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I. INTRODUCTION

,In February 2001, foot-and-mouth disease outbreaks occurred in the United
Kingdom. Just a few weeks later, the infection had spread throughout England and cases
were reported in the Netherlands, France, and the Republic of Ireland. Attempts to
control and eradicate the epidemic resulted in the slaughter of over 4 million head of
livestock in Great Britain alone. The outbreak of the disease in other parts of the world
(i.e., Taiwan in the mid 1990s) and attempts to control and eradicate the disease have
caused the unintentional loss of germplasm resources worldwide.” — summarized
Dobrinsky in 2002 the recent headlines from the world press.

The disastrous events justify the importance of assisted reproductive technologies
including embryo cryopreservation. If embryos had been cryopreserved and held in
long-term storage, permanent germplasm losses could have been prevented and lines
could have been regenerated through embryo transfer after the epidemic.

The advancements in cryobiology, cell biology, and domestic animal embryology have
enabled the development of embryo preservation methodologies for the domestic
animal species, including cow, sheep, goat and recently swine, as well as for other
species including the human.

Embryo cryopreservation provides permanent preservation technique for germplasm,
breeding line regeneration or proliferation, global genetic transport, increased selection
pressure of herd genetics, and methodology for genetic resource rescue; as Solti et al.
(2001) also pointed out its economical and ecological importance in the preservation of
indigenous livestock.

The aim of the presented experiments were to improve the efficacy of the
cryopreservation of embryos being in late preimplantation stages such as expanded,
hatching or hatched blastocysts.

For the trials, we used mouse embryos. Originally, our target species was the cattle, but
due to the severe reduction of the Hungarian livestock from the late nineties (referring
to the aforementioned thoughts), we encountered permanent difficulties in the cattle
embryo supply; consequently we switched to employ mouse embryos instead. The
conclusions obtained with mouse embryos are of importance in the future experiments

to be conducted with other species as well.



Our experimentations are divided into two separate fields of research:

I. Examination of in vitro survival and in vivo developmental capacity of zona pellucida
free, hatched blastocysts cryopreserved by rapid freezing with different

cryoprotectants using different freezing and thawing protocols.

II. Study the possible beneficial effects of high hydrostatic pressure (HHP) in the process

of embryo-(cryo)preservation based on the following two separate hypothesises:

1. HHP reduces substantially the freezing point of the pressure medium. Based
on this phenomenon, we tried to build up a protocol, through which we
would be able to keep and preserve embryos in their optimal culture

medium, under pressure, unfrozen even around — 21 °C.

2. HHP induces the production of shock proteins in biological systems. Based on
the alleged principle of cross-protection we tried different HHP treatments
prior to the procedure of freezing of blastocysts in order to improve their

ability to resist the “shock™ of freezing.

In the following chapters, I summarize the history of embryo-cryopreservation, the
physico-chemical and biological aspects of freezing, the different methods for
cryopreserving embryos, the effects of high hydrostatic pressure on the biological

systems and its practical uses in cryobiology followed by our own experiments.



I1. LITERATURE REVIEW

1. A BRIEF HISTORY OF EMBRYO TRANSFER AND CRYOPRESERVATION

The science of reproductive biology paid tribute to the centenary of the first embryo
transfer- related experiments a bit more then a decade ago, commemorating the pioneer
of reproductive biology, Walter Heape, who reported the concept of embryo transfer in
rabbits. More than half a century later, in 1953, Willet published a study about the
successful transplantation of bovine embryos. Embryo transfer techniques have been
developed in other species as well, though up until the early seventies embryo transfer
was mainly a tool to investigate different processes in reproductive biology.

Christopher Polge used glycerol as the cryoprotectant in his successful sperm
freezing experiments for the first time, in 1949. Cryopreservation of embryos first
became a reality in the late 1960’s. It was an idea that was spawned and brought to life
by three researchers, Stanley Leibo, Peter Mazur, and David Whittingham. They were
able to successfully preserve fertilized mouse eggs in liquid nitrogen at -196 °C, then
thawed, and implanted them into surrogate mothers. Their pioneering technique was
first published in Science of October 1972, the procedure involved precise timing, slow
carefully controlled freezing and thawing for the survival of the embryos. The birth of
the first frozen mouse pups was on June 17, 1972. In the same year similarly Wilmut
reported successful results. Since then, hundreds of thousands mammalian eggs and
embryos have been successfully cryopreserved and developed into normal live young
capable of reproducing themselves.

