 

on zebrafish oocytes assessed by GVBD assay (Plachinta et al., 2004b), 2M for 
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methanol, 1M for Me2SO and propylene glycol and 0.5M for ethylene glycol are no 

observed effect concentrations. The results of vitrification properties of individual 

cryoprotectant showed that Me2SO and propylene glycol had better vitrification 

properties than methanol and ethylene glycol. Because methanol is lowest toxic 

among them, 2M methanol is chosen as equilibration agent and Me2SO and 

propylene glycol are chosen as mainly vitrified cryoprotectants.  

Cryoprotectants have both protective and toxic effects on fish oocytes during 

cryopreservation. The higher the cryoprotectant concentration in vitrification solutions, 

the more likely will be the vitrification of the solution. However, at these 

concentrations, the cryoprotectant has greater toxicity than the same cryoprotectants 

at lower concentration. Therefore, the vitrification solution was chosen taking into 

account the fact that all the individual cryoprotectants incorporated did not 

significantly affect zebrafish oocyte viability, at the specified exposure time and 

temperature when used separately. In the present study, the toxic effect of Me2SO 

and propylene glycol at the concentration of 1, 2, 3, and 4M in KCl buffer or 50% L-

15 medium for 5, 15, and 30min treatments on oocyte viability were investigated. Our 

results demonstrated that Me2SO at the different concentrations and exposure time 

have no significant toxicity, judged by trypan blue staining,  to zebrafish oocytes and 

oocytes are more sensitive to propylene glycol with concentration beyond 3M and 

exposure times longer than 15min.Therefore, Me2SO, the most commonly used in 

fish sperm (Rana, 1995), embryo (Cabrita et al., 2003a; Cabrita et al., 2003b; Chen 

and Tian, 2005)  and oocytes cryopreservation, was used in mixtures due to its low 

toxicity and good vitrification property. Methanol is the least toxic of the commonly 

used permeating cryoprotectants to zebrafish oocyte (Plachinta et al., 2004a; Zhang 

et al., 2007), but at the concentration necessary to achieve vitrification (9.5 moll-1), it 

is too toxic. 3M, the maximum concentration of propylene glycol, was used in the 

mixtures of vitrification solution. Although neither component vitrified on its own, the 
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combination – V3 in KCl buffer, within 0.25ml plastic straw or CVA65 hook, vitrified 

on plunging into liquid nitrogen and remained clear on warming. Furthermore, the 

results on toxicity demonstrated that V3 in KCl buffer used in our vitrification did not 

cause significant injury to oocytes during 5, 15 and 30min exposure and remained 

vitreous both in freezing and warming procedures.  

Minimizing the toxicity of the cryoprotectants and osmotic shock can be achieved by 

using a combination of cryoprotectants and stepwise addition and removal of 

cryoprotectants (Orief et al., 2005). The results showed that after 30min stepwise 

exposure to increased concentration of cryoprotectants, there was no significant 

difference in oocyte viability between control and tested groups. In the process of 

stepwise removal of cryoprotectants, 0.5M glucose could not provide sufficient 

osmotic buffering to reduce the osmotic shock, which resulted in lower oocyte 

viability when compared with ES2. 

Two of the most important variables for successful vitrification are high rates of the 

cooling and warming. Although a practical limit to attainable cooling rate exists, there 

are some practical ways to increase the cooling and warming rates: to minimize the 

volume of the solution surrounding the oocytes; to increase thermo-conductivity of 

vitrification system, by a direct contact between the cryoprotectant solution and the 

liquid nitrogen; and to avoid liquid nitrogen vapour formation (Orief et al., 2005). 

Therefore, specific vitrification devices were introduced into cryopreservation. 

Encouraging results were obtained in our experiment by using the CVA65 vitrification 

system, which originally came from solid surface vitrification (SSV) (Dinnyes et al., 

2000). CVA65 vitrification system can improve the oocyte viability and delay the 

oocyte morphologic changes after warming when compared with plastic straws. The 

similar survival rates between controlled slow cooling and CVA65-LN vitrification 

indicated that successful cryopreservation of oocyte remains elusive. During the 
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incubation after warming, the volume of oocyte becomes swelled and translucent. 

Similar phenomenon was reported in Isayeve et al (2004) and Lubzens et al (2005)’s 

work. The possible reason for this phenomenon is the fusion of yolk granules into 

one translucent mass, induced by intracellular ice formation, or osmotic shock. The 

formation of intracellular ice may due to the low membrane permeability of fish 

oocyte to cryoprotectants.  

Vitrification of zebrafish oocytes is reported here for the first time, although oocyte 

survivals after cryopreservation assessed by trypan blue staining were relatively high 

shortly after warming in KCl buffer, the swelled and translucent oocytes after 

warming indicated that oocytes were severely damaged during the process of 

vitrification. Further studies are needed to assess the viability of the cryopreserved 

oocytes after prolonged period of culture in different incubation media, such as L-15 

culture medium, which proved to be the most suitable in vitro culture medium for 

zebrafish follicles, when compared with two other solutions (Hank’s solution and KCl 

buffer) (Zampolla et al., 2008).  
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CHAPTER 6 FURTHER ASSESSMENTS OF QUALITY OF ZEBRAFISH 

OOCYTES AFTER CRYOPRESERVATION USING OPTIMAL 

CONTROLLED SLOW COOLING PROTOCOL 

6.1 Introduction 

Several viability assessments have been used to evaluate zebrafish oocyte viability 

both before and after cryopreservation procedure. Among these, trypan blue (TB) 

staining, thyazolyl blue (MTT) and in vitro maturation followed by observation of 

germinal vesicle breakdown (GVBD) are the methods used in this laboratory (Isayeva 

et al., 2004; Plachinta et al., 2004a; Plachinta et al., 2004b). TB is a vital dye, its 

reactivity is based on the fact that the chromopore is negatively charged and does 

not interact with the cell unless the membrane is damaged. TB test may not be ideal 

as it only assesses the membrane damage as opposed to whole cell physiological 

status. However, the TB test is the fastest test so far for fish oocyte viability 

assessment and can be used for all oocyte developmental stages. MTT test was 

shown to be the least sensitive testing method and gave poor correlation to 

subsequent GVBD results. GVBD test is the most sensitive method for assessing 

oocyte viability as it assesses oocytes developmental capability; however, it can only 

be applied to stage III oocytes as later stages have already gone through maturation 

and germinal vesicle breakdown in vivo (Plachinta et al., 2004b). Reliable fish oocyte 

quality assessment methods are essential in developing protocols for their 

cryopreservation as well as their in vitro maturation and fertilization, and new oocyte 

viability assessment methods are urgently needed. In these present studies, oocyte 

viability molecular signature (OVMS) assay, ATP assay and cryomicroscopic 

observation were investigated. 
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6.2 Oocyte viability molecular signature (OVMS) assay 