Wilmut and Rowson achieved initial successful attempts in the cryopreservation
of cow embryos, resulting in the birth of a calf, in 1973. The sheep was subsequently
used experimentally as a model for the cow, and soon practical methods for both species

were developed and later extended to the goat, horse and more recently to swine (Table

1).



Table 1. The pioneers or those who performed the first successful cryopreservation of

mammalian embryos.

Species Authors

Mouse Whittingham et al., 1972, Wilmut, 1972; Wood and Farrant, 1980; Kasai et
al., 1981

Rat Whittingham 1975

Rabbit Bank and Maurer 1974

Cattle Wilmut and Rowson 1973; van Wagtendonk, et al., 1994 (vitrification);
Sommerfeld and Niemann, 1999 (ivp); Han et al., 2000 (transgenic);
Keskintepe and Brackett, 2000 (icsi); Nguyen et al., 2000 (nuclear transfer)

Sheep Willadsen et al. 1974, Willadsen 1977; Heyman et al., 1987

Pig Nagashima et al., 1989, 1994, 1995; Dobrinsky and Johnson, 1994

Horse Yamamoto et al., 1982, 1983; Skidmore, et al., 1991

Goat Bilton and Moore 1976; Li et al., 1990

Cat Dresser et al., 1988; Pope et al., 1994, 1997; Gomez et al., 2003

Primates Pope et al., 1984; Balmaceda et al., 1986; Summers et al., 1987

Human Trounson and Mohr, 1983; Lasalle et al., 1985

In addition, Leibo and Songsasen (2002) recently reviewed the cryopreservation of non-
domestic species such as primates, non-domestic ungulates, buffalo, elephant, candies,

felids and exotic species.

In Hungary, Haraszti and Ronay (1977) published results for the first time about
oocytes transplantation in rabbit and sheep. The first calf originated from embryo
transfer was born in 1978, by Hahn et al.. Solti and his colleagues conducted successful
experiments concerning the cryopreservation of rabbit embryos in the early eighties,
while Cseh was a pioneer in successful cryopreservation and transplantation of bovine
and sheep embryos in 1983 and 1984 (Solti et al., 1981; Cseh et al., 1983, 1984). Vajta
(1997) and Dinnyes (2000) improved the technique of vitrification by introducing the
open pulled straw (OPS) and solid surface vitrification (SSV).



2. PHYSICAL AND BIOPHISICAL BACKGROUND OF THE FREEZING PROCESS

2.1. Freezing

Like many effects at equilibrium, freezing involves a compromise between
minimising energy and maximising entropy. Molecules in ice have lower energy than
they do in liquid water, because they more strongly attracted to their neighbours, but
they also have lower entropy because they cannot move about. (Entropy is defined as
the heat transferred in a reversible process divided by the temperature at which it is
transferred. It has the dimensions of energy per temperature. In thermodynamics, the
entropy therefore appears multiplied by temperature in such quantities as the chemical
potential and the free energies.)

Solutes scarcely dissolve in ice, so the entropy of ice is unaffected by their
presence. However, dissolved solutes in water increase the entropy of the water
molecules, and so the compromise between lowering energy and maximising entropy

occurs at a lower temperature (Franks, 1982).
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Figure 1. Time-temperature relationship for freezing of pure water and aqueous

solutions.



Figure 1. shows the time-temperature relationship for freezing of pure water
(ABCDE) and aqueous solutions (AB'C'D'). The first thermal event that can be seen
from the diagram is supercooling below the freezing point before the induction of
crystallization, from A to B or B'. This is a non-equilibrium, metastable state which is
analogous to an activation energy necessary for the nucleation process. Pure water can
be supercooled by several degrees before the nucleation phenomenon begins.