The ability of an oocyte to develop into a viable embryo depends on the accumulation 

of specific maternal genetic information and other molecules, such as RNAs and 

proteins. The expression of specific maternal mRNAs during oogenesis can be 

detected, and at later stages of oocyte some mRNAs become localized to specific 

regions of the cytoplasm (Kim-Ha et al., 1993). Sets of maternal mRNAs can be 

defined based on the specific localization patterns, including uniform localization, 

localization to the animal and vegetal poles, and cortical localization. Therefore, 

specific localization patterns can be used as an oocyte viability molecular signature 

for assessing oocyte quality after cryopreservation (Lyman-Gingerich and Pelegri, 

2007). After studying polarization of maternal mRNAs along the animal/vegetal axis 

of zebrafish oocyte, four maternal transcripts were selected according to their 

expression patterns: cyclin B1 (ccnb1), metallothionein 2 (mt2), and a rhamnose-

binding lectin with an animal pole localization and DAZL (dazl) with vegetal pole 

localization (Cotto et al., 2005; Morais et al., 2007). These studies indicated that 

whole-mount in situ hybridization analysis performed during oogenesis showed a 

high level of mt2 transcript and the transcript was homogeneously distributed in stage 

I and II of oogenesis, but restricted to the animal pole of oocyte from early stage III. 

The protocol of using the unique patterns of mt2 transcripts to develop oocyte 

viability molecular signature (OVMS) assay was developed by the laboratories of 

Genomic and Fish Physiology, University Bordeaux 1, France. In the present study, 

the protocol was applied for assessing stage III zebrafish oocyte quality after 

controlled slow cooling. The results obtained from these studies were also compared 

with those obtained from TB staining and GVBD methods. 
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6.2.1 Materials and methods 

Oocytes were fixed in 4% paraformaldehyde overnight at 4ºC, rinsed three times in 

phosphate-buffered saline (PBS), twince in methanol, and stored at -20ºC in 

methanol until use.  

For in situ hybridization, oocytes were diluted by stepwise incubation in methanol-

PBS solutions during 5min; start with a 75% methanol + 25% PBS-solution, followed 

by 50/50-solution,  25% methanol + 75% PBS-solution, and finally PBS-T(PBS plus 

0.1% Tween-20) at room temperature (RT). Oocytes were rinsed for 3 x 5min in 

PBS-T (PBS plus 0.1% Tween-20) at RT, and digested by 10–20 μg.mL-1proteinase 

K in PBS-T for 20min at 37ºC. They were post-fixed in 4% paraformaldehyde for 

20min at 4ºC and rinsed for 3 x 5min in PBS-T at RT. Prehybridization was 

performed in hybridization buffer plus (HBP) [65% formamide, 5 x sodium-salt citrate 

(SSC: 0.75 M NaCl, 0.075 M Na3citrate. 2H2O), 100μg.mL-1 heparin, 500μg.mL-1 

tRNA, pH 6.5] for 2h at 67ºC. The probe (mt2 5’-CATGTCCTTTGTCT-3’ made and 

provided by France Lab) were denatured for 10min at 98ºC and added to prewarmed 

HBP, oocytes were incubated overnight at 58ºC. They were rinsed for 5min in HB 

(50% formamide, 5 x SSC, pH 6.5), and washed at 67ºC in 3 : 1 (v/v) HB/2 x 

SSC/0.1% Tween (SSC-T) (10min), 1 : 1 HB/2 x SSC-T (10min), 1 : 3 HB/2 x SSC-T 

(10min), 2 x SSC-T (20min), 1 : 1 formamide/2 x SSC-T (20min), 2 x SSC-T (2 x 

20min), 0.2 x SSC-T (30min) at 55 ºC and once in 0.2 x SSC-T at room temperature. 

They were then transferred into 3:1 0.2 x SSC-T/PBS-T (10min), 1 : 1 0.2 x 

SSCT/PBS-T (10min), 1 : 3  0.2 x SSC-T/PBS-T (10min), and PBS-T (2 x 20min). 

The oocytes were then blocked in blocking solution (PBS-T, 2% sheep serum and 

2μg.mL-1 BSA) for 1.5h at RT. Oocytes were subsequently incubated in preabsorbed 

sheep antidigoxigenin-AP Fab fragments at TWS1: 4000 dilution in blocking solution 

(10ml PBS, 200μl sheep serum and 200μl BSA) overnight at 4ºC. They were rinsed 
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in PBS-T (6 x 15min) and then in chromogenic buffer (100 mM Tris/HCl pH 9.5, 100 

mM NaCl, 50 mM MgCl2) for 4h at RT. BM purple (Roche) supplemented with 1mM 

levamisol was used as substrate. They were incubated in stop solution (10mM Tris-

HCl, 10mM EDTA) for 10min and rinsed in PBS-T for 10min. Oocytes were re-fixed in 

4% paraformaldehyde overnight at 4ºC and rinsed for 3 x 5min in PBS-T at RT. 

Oocytes were gradually transfered into 25% glycerol + 75%PBS for 3h, 50% glycerol 

+ 50% PBS for 24h, 75% glycerol + 25% PBS for 24h, and finally conserved in 90% 

glycerol + 10% PBS. Oocytes were then mounted in 100% glycerol and observed 

under Eclipse E1000 Nikon microscope (Figure 6.1). The dark blue color in each 

figure corresponds to localization of transcript expression (Cotto et al., 2005; Morais 

et al., 2007) (Figure 6.2). 