Once the critical mass of nuclei is reached, the system nucleates at point B or B'
in the figure and releases its latent heat faster than heat is being removed from the
system. In aqueous solutions, however, B' is not as low as B, since the added solute will
promote heterogeneous nucleation, thereby accelerating the nucleation process. The
temperature increases instantly to the initial freezing temperature, Tf, of the solution at
Point C or C'. The presence of solutes results in depression of the freezing point based
on Raoult's Law, which relates vapour pressure of the solution to that of pure solvent
based on solute concentration. Note that C' is not as high as C, because the initial
freezing point is depressed because of the solute. Hence, the solute has greatly
decreased the amount of supercooling for two reasons: faster nucleation and lowered
freezing point. In very concentrated solutions, it is sometimes even difficult to induce

supercooling.

In pure water, the time line from C to D in the figure reflects the time during which
crystal growth is occurring. Fast freezing rates promote the formation of many small ice
crystals during this period. The partially frozen mixture will not cool until all of the
"freezable" water has crystallized; hence, the line CD occurs at nearly constant
temperature. The freezing time is usually defined as the time from the onset of
nucleation to the end of the crystal growth phase. After crystallization is completed, the
temperature drops from D to E as sensible heat is released.

During the freezing of the aqueous solution, a freeze-concentration process occurs as
water freezes out of solution in the form of pure ice crystals (C'D'). This causes the
freezing temperature of the remaining solution to drop. At temperatures well below the
initial freezing point, some liquid water remains. In addition, a large increase in the
viscosity of the unfrozen phase occurs, thus decreasing the diffusion properties of the
system and hindering crystallization. It is more difficult to assign a freezing time to this
process, but it is usually taken as the time to reach some predetermined temperature

below the initial freezing point. The rate of freezing predicts ice crystal size - the faster
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the rate - the more nucleation is promoted, and the greater number of crystals of smaller

size that will result.

2.2. Nucleation and crystal growth (seeding)

All molecules in a liquid undergo Brownian motion. For freezing to occur in a —
supercooled- liquid, the diffusing molecules must spontaneously form a small cluster of
molecules (called nucleus, embryo or seed) which has a transient structure similar to
that of the ice. In a supercooled liquid, such clusters form and dissolve rapidly. If
however the cluster is larger than some critical size, it becomes energetically favourable
for other diffusing molecules to join the structure, and it grows through the sample
(crystallizing or freezing). Nucleation can be homogeneous (as described above) or
heterogeneous, where an impurity (for example the wall of the straw) forms a substrate
upon which nuclei can grow. All nucleations of supercooled biological solutions are
heterogeneous. The term homogeneous should only be used for situations where great
care is taken by employing, for example, ultra-pure water samples sequested in oil
emulsions or levitation (Wilson et al., 2003).

The probability of nucleation occurring in a supercooled liquid depends on a number of
factors: the probability increases

e with the volume of the sample,

e with the degree of supercooling and

¢ in the presence of impurities (which can act as heterogeneous nuclei).

The probability of nucleation decreases with increasing solution concentration.

A pure liquid in a small volume with no impurities can be supercooled a long way
below its equilibrium freezing point. Small volumes (micro litres) of pure water, for
example, can be cooled about — 40 °C (Wolfe and Bryant, 2001).

Nucleation can be induced externally. To avoid excessive supercooling and thereby to
avoid ice nucleation of the embryos, crystallization can be induced in the extracellular
medium 2 — 5 °C below the freezing point of the solution. Practically tweezing the straw
containing the freezing medium and the embryos with a forceps previously dipped into
liquid nitrogen adds a small “seed” crystal to the substance, which will cause it to
solidify quickly. This induced ice formation in this slightly unstable, supercooled

solution is called “seeding” (discussed also in the following chapters).
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Without the initiation of extracellular ice formation the embryos do not dehydrate that

will be detrimental during cooling.

2.3. Osmotic properties of the cell

Osmosis is defined as the flow of water across a semipermeable membrane from a
lower solute concentration compartment to a higher solute concentration compartment.
(Raymond, 1997).