 

Figure 6.1  Eclipse E1000 Nikon microscope. 
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Figure 6.2  Localization of metallothionein 2 (mt2) transcripts in zebrafish 

stage III oocytes as revealed by oocyte viability molecular signature (OVMS) 

assay. Stage-specific polarized distribution of mt2 transcript concentrated at 

the animal pole. 

6.2.2 Toxic effects of cryoprotectants on oocyte viability 

Selected stage III oocytes were equilibrated in 4M cryoprotectants (methanol, 

ethylene glycol, propylene glycol and Me2SO) in KCl buffer for 30min at room 

temperature. The oocytes viabilities were assessed by trypan blue staining, Germinal 

Vesicle Breakdown (GVBD) and OVMS assay. 

6.2.3 Oocyte viability after cryopreservation 

Optimal controlled slow cooling protocol developed previously (Chapter 4) was used 

in this experiment. Oocytes were incubated in 4M methanol with 0.2M glucose in KCl 

buffer for 30min at room temperature and loaded into 0.5ml plastic straws and 

transferred into to a programmable cooler (Planer KRYO 550). Oocytes were frozen 

to -160°C, plunged into LN2, then fast warmed (>300°C/min) and cryoprotectant was 
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removed in 4 steps. After warming, oocytes were incubated for 10, 30, 60 and 

120min at 22°C in KCl buffer. Oocytes viabilities were assessed by trypan blue and 

OVMS assay. 

6.2.4 Results 

6.2.4.1 Toxic effects of cryoprotectants on oocyte viability 

The comparisons of the three viability assessment methods (OVMS, TB and GVBD) 

used in this study showed that the sensitivity of the viability assessment methods 

increase in the order of OVMS, TB and GVBD (Figure 6.3). OVMS assay was 

relatively insensitive to toxicity of 4M cryoprotectants that demonstrated toxic impact 

when tested by TB or GVBD. OVMS assay also showed that the viabilities of tested 

groups are significant higher than the viabilities of their room temperature controls. 

Oocyte in vitro maturation followed by germinal vesicle breakdown (GVBD) appears 

to be the most sensitive viability assessment method when compared with OVMS, or 

TB. GVBD observation showed that methanol is least toxic to oocytes when 

compared with the other three cryoprotectants treated.  
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Figure 6.3 Toxic effect of cryoprotectant to stage III zebrafish oocytes assessed with 

trypan blue staining, GVBD observation and oocyte viability molecular signature 

(OVMS) assay. Oocytes were exposed to 4M cryoprotectants for 30min at room 

temperature. Oocyte viability was normalised with respect to their room temperature 

controls. Bars labelled with different letters indicate differences between the groups 

(p<0.05). 

6.2.2.2 Oocyte viability after cryopreservation 

In these experiments, oocyte viabilities were assessed with TB staining and OVMS 

assay either immediately after warming or after 30, 60 and 120min incubation at 

22°C using the optimum cryopreservation protocol developed in the present study 

(Figure 6.4). TB staining showed that although significantly improved oocyte viability 

was obtained from the present study (89.4 ± 2.3%) immediately after freeze-warming 

when compared with results obtained previous (16.3 ± 1.7%) (Plachinta et al., 2004a), 

oocyte viability was significantly decreased after 2h incubation at 22°C in KCl buffer 

(32.9 ± 3.5%). OVMS assay results showed that oocyte viabilities were not 

significantly different before and after cryopreservation, even after 120min incubation 

post-warming. These results demonstrated that OVMS assay is not sensitive enough 

to detect the impact of cryopreservation on oocytes. Microscopic observations 
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showed that all oocytes became translucent after freeze-warming, indicating oocyte 

was damage (Figure 6.6). 
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Figure 6.4 Oocyte viability after cryopreservation assessed by trypan blue staining 

and OVMS assay. 4M methanol with 0.2M glucose in KCl buffer was used. Oocytes 

were incubated in the cryoprotective medium for 30min at room temperature (E30), 

frozen to -160°C, plunged into LN2, then fast warmed (>300°C/min) and 

cryoprotectant was removed in 4 steps. After warming, oocytes were incubated for 10 

(T10), 30 (T30), 60 (T60) and 120min (T120) at 22°C in KCl buffer. Oocyte viability 

was normalised with respect to their room temperature controls. Bars labelled with 

different letters indicate differences between the groups (p<0.05). 

6.2.3 Discussion 

Reliable fish oocyte quality assessment methods for monitoring oocyte viability 

before and after cryopreservation are essential in developing protocols for their 

cryopreservation as well as their in vitro maturation and fertilization. The few studies 

in the literature on zebrafish viability assessment reported the use of 

carboxyfluorescein diacetate (cFDA) (Pearl and Arav, 2000), Trypan Blue, thiazolyl 

blue (MTT) and GVBD (Plachinta et al., 2004b). Due to ambiguous results obtained 
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with zebrafish oocyte viability assessment, cFDA was not considered suitable for 

zebrafish oocyte. The MTT test was shown to be the least sensitive testing method to 

zebrafish oocyte compared with TB staining and GVBD assay; furthermore, MTT 

does not stain stage V oocytes at all (Isayeva et al., 2004; Plachinta et al., 2004b). In 

vitro maturation followed by observation of germinal vesicle breakdown (GVBD) 

assay is the most sensitive method for assessing oocyte viability as it assesses 

overall oocyte capability of development after treatment. However, post-warmed 

oocytes which were cryopreserved by controlled slow cooling became translucent, 

which complicated the uses of GVBD assay (see Chapter 4).  

The results from the present study showed that the OVMS assay can not be 

employed to monitor fish oocyte viability after manipulation and/or cryopreservation 

since it is the least sensitive assay when compared with trypan blue staining and the 

GVBD test. A possible explanation for the higher rate of localization of transcript 

expression in oocytes treated than controlled group is due to higher concentration of 

methanol (Shimada et al., 1997), which has strong fixative effect and therefore the 

metallothionein 2 (mt2) with specific localization pattern may have been already fixed 

by cryoprotectants during 30min equilibration.  