A semipermeable membrane (cell membrane) is permeable to water but impermeable to
solutes (macromolecules, proteins, sugar). Osmosis takes place because the presence of
the solute decreases the chemical potential of water and water tends to flow from where
the chemical potential is higher to where the chemical potential is lower. Decreasing the
chemical potential of water lowers the freezing point of the solution as compared with
pure water.

Osmotic pressure of a solution depends on the number of particles in solution, thus the
degree of ionization of the solute must be taken into consideration.

Osmotic pressure is a colligative property of a solution, equal to the pressure that, when
applied to the solution just stops osmosis. The cell can be, if somewhat simplified, an
aqueous solution enclosed by a semipermeable membrane. Water will flow from the
side of low solute concentration, to the side of high solute concentration. The flow may
be stopped, or even reversed by applying external pressure on the side of higher
concentration. This phenomenon is called reverse osmosis.

When water leaves the cell, the cellular solutes become more concentrated until the
effective osmotic pressure of the cytoplasm is again equal to that of the extracellular
fluid. In contrast to impermeable solutes, permeable solutes are those that are able to
pass through the plasma membrane. Because of this ability, permeating solutes
eventually equilibrate across the plasma membrane. Three rules help predict the volume
changes cell will undergo when suspended in solutions of permeating and
nonpermeating solutes:

1. The steady-state volume of the cell is determined only by the concentration of non-
permeating solutes in the extracellular fluid.

2. Permeable solutes cause only transient changes in cell volume.

3. The greater the permeability of the membrane to the permeable solute, the more

rapid is the time course of the transient changes.
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The osmotic flow caused by a particular solute can be determined with the equation:
Vw=LAn

Vw  rate of flow of water

L a constant of proportionality=hydraulic pressure

An hydrostatic pressure difference.

This formula can be applied in case of non-permeating solutes.

Permeating solutes cause less osmotic flow. The greater the permeability of a solute, the
less 1s the osmotic flow it causes.

The equation Vw=cLAn takes solute permeability into account by including o, the
reflection coefficient, which is a property of a particular solute and a particular
membrane, and represents the osmotic flow induced by the solute as fraction of the

theoretical maximal osmotic flow (Raymond, 1997).

2.4. Solution behaviour during freezing and thawing

Freezing is a probabilistic process and, in most cases, since the extra-cellular
solution has a larger volume than the intracellular solution, extracellular freezing occurs
first. When it does, the extra-cellular solutes are concentrated in a small quantity of
unfrozen water. This causes water to leave the cell: the characteristic time “t” (in tens of

seconds) for hydraulic equilibration is: d/(3L,P,)

d characteristic cellular dimension,
L, hydraulic permeability of the membrane and
P, osmotic pressure.

In this way, the cell dehydrates. Dehydration increases the osmotic pressure of the
intracellular solution (the cytoplasm) which depresses its freezing point (Wolfe and
Bryant 2001).

The phenomenon known as supercooling refers to the situation in which liquid
can be temporarily cooled to below its freezing point without ice crystal formation. This
freezing avoidance mechanism has the advantage that the solutions remain liquid and
allow relatively normal, though slower, metabolism. It has the disadvantage that a
supercooled solution is unstable with respect to coexisting phases of ice and a more

concentrated solution (Scheider and Mazur, 1986).
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Supercooling occurs when heat is removed from a liquid so rapidly that the molecules
literally have no time to assume the ordered structure of a solid. At some lower
temperature, ice nucleation occurs, followed by a rapid rise in temperature due to the
release of latent heat of fusion. This process is lethal for the embryos not only because
of the very rapid changes in the temperature, but also because the level of dehydration
of the cells in the supercooled liquid is the same as at the freezing point.

At re-warming —thawing-, ice melts, the ice structure partially disintegrates, and the
molecules become more compactly arranged, leading to a more dense liquid.

Because molecules are more strongly held in the solid phase, heat is required to bring
about the solid-liquid phase transition until the melting point. At this point, the solid
begins to melt and during the melting period, heat is absorbed by the system, yet its
temperature remains constant. Once it has melted completely, the liquid temperature
starts to rise again. There is influx of solution towards the intracellular compartment

until equilibrium is reached again (Raymond, 1997).