6.3 ATP assay 

6.3.1 Assessment of ATP content in cells 

Adenosine 5’-triphosphate (ATP) is the main carrier of energy inside the cells of all 

animal species. It mediates the transfer of energy from nutritional substances (such 

as sugars and lipids) to numerous energy consuming processes, such as the 

synthesis of molecules which constitute chemical reactions necessary for the cell, 

transfer of ions and molecules across the membranes, and creation of chemical 
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gradients. High ATP content is required for progression of immature oocytes through 

maturation stage, as meiosis and a number of associated processes (cytoskeleton 

rearrangement, formation of meiotic spindle, motion of chromosomes, etc.) consume 

large amounts of energy. Energy release involves the macroergic bond being 

hydrolysed and the inorganic phosphate group being cleaved from the molecule. The 

resulting adenosine 5’-diphosphate (ADP) can be reused for synthesis of ATP in the 

course of cell respiration (Ford et al., 1992). But if the vital energy systems of the cell 

(mitochondria and their components; enzymes of glycolysis and Krebs cycle) are 

damaged, this may not happen (Lehninger, 1982). Depletion of cellular ATP in the 

oocyte induces dramatic disruption of the microfilaments, as well as cessation of 

many other vitally important processes; and hence, impairs the normal course of egg 

development. ATP depletion in the oocyte can prevent the normal assembly of 

cytoskeleton and spindle contractile proteins and can compromise blastomere 

cleavage and differentiation in the future during fish embryogenesis. Hence, ATP is a 

vital substance, the presence of which inside the oocytes is essential either for their 

survival, or for their normal developmental and reproductive potential. Studies on 

cryopreservation of sperm of common carp (Cyprinus carpio) showed that there was 

a significant fall of ATP level after cryopreservation (Kopeika et al., 1997). ATP 

content in the cell is an important measure for evaluation of viability of the 

cryopreserved samples (Wang and Gu, 1988). For determination of ATP content in 

zebrafish oocytes after cryopreservation, an ATP assay was also used for stage III 

oocytes.  

6.3.2 Materials and methods 

Preparation of extract from the oocytes 

One ml of ice cold 0.5M perchloric acid and 4mM EDTA were added to 30 stage III 

zebrafish oocytes and homogenized in a centrifugeable glass tissue 
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microhomogenizer with a conical glass pestle. The homogenate was centrifuged at 

20,000g for 10min at 0-2ºC in a refrigerated centrifuge. The supernatant was then 

separated and neutralized with 2.5M KOH to pH 7.8 (approx. 220 -225 μl of 2.5M 

KOH solution was required to neutralize 1ml of supernatant). The obtained liquid was 

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

and stored at -20ºC until use. 

Preparation of FL-AA reagents 

The measurement was performed using ATP Bioluminescent Assay Kit (Sigma) 

following the technique described by Boulekbache et al. (1989) and Wendling et al. 

(2000), which is based on reaction of protein luciferin with ATP, catalysed with 

emission of light (λmax = 560nm). The contents of one vial of ATP assay mix 

(lyophilized powder containing luciferase, luciferin, MgSO4, DTT, EDTA, BSA, and 

tricine buffer salts. Sigma product code FL-AAM) was dissolved in 5ml of sterile 

water to generate a stock solution with pH of 7.8. This was mixed by gentle inversion 

or swirling until dissolved. The solution was kept on ice for at least one hour to 

assure complete dissolution. Because a slight decrease in light production and 

sensitivity may occur during this time, a new standard curve was prepared each day 

before use. This stock solution was dispensed in aliquots and frozen for future use. 

The ATP assay mix stock solution as prepared above is effective for determining the 

ATP concentrations in samples ranging from 2 x 10 -12 to 2 x 10 -9M.  

The contents of one vial of ATP assay mix dilution buffer (lyophilized powder 

containing MgSO4, DTT, EDTA, bovine serum albumin, and tricine buffer salts. 

Product code FL-AAB) was dissolved in 50ml of sterile water.  

An ATP standard stock solution (preweighed vial contains approx. 1mg (2.0 x 10 -6 

mole) of adenosine 5’-triphosphate. Actual ATP content is given on the product label. 



 119 

Product code FL-AAS) was prepared by dissolving the contents of vial of ATP 

standard with sterile water. ATP standard solutions were prepared by making serial 

dilutions of ATP standard stock solution with sterile water: 2 x 10 -5, 2 x 10 -6, 2 x 10 -7, 

2 x 10 -8, 2 x 10 -9, 2 x 10 -10, 2 x 10 -11, 2 x 10 -12M. Calibration curve was established 

based on the measurements of their fluorescence, which these dilutions emitted 

during reaction with FL-AAM.  

Determination of ATP level 

Frozen probes were warmed in 37ºC water bath. 0.1ml of ATP Assay Mix solution 

was added to a reaction vial. The vial was swirled and left at room temperature for 

approx. 3 minutes. 0.1ml of sample (or standard) was added and swirled quickly. The 

amount of light produced was immediately measured with a luminometer.  

To determine the amount of background light produced by running a blank, instead of 

0.1ml of sample, 0.1ml of deionized water added to 0.1ml of ATP Assay Mix solution. 

The amount of light produced was measured in the luminometer.  

The luminescence was measured by a TD-20/20 Luminometer (Steptech Instrument 

Services Limited). 10 seconds integration period was used, with 2 second delay 

period before each integration period. The total amount of light produced by the 

sample during 10 second interval was determined. Luminescence of each sample 

was measured 5 times over a period of 1min, in order to eliminate the quenching of 

luminescence with time. The mean luminescence level of each sample was then 

calculated. For each treatment, four replicates were measured. 
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6.3.2.1 Toxic effects of cryoprotectants on oocyte viability 

Selected stage III oocytes were equilibrated in 4M cryoprotectants (methanol, 

ethylene glycol, propylene glycol and Me2SO) in KCl buffer for 30min at RT. The 

oocytes viabilities were assessed by trypan blue staining and ATP assay. 

6.3.2.2 Assessment of oocyte viability after cryopreservation  

4M methanol with 0.2M glucose in KCl buffer was used. Oocytes were incubated in 

the cryoprotective medium for 30min at room temperature, frozen to -160°C, plunged 

into LN2, then fast warmed (>300°C/min) and the cryoprotectants were removed in 4 

steps. After warming, oocytes were incubated for 10, 30, 60 and 120min at 22°C in 

KCl buffer. Two viability assessment methods were used in this study, trypan blue 

staining and ATP assay. Trypan Blue (TB) staining was described in 2.3.3.1. The 

viability of oocytes in control groups were assessed 10min after separation. 