2.5. Freezing rate and transport of water across the cell membrane.

The freezing rate is an important parameter in successful cryopreservation and
post-thawing viability of the embryos, since improper rates allow injury to occur to the
cells during cooling or thawing. Each type of cell has an optimal freezing rate, which
provides the cell sufficient time to dehydrate. This process begins after the initiation of
the phase transition of the extracellular liquid, when, due to the formation of ice, its
osmotic pressure rises. The cell equilibrates by “transferring” water extracellularly
through the cell membrane. The membrane, above -10°C, also plays an important role
in preventing the passing of ice formation from the extracellular fluid to the intracellular
area once the phase transition started. Thus together with the elevation of the
extracellular osmotic pressure, supercooling occurs inside the cell (Mazur, 1980).
Equilibration of the cells to the increasing extracellular osmotic pressure can be
achieved in two ways: 1) the intracellular water leaves the cell, or 2) the intracellular
water freezes inside the cell (Mazur, 1980).

The ease of water transport depends on the membranes™ permeability to water at any
given temperature, the surface area-volume ratio of the cell and the freezing rate (Wolfe

and Bryant 2001):
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Larger cells (like embryos) have a relative smaller surface compared to smaller cells
(like red blood cells); this 1s why their ability to dehydrate is reduced.

The flow of water through the cell membrane is greatly reduced in lower temperatures.
Consequently, the time needed to transfer a standard unit of water through the cell
membrane increases with decreasing temperature. The permeability of the different cells
to water is affected by the temperature in a manner that is different from cell type to cell
type. (On condition of the same small amount of reduction in the temperature, embryos
increase the speed of water-transfer orders more, than red blood cells do.) The speed of
water-transfer through the membrane raises with increasing difference between the
intra- and extracellular concentration (Leibo, 1981, 1986).

The previously listed features define the optimal freezing speed, which can be different
depending on the type of the cell. If the speed of freezing is faster then the optimal, the
cell is not provided sufficient time to dehydrate, consequently the water will freeze
inside the cell causing irreversible injuries depending on the amount and shape of the
intracellular ice crystals (Mazur, 1980). If the speed of freezing is slower than the
optimal, than severe dehydration and the so-called solution effect will be the causes for

reduced survival (also mentioned in the next chapter).

3. CELL INJURIES DURING FREEZING

3.1 Intracellular ice formation and the solution effect

Sustained exposure to cryogenic temperatures (- 196°C) is not in itself dangerous: at
this temperature, biochemistry and physiology occur at rates that are effectively zero. If
cells are undamaged when they achieve the temperature of boiling nitrogen, little is
likely to change if the samples are undisturbed and the temperature is maintained
(Mazur, 1980; Leibo, 1981).

According to Mazur (1980), mainly intracellular ice formation and the solution effects
cause damage to cells during freezing and thawing.

The injurious effects of intracellular ice are either caused by direct mechanical

damage to the cellular ultrastructure or by the osmotic stress imposed on the cells.
Osmotic stress occurs as the ice is converted into free water (melting), resulting in the

transient exposure to a solution, which is hypertonic with respect to the inside of cells.
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Embryos must absorb water from their environment to remain in osmotic equilibrium
and to return to their normal isotonic volume. Because most metabolic reactions are
arrested or drastically slowed during cryopreservation, they are especially susceptible to

warming or dilution shock at this stage.

The solution effects mean the harm caused to the cells by the increased

concentration of the intracellular solutes during dehydration. When an aqueous solution
freezes, the ice is nearly pure, and the remaining unfrozen water is the solvent for all the
solutes, at concentrations that become very large as temperature falls. These
concentrations may be toxic. High concentrations of electrolytes affect ionic
interactions, including those that help stabilize the native state of enzymes. Unfolding
and denaturation of enzymes is often irreversible. Furthermore, ice and water interact
differently with hydrophilic surfaces. This is potentially important because the surface
tension of water is also involved in maintaining the native state of enzymes (Maurer,

1978; Wolfe and Bryant 2001).

The correlation between freezing rate and cell injury relies on two facts (Mazur, 1980):

e Damage from solution effects is minimized during fast freezing but at the
same time, it leads to intracellular ice crystals formation. This is because
water does not have enough time to diffuse out of the cell, and freeze
internally creating crystals.

e Slow freezing leads to increased damage from solution effects because of

the ample time for the water to osmotically diffuse out of the cell.

Based on these features, the optimum cooling rate should be rapid enough to
minimize solution effects and at the same time slow enough to prevent intracellular ice
crystals. Therefore, the optimal rate for the particular cells depends on their relative

tolerance to damage from ice crystals and toxicity from solution effects.

During the process of slow cooling, two other possible injuries need to be mentioned:
Some cells rupture during freezing and osmotic contraction. Simple mechanical

rupture by the advancing ice crystals is only one likely cause. Another cause of rupture

may be electrical: the large transient electric field associated with the advancing ice

front in a weak electrolyte solution can cause potential difference across the cells, which
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is large enough to rupture membranes. The explanation lies in the different ability of
dissolving ions of water and ice in the moving ice-water interface. As a result, the
moving interface can generate a potential difference of tens or even hundreds(!) of volts,
which is enough for the electrical rupture of the cell (Steponkus et al., 1985).

Cells can severely dehydrate in the high concentration suspending media (during
freezing) in such a way, that when the solution is diluted (during thawing) they fail to
expand osmotically. This cellular malfunction is associated with the loss of membrane
semipermeability in the freezing-induced dehydrated state. Amongst the reasons, the
changes in the lipid component of the membranes and the topological changes of the
membranes are mentioned (Wolfe and Bryant, 2001; Gordon-Kamm and Steponkus,

1984).

3.2. Avoiding intracellular ice formation

3.2.1. Supercooling

Supercooling refers to cooling a liquid below its equilibrium freezing point, without
freezing. This phenomenon was discussed earlier in detail. The importance of
supercooling in cryopreservation is that it allows vitrification. Studies report the use of
antifreeze proteins (AFPs) in cryopreservation of embryos, which non-colligatively
lower the freezing point of aqueous solutions, block membrane ion channels and
thereby confer a degree of protection during cooling (Baguisi et al., 1987). Antifreeze
proteins were found for the first time in small molar concentrations in the blood of
Antarctic fishes; they were first believed to only impend the growth of ice crystals

(DeVries, 1984).

3.2.2 Intracellular vitrification

In cryopreservation, the usual goal is to achieve intracellular vitrification while avoiding
intracellular ice formation and membrane damage. One of the deciding factors is the
cooling rate. If a liquid is cooled sufficiently quickly, it can avoid freezing and vitrify
(form an amorphous, glass phase). The necessary cooling rates are extremely high for
pure liquids (e.g. 10 million degrees per second for pure water), but much more realistic
for solutions. For aqueous solutions of typical cryoprotectants, cooling rates of about

10-1000 °C/min are sufficient to achieve vitrification.
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At very low temperatures, the viscosity of a solution rises sharply, and molecular
diffusion is reduced. If cooling is fast, then the viscosity rises rapidly, hindering
nucleation. If cooling is sufficiently fast, the viscosity can become so large that
molecular diffusion is effectively halted, and the probability of nuclei formation
becomes negligible. The sample is then said to be a glass or vitreous solid, and the
process is called vitrification. A glass is amorphous (unlike a crystal, it has no long-
range order) but has the mechanical properties of a solid. A material is described as a
glass if its viscosity reaches 10" Pa s (Franks, 1982). A glass is by definition in a state
of very long-lived non-equilibrium.

Vitrification provides an alternative approach for successful cryopreservation of
embryos (discussed later, in the methods for cryopreservation section). When embryos
are cryopreserved using conventional procedures, ideally intracellular vitrification
happens even in the presence of extracellular ice. At the cryopreservation method first
described by Rall and Fahy in 1985, embryos suspended in highly concentrated aqueous
solutions of cryoprotective agents supercool to very low temperatures, obtaining both

intra and extracellular vitrification.