6.3.3 Results 

6.3.3.1 Calibration curve 

The calibration curve was produced using the standard ATP solutions of known 

concentrations by plotting the relationship between the amount of luminescence 

produced and the concentration of ATP in the standard ATP solutions (Figure 6.5). 

This calibration curve was produced each day and was used to derive the amount of 

ATP in tested samples. 
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Figure 6.5   Example of calibration curve used for determination of ATP concentration. 

This calibration curve is for 25-fold dilution of FL-AAM mix. ATP concentrations in 

samples range from 2 x 10-12 to 2 x 10 -9M.  

6.3.3.2 Toxic effects of cryoprotectants on oocyte viability 

The results of comparisons of the two viability assessment methods – ATP assay 

and trypan blue staining are shown in Figure 6.6. Results indicated that ATP assay is 

more sensitive than trypan blue staining. The results obtained from ATP assay were 

11.7-57.9% lower than trypan blue staining (73.3 ± 3.2% to 94.2 ± 1.9%). Both ATP 

assay and trypan blue staining showed that methanol is the least toxic among the 

four cryoprotectants with oocyte viability of 66.7 ± 5.6% and 94.2 ± 1.9%, 

respectively.  
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Figure 6.6 Toxic effects of cryoprotectants to stage III zebrafish oocytes assessed 

with trypan blue staining and ATP assay. Oocytes were exposed to 4M 

cryoprotectants for 30min at room temperature. Oocyte viability was normalised with 

respect to their room temperature controls. Bars labelled with different letters indicate 

differences between the groups (p<0.05). 

6.3.3.3 Comparisons of oocyte viability after cryopreservation using TB and 

ATP assay 

In these experiments, oocytes viabilities were assessed with TB staining and ATP 

assay either immediately after warming or after 30, 60 and 120min incubation at 

22°C using the optimum cryopreservation protocol developed in the previous 

experiments (Chapter 4) (Figure 6.7). TB staining showed that although significantly 

improved oocyte viability was obtained from the present study (88.0 ± 1.7%) 

immediately after freeze-warming when compared with previous obtained results in 

this laboratory (16.3 ± 2.3%) , oocyte viability was (Plachinta et al., 

2004a)significantly decreased after 2h incubation at 22°C in KCl buffer (19.4 ± 6.6%). 

The results from TB staining were significantly higher than those from ATP assay. 

Results also showed that ATP content in oocytes decreased significantly 10min after 
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warming (1.7 ± 0.5% of control level). Microscopic observations also showed that all 

oocytes became translucent after freeze-warming. 
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Figure 6.7 Oocyte viability after cryopreservation assessed by trypan blue staining 

and ATP assay. 4M methanol with 0.2M glucose in KCl buffer was used. Oocytes 

were incubated in the cryoprotective medium for 30min at room temperature, frozen 

to -160°C, plunged into LN2, then fast warmed (>300°C/min) and cryoprotectant was 

removed in 4 steps. After warming, oocytes were incubated for 10, 30, 60 and 120min 

at 22°C in KCl buffer. Oocyte viability was normalised with respect to their room 

temperature controls. Bars labelled with different letters indicate differences between 

the groups (p<0.05). 

6.3.4 Discussion 

Metabolic status, and its maintenance, is reflected by the ATP level of cells. ATP 

depletion and lack of recovery of the ATP level would seriously compromise survival. 

Mitochondrial activity is responsible for ATP production and energy accumulation. 

Mitochondria of cells are very vulnerable to freezing injury (Tsvetkov and Naydenova, 

1987). In the present study, the restlts showed that the ATP contents of oocytes 
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decreased by 42.6% after 30min incubation in cryo-media, however, after freeze-

warming ATP contents decreased by 98.3%, and after two hours incubation after 

warming they decreased to 0.4% of the control ATP level. These indicated that most 

of the intracellular ATP stock may have been consumed in coping with stress 

associated with cryopreservation, or that the vital energetic systems of the cell 

(mitochondria and their components; enzymes of glycolysis and Krebs cycle) have 

been irreversibly damaged. Plachinta (2007) reported that ATP levels of 

cryopreserved zebrafish oocytes did not increase after 1 hour incubation in a 

recovering medium. Depletion of cellular ATP in the oocyte induces dramatic 

disruption of microfilaments, as well as cessation of many other vitally important 

processes (Lahnsteiner, 2000), compromising recovery of oocytes after warming. 

This may indicate that the oocytes are seriously and irreversibly damaged and could 

not be revived. The possible reason of this serious damage may be associated with 

the intracellular ice formation, which is lethal to cells. The results also indicate that 

optimal controlled slow cooling protocol failed to prevent the intracellular ice 

formation. Further cryomicroscopic studies would be needed to provide evidence for 

this hypothesis.  

The results from the present study showed that the ATP levels in post–warmed 

zebrafish oocytes were very low, which were consistent with the observation in 

morphologic changes of oocytes after warming. Oocytes became translucent after 

warming followed by swelling and membrane rupture during the two hours incubation 

after warming, which suggests the cytoplasm of oocytes was seriously damaged. The 

ATP assay proved to be more sensitive than trypan blue staining. The results in this 

study showed that the ATP assay can provided accurate assessment of stage III 

zebrafish oocytes metabolic status after cryopreservation and may be used as a 

reliable method for assessing fish oocyte viability for all stages.  
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6.4 Cryomicroscopic observation of zebrafish oocytes during the 

cryopreservation procedure  

Traditional approaches to the study of biological material cryosurvival, based mainly 

on assessments after warming, have provided valuable knowledge about the factors 

that affect cell injury during freezing and warming. However, understanding of the 

factors that impact on the survival and integrity of biological materials during 

cryopreservation procedure is not entirely clear. The quest for understanding the 

consequence of freezing on biological materials at the microscopic scale led to the 

development of the cryomicroscope (Callow and McGrath, 1985; Diller and Aggarwal, 

1987; Diller et al., 1987; Namperumal and Coger, 1998). The cryomicroscope permits 

direct and continuous viewing of biological materials, while the temperature is 

controlled accurately on a temperature-controlled stage. In the present study, a 

cryomicroscope was used to study the effects of ice crystal formation at the cellular 

level, which may trigger several injury sequences: intracellular freezing, or 

extracellular freezing. The goal and motivation for this study is to investigate the 

factors that affect cell injury during the optimal controled cooling procedure which 

was developed previously (Chapter 4). 