3.2.3. Dehydration

Freezing (see earlier) usually occurs outside the cell first, because that is where there are
more freezing nuclei, and because the extra-cellular solution has a larger volume than
the intracellular solution. When this happens, the extra-cellular solutes are concentrated
in a small quantity of unfrozen water, which necessarily has a higher osmotic pressure.
This causes water to leave the cell. The characteristic time for water to flow out of cells
under these conditions is tens of seconds (Wolfe and Bryant, 1992), so we refer to
cooling as fast or slow according to whether substantial temperature changes are
possible over this time scale. Cryopreservation usually uses fast cooling and so, when
and if extracellular ice occurs, cells do not have time to dehydrate severely, although
there is usually some dehydration of cryobiological importance. Dehydration increases
the osmotic pressure of the intracellular solution (the cytoplasm) which depresses its
freezing temperature and promotes vitrification: both inhibit intracellular ice formation.

At the conventional embryo freezing technique, the aim is to drive as much water as
possible from the embryo and thus prevent intracellular ice formation while keeping the
cytoplasm supercooled until freezing. After inducing phase change, the formation of ice

brings an increase in the concentration of salts in the suspending solution. From this
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time on the slow cooling process allows the embryos to respond osmotically to the
concentration changes with further dehydration (Wolfe and Bryant, 2001).

During rapid freezing dehydration of the embryos also achieved before cooling by using
a non-permeating cryoprotectants, such as sucrose, which creates a hyperosmotic

environment.

3.2.4. Depression of the equilibrium freezing point

The accumulation of the solutes in the intracellular (and extracellular) solutions results
in the depression of the equilibrium freezing temperature. Solutes, which can be
tolerated in high concentrations (compatible solutes), include a number of sugars. High
concentrations of such molecules increase the viscosity and thus reduce diffusion in
solutions. This slows metabolism, but has advantages for slowing further dehydration.
The main importance of freezing point depression in cryopreservation is in the
avoidance of crystallization under conditions of low viscosity in relatively high sub-zero
temperatures (Wolfe and Bryant, 2001).

A classical approach to freezing involved the gradual depression of the equilibrium
freezing point during cooling to around -80 °C (Elford and Walter 1972; Fahy, 1980).
There is another method to reduce the freezing point of a solution, which is achieved by
the application of high hydrostatic pressure: solutions can be maintained unfrozen even
at low subzero temperatures by applying a certain pressure to them (Bridgeman, 1970).

This phenomenon will be discussed later, in the hydrostatic pressure effects chapter.
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4. CRYOPROTECTIVE AGENTS

Cryoprotective agents (CPs) are macromolecules added to the freezing medium
in order to protect the embryos from the detrimental effects of intracellular ice crystal
formation or from the solution effects, during the process of freezing and thawing.
There are two main groups of CPs according to their ability to diffuse through the cell
membrane, namely the permeating CPs and the nonpermeating CPs (Hafez, 1993).

The permeating CPs added to the medium, lower the freezing point of the solution,
increase the viscosity and thus reduce diffusion in solutions. The agents achieve the
same effects permeating into the blastomeres, consequently retard dehydration of the
cells: embryos have more time to dehydrate. In this way, embryos may be cooled slowly
enough, to prevent the formation of large ice crystals intracellularly (Schneider and
Mazur, 1984). Criteria for a cryoprotectant are high solubility, low toxicity at high
concentrations and a low molecular weight both for easier permeation and for exertion
of a maximum colligative effect, which is the reduction of the concentration of
intracellular electrolytes (Hafez, 1993). Toxicity refers to osmotic stress and chemical
toxicity on the cells. The cryoprotective agents reduce injuries in connection with the
freezing, but also cause osmotic stress to the embryos (Leibo, 1981; Schneider and
Mazur, 1984).