Experimental observations of the whole cryopreservation procedure are typically 

made by means of Olympus BX 51 U-CMAD3 cryomicroscope combined with a 

temperature-controlled stage. The temperature of BCS 196 stage was accurately 

controlled by Linksys 32 Temperature Control and Data Capture Software System. 

JVC colour digital videocamera was used for image capture. 

Stage III oocytes were loaded into 200μl quartz crucible and then this vessel was 

fixed into BCS 196 stage. The following freezing procedure was followed : 30min 

incubation of oocytes in freezing medium (4M methanol with 0.2M glucose in KCl 
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buffer) at room temperature, then cooled at 2̊ C/min from 20°C to -12.5°C, and hold 

at this temperature for 5min; cooled from this temperatures to -40˚C at 0.3˚C/min, 

from -40 to -80˚C at 10˚C/min and from -80 to -196˚C at 50˚C/min. After 5min holding 

at -196˚C samples were warmed to room temperature at 130̊C /min (the maximum 

warming rate for the cryomicroscope). 

6.4.2 Results 

Cryomicroscope observations showed the formation of extracellular and intracellular  

took place during freezing (Figure 6.8). With 4M methanol with 0.2M glucose in KCl 

buffer as a freezing medium, the temperature of extracellular ice formation was 

indentified as -11.4 ± 1.4 ˚C and intracellular ice formation occurred almost 

immediately after extracellular ice formation when oocytes were cooled in medium by 

noticeable darker “flashing” happened in the cytoplasm of oocytes. As the 

experiments showed intracellular ice formation coincided with extracellular ice 

formation in nearly 100% of cases. After warming, the opaque cytoplasm became 

transparent. 
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Figure 6.8  Images captured by JVC colour digital videocamera during 

controlled slow cooling. (a) image of oocyte before cooling; (b) image of the 

moment of extracellular and intracellular ice formation (flashing); (c) image of 

full ice formation; (d) after warming. 

6.4.3 Discussion 

The results from this study showed that extracellular ice formation immediately 

induced intracellular ice formation during oocytes cryopreservation by controlled slow 

cooling. These results were similar to those obtained with zebrafish embryos 

(Kopeika et al., 2006), stage III zebrafish oocytes (Plachinta, 2007) and starfish 

(Koseoglu et al., 2001). These results indacated that the optimal protocol failed to 

prevent lethal intracellular ice formation, which happened in nearly 100% of the 

cases and intracellular formation is the main factor causing injury during 

cryopreservation of zebrafish oocytes. It is well documented that the formation of 



 128 

intracellular ice is one of the major contributors to cell death during freezing and 

warming (Mazur, 1984).  Intracellular ice formation in oocytes may result from their 

lower membrane permeability to water and cryoprotectants and this is may be the 

major obstacle for successful cryopreservation of stage III zebrafish oocytes 

(Plachinta, 2007). Further investigations are required to enhance the membrane 

permeability of oocytes and to prevent from intracellular ice formation. 

After warming the opaque morphology of cytoplasm of stage III oocytes dramatically 

changed to translucent appearance. Similar results were also reported by Isayeva et 

al (2004) and Lubzens et al (2005)’s work on fish. A possible explanation of the 

phenomenon is the fusion of yolk granules into one translucent mass, induced by low 

temperature exposure (Isayeva et al., 2004) or formation of intracellular ice. 
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CHAPTER 7  CONCLUSIONS 

7.1 Reiteration of aims 

Although cryopreservation of fish gametes has been studied extensively in the last 

two decades, and the successful cryopreservation of spermatozoa of many fish has 

been achieved (Lahnsteiner, 2000; Lahnsteiner et al., 2000; Rana and Gilmour, 1996; 

Tiersch and Mazik, 2000), cryopreservation of fish oocytes has not been successful 

(Isayeva et al., 2004; Pearl and Arav, 2000; Plachinta et al., 2004a; Plachinta et al., 

2004b) mainly due to their low membrane permeability and chilling sensitivity. The 

aim of the present studies was to use zebrafish as a model system to develop a 

successful cryopreservation protocol for fish oocytes and to develop reliable viability 

assessment methods for monitoring zebrafish oocyte viability both before and after 

cryopreservation procedure. 

In order to achieve this aim, four main areas of studies were carried out:  

 Developing a simple and rapid enzymatic method for zebrafish oocytes isolation 

 Studies on controlled slow cooling of zebrafish oocytes 

 Studies on vitrification of zebrafish oocytes 

 Studies on the assessment of fish oocyte viability prior to and after 

cryopreservation using oocyte viability molecular signature (OVMS), ATP assay 

and cryomicrosopic observation 
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7.2 Review of the main findings 

7.2.1 Enzymatic mothod for ovary separation 

Three enzymes – trypsin, collagenase and hyaluronidase were investigated in order 

to develop a simple and rapid method for obtaining large number of morohologically 

and functionally intact zebrafish oocytes at different stages of development. Both TB 

and GVBD tests were used to assess the viability of oocytes after enzymatic 

isolation.The results showed that; 

 Oocyte treatment with 0.4mg/ml collagenase or 1.6mg/ml hyaluronidase for 

10min at 22ºC was identified as the optimum conditions for enzymatic 

separation 

 Both enzymatic methods can be used for oocytes at all stages, and show a high 

percentage of intact oocyte after treatment. 

Successful enzymatic separation of zebrafish oocytes at different stages from the 

ovary mass is reported here for the first time. The method will undoubtedly assist 

investigations on cryopreservation of zebrafish oocytes and studies on zebrafish 

oocytes in general. 

7.2.2 Cryopreservation of zebrafish oocytes using controlled slow cooling 

In this study, two different cryopreservation media, cryoprotectant removal method, 

final sample freezing temperature before LN2 plunge, warming rate, and post-warm 

incubation time on oocyte viability were investigated. The results showed that: 
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 Toxicity of cryoprotectants generally increased with the concentration, and the 

toxicity of the four tested cryoprotectants increased in the order of methanol, 

propylene glycol, ethylene glycol and Me2SO. Methanol and PG being the least 

toxic CPAs to stage III oocytes at 4M compared with the other tested CAPs 

 KCl-buffer, a sodium free medium, proved to be a better bathing medium than 

50% L-15 medium for cryopreservation of zebrafish oocytes at -196°C  

 Fast warming (>300°C/min) was proven to be superior to slow warming (2 or 

10°C/min) 

 A 4-step removal appeared to be superior to 1-step removal  

Athough the use of sodium free medium (KCl buffer), fast warming and 4-step 

removal of cryoprotectants enhanced oocyte viability, oocytes became translucent 

after warming suggesting cytoplasmic damage. 

7.2.3 Cryopreservation of zebrafish oocytes using vitrification 

Vitrification properties and the toxicity of different vitrification solutions containing 

different concentrations of Me2SO, methanol, propylene glycol and ethylene glycol 

were investigated. Two different base media and vitrification methods were 

compared. The effect of different post-warm dilution solutions and the incubation 

periods on oocyte viability were also investigated. Stage III zebrafish oocytes were 

equilibrated in increasing concentrations of cryoprotectants for 30min in 3 steps, 

oocytes were then loaded into 0.25ml plastic straws or on the CVA65 loop and then 

plunged into LN2. Oocytes were warmed rapidly in water bath (26 ± 1ºC) and 
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cryoprotectants were removed in 4 steps. Oocyte viability was assessed using trypan 

blue staining. The vitrification studies indicated that: 

 Me2SO and propylene glycol had better vitrification properties than methanol and 

ethylene glycol 

 KCl-buffer, a sodium free medium, proved to be a better bathing medium than 

50% L-15 medium for vitrification of zebrafish oocytes 

 Vitrification solutions, V3 (3M Me2SO +2M methanol + 2M ethylene glycol) and 

V4 (2.5M Me2SO +2M methanol + 2.5M ethylene glycol) in KCl buffer, had lower 

toxicity and vitrified well and can be used as vitrification media for fish oocytes; 

 Solution ES2 (2M Me2SO + 2M methanol + 1.5M propylene glycol) was a 

significantly better dilution medium than 0.5M glucose mediun for oocytes 

  CVA65 vitrification system improved the oocyte viability and delayed the oocyte 

morphologic changes after warming when compared with plastic straws 

7.2.4 Fish oocyte viability assessments 

7.2.4.1 Oocyte viability molecular signature (OVMS) 

The protocol for oocyte viability molecular signature (OVMS) assay was applied in 

these experiments for assessing stage III zebrafish oocyte quality after controlled 

slow cooling. The results showed that the OVMS assay can not be employed to 

monitor fish oocyte viability after manipulation and/or cryopreservation since it is the 

least sensitive assay when compared with trypan blue staining and the GVBD test. 
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7.2.4.2 Assessment of adenosine triphosphate (ATP) level in the cytoplasm of 

oocytes 

Since metabolic status, and its maintenance, is reflected by the ATP level of cells, 

ATP content in the cell is an important parameter for evaluation of viability of the 

sample. For determination of ATP content in zebrafish oocytes after cryopreservation, 

an ATP assay was performed on stage III oocytes. The results from this study 

showed that the ATP levels in post–warmed zebrafish oocytes were very low, which 

were consistent with the observation in morphologic changes of oocytes after 

warming. Oocytes became translucent after warming followed by swelling and 

membrane rupture during the two hours incubation after warming, suggesting the 

cytoplasm of oocytes was seriously damaged. The ATP assay was shown to be more 

sensitive than trypan blue staining. The results obtained from this study showed that 

the ATP assay provided an accurate assessment of stage III zebrafish oocytes 

metabolic status after cryopreservation and may be used as a reliable method for 

assessing fish oocyte viability for all stages. 

7.2.4.3 Cryomicroscopic observation of zebrafish oocytes during controlled 

slow cooling 

Results from cryomicroscopic observation confirmed that during controlled slow 

cooling intracellular ice formation is associated with the injuries of the oocytes, which 

is related to the drastic fall of ATP level and morphological changes of the oocytes 

after freezing. During freezing, extracellular ice formation instantly induced 

intracellular ice formation, which was lethal to oocytes. This may due to the fact that 

membrane permeability of these oocytes to water and cryoprotectants are relatively 

low and cell dehydration and cryoprotectant penetration is not sufficient enough to  

prevent from intracellular ice formation. 
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7.3 Conclusion and Discussion 

Although the aim of development of a successful cryopreservation protocol for fish 

oocytes using zebrafish as a model system was not achieved, consideralbe progress 

has been made in the six key areas that are crucial to understanding and 

development of a successful cryopreservation protocol for fish oocytes and a reliable 

viability assessment to monitor the evaluation of zebrafish oocyte viability both before 

and after cryopreservation procedure. They are: 

 Successful enzymatic separation of zebrafish oocytes from the ovary mass using 

trypsin, collagenase and hyaluronidase is reported here for the first time. A 

simple and rapid enzymatic isolation method for obtaining large number or 

morohologically and functionally intact zebrafish oocytes at different stages of 

development was developed. The method has been adopted for routine use in 

our laboratory and has provided an important step forward in collecting large 

number of oocytes for cryobiology research purposes.  

 An improved controlled slow cooling protocol was developed. The use of sodium 

free medium (KCl buffer), fast warming and 4-step removal of cryoprotectants 

significantly enhanced oocyte viability (67.5 ± 1.7%) when compared with 

previous study (16.3 ± 2.3%, Plachinata et al., 2004a) using trypan blue staining. 

Further studies on oocytes developmental capiabilities after cryopreservation 

would be needed following in vitro culture. 

 A new vitrification protocol for zebrafish oocytes cryopreservation is reported 

here for the first time. A combination of cryoprotectants (Methanol, Me2SO and 

propylene glycol), stepwise addition and removal of cryoprotectants and a new 

vitrification system (CVA65 vitrification system) were applied in these studies. 



 135 

Oocyte survivals after cryopreservation assessed by trypan blue staining were 

relatively high shortly after warming in KCl buffer. CVA65 vitrification system 

improved the oocyte viability and delayed the oocyte morphologic changes after 

warming when compared with plastic straws. The development of the new 

protocol provides some solid basis for future studies on vitrification of zebrafish 

oocytes. 

 A new oocyte viability molecular signature (OVMS) assay was studied for 

monitoring zebrafish oocyte viability before and after cryopreservation. However, 

this method is the least sensitive assay when compared with trypan blue staining 

and the GVBD test. ATP assay is confirmed as a reliable method for assessing 

fish oocyte viability for all stages. The assay will have useful applications in  

developing cryopreservation protocol for zebrafish oocytes. 

 The results of cryomicroscopic observation of zebrafish oocytes during controlled 

slow cooling confirmed that intracellular ice formation (IIF) is the main factor 

causing injuries during cryopreservation of zebrafish oocytes and lower 

membrane permeability to water and cryoprotectants maybe the main obstacle 

to cryopreserve stage III zebrafish oocytes successfully. 

7.4 Future work  

As intracellular ice formation was found to be the main factor causing cryo-injuries 

and the drastic morphological changes of cytoplasm during freezing is unavoidable, 

further studies should be focused on the prevention of intracellular ice formation and 

protection of cytoplasm of oocytes from lethal cryo-injuries.  
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To avoid these deteriorating impacts from lethal cryo-injuries, improving the 

membrane permeability of oocytes, adding antifreezing agents, and improving the 

vitrification protocol should be taken into account in the future investigation. Low 

membrane permeability of fish oocytes prevents cryoprotectants from entering the 

oocytes to prevent cryo-injuries. Aquaporin-3 is a water/solute channel that can 

transport not only water but also various cryoprotectants. Therefore, the expression 

of this channel may have significant influence on the survival of cryopreserved fish 

oocytes and embryos (Hagedorn et al., 2002; Seki et al., 2007a; Valdez et al., 2006; 

Yamaji et al., 2006). The permeability to water and cryoprotectants (ethylene glycol, 

glycerol, propylene glycol, and DMSO) of the aquaporin-3 cRNA-injected oocytes 

were 2-4 times higher than that of intact and water-injected oocytes (Seki et al., 

2007a). Therefore, exogenous expression of aquaporin-3 should be considered in 

the future studies. 

Recent advances in ultrasound technology, especially its applications in transdermal 

drug delivery through mammal skins, are considered to have great potential for 

application in the delivery of cryoprotectants into fish oocytes and embryos (Wang et 

al., 2007). Cavitation-level ultrasound has been used to enhance permeation of 

insulin-like protein across human skin (Mitragotri et al., 1995a). During the process of 

cavitations, oscillation and the collapse of air bubbles effectively disorganize the lipid 

bilayers allowing large molecules to diffuse though the skin (Mitragotri et al., 1995b). 

Therefore, the use of cavitation-level ultrasound during cryoprotectant exposure to 

fish oocytes should be also considered to enhance the transport of cryoprotectant in 

the future studies. 

Macromolecules are often added to vitrification solutions. They can increase the 

viscosity of solutions and decrease the amount of ice formation during cooling. 

Compared with low permeable cryoprotectant, they are less toxic. Antifreeze proteins 
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(AFPs), initially found in the blood of Arctic fish, are associated with modification of 

ice structure or rate of growth, the fluid properties of solutions, and response of 

organisms to harsh environments (Griffith and Ewart, 1995). AFPs can also interact 

with cell membranes to avoid cold damage, and they act as ice blockers to prevent 

the growth and the recrystallization of ice, thus they should also be investigated in 

the vitrification of zebrafish oocytes in the future.  
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APPENDIX A 

Table 1 The chemicals used in the present study 

 

Chemical Source Product No. 

Adenosine Sigma A9251 

ADP Sigma A2754 

ATP Analysis Kit Sigma FL-AA 

CaCl2 Aldrich 22,231-3 

Choline Chloride Sigma C1879 

Collagenase Sigma C2674 

DHP (17α,20β-Dihydroxy-4-

Pregnen-3-One) 
Sigma P6285 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 154938 

EDTA BDH 16079 

Ethylene Glycol BDH 10324 

Formamide Sigma F9037 

Gentamicin Sigma G1272 

Glucose Sigma G5767 

HCl Aldrich 31,894-9 

HClO4 Aldrich 24,425-2 

HEPES Sigma H3375 

Hyaluronidase Sigma H2126 

K acetate Sigma P1190 

KCl Sigma P3911 

KH2PO4 BDH 10203 

KOH Aldrich 22,147-3 

Leibovitz (L15) Cell Medium Pre- Sigma L4386 
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mixed Powder 

Methanol Sigma M3641 

MgSO4 BDH 10151 

Na2HPO4 Sigma S9390 

NaCl Aldrich 43,320-9 

NaHCO3 BDH 10247 

Propylene Glycol BDH 29673 

Sea Salt ZM Ltd  

Tricaine  Sigma A5040 

Trypan Blue Sigma T8154 

Trypsin BDH 39041 
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204–208; 

2. Guan M, Rawson DM, Zhang T. Development of a new method for isolating 

zebrafish oocytes (Danio Rerio) from ovary tissue masses. Theriogenology 69 

(2008) 269 – 75; 

3. Wang RY, Guan M, Rawson DM, Zhang T. Ultrasound enhanced methanol 

penetration of zebrafish (Danio rerio) embryos measured by permittivity changes 

using impedance spectroscopy. Eur Biophys J. 37 (2008)1039-44;  

4. Guan M, Rawson DM, Zhang T. Effects of improved controlled slow cooling 

protocols on the survival of zebrafish (Danio Rerio) oocytes. Cryobiology 53 

(2006) 377-78 (Abstract);  

5. Guan M, Rawson DM, Zhang T. Successful enzymatic separation of zebrafish 

ooctes (Danio Rerio) using hyaluronidase. Cryobiology 53 (2006) 418 (Abstract). 
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