During the addition and dilution of a permeating cryoprotectant, the cell undergoes
osmotic changes in size. Consequently, if the addition or dilution of the cryoprotectant
is carried out inappropriately, the viability of cells can be affected. In general, when the
embryo is exposed to a cryoprotectant it will initially shrink by losing water both
because of the initial hyperosmoticity of the extracellular solution and because the
embryo is much more permeable to water than to the cryoprotectant. Shrinkage will
continue until the efflux of water is balanced by the influx of cryoprotectant.
Concomitantly, water will re-enter the cell, forcing it to gradually increase its volume.
Equilibration is complete when the embryo regains its isotonic volume (Wolfe and
Bryant 2001). Previously, the cryoprotective agent was introduced gradually, step by
step to the embryos, to avoid the detrimental effects originating from the sudden
application of a substantial gradient of osmotic pressure (Bilton, 1980; Willadsen, 1980;
Pettit, 1985; Wright, 1985). Experiments also have been published concerning the
application of the cryoprotectant in one-step. According to Schneider and Mazur (1984)

the one step dilution is well tolerated by bovine blastocysts.
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The removal of the cryoprotectant following thawing is also not a negligible
phase in the process of cryopreservation. When the external medium is abruptly diluted
back to its original composition (the osmotic equivalent of thawing), the volume
increases rapidly and hence the surface area increases almost equally rapidly. The
plasma membrane can support a tension of only several mN m™ without rupture, which
is about 1 kPa hydrostatic pressure. The probability of membrane-rupture depends on
the hydraulic conductivity and elastic modulus of the membrane, as well as on other
features (Wolfe et al., 1986). Theoretically, the blastomeres of the embryos may expand
excessively and rupture due to the rapid influx of water (water permeates into the cell
much more rapidly, then the cryoprotectant permeates out of it), if the embryo —with
maximal intracellular cryoprotectant concentration- is placed directly to the embryo
culture medium.

According to the published reports, there are two main ways to remove the
cryoprotectants from the embryos. Early reports suggest that the cryoprotectant may be
removed in 0.25 M steps by transferring the embryos through PBS solutions of
decreasing glycerol concentrations until they are in PBS with serum (Bilton and Moore,
1979; Pettit, 1985; Wright, 1985). In 1982, Leibo introduced a new method for
removing glycerol by including a 0.25 M sucrose solution in the straw, postulating that
glycerol would diffuse passively into the exterior of the cells, and sucrose, which could
not permeate the cells, would prevent the osmotic shock during dilution. The high
concentration (0.25- 1 M) of sucrose in the rehydration medium prevents the fast
permeation of water into the cells. The cryoprotective agent gets extracellularly through
passive diffusion, followed by the efflux of water: consequently, the cell shrinks. There
are also methods that apply non-permeating cryoprotectants gradually at the process of
the removal of the permeating cryoprotectant. Fahning and Garcia (1992) reviewed a
number of trials utilizing any of the methods.

The permeating CPs most widely used are glycerol (GLY), dimethyl sulfoxide
(DMSO), propylene glycol (PG), and ethylene glycol (EG). Each of these
macromolecules has different biophysical characteristics, which determine their use and
efficiency as cryoprotective agents. In addition, studies revealed that their chemical
toxicity also varies (Hafez, 1993).

The first cryoprotectant used was glycerol, in 1949. Miyamoto and Ishibashi first
applied ethylene glycol in 1977. The lower molecular weight of ethylene glycol
compared to the others is what makes it highly permeable to the embryos and thus the
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stepwise dilution with or without sucrose can be avoided (Bracke and Niemann 1995).
Sommerfeld and Niemann (1999) who tested concentrations from 1.8 to 8.9M

demonstrated its low toxicity.

The second group of cryoprotectants include the nonpermeating agents like
sucrose, maltose, dextran, trehalose, sorbitol, albumin and acetamide. Their role is to
stabilize and preserve proteins -the cell membrane- during the permeating
cryoprotectant removal, improve the active transport of ions inside the blastocoel
(Borland, 1976) and they have an excellent ability to form stable glasses.

Sucrose solutions were first used to reduce osmotic shock during cryoprotectant
removal from frozen-thawed red blood cells. Sucrose treatment has since become a
popular alternative to the classical step-wise removal of cryoprotectants from
mammalian embryos. As discussed previously in this chapter, the sucrose acts as an
osmotic counter force to restrict water movement across the membranes since sucrose is
impermeable to cells. As the cryoprotectant is leaving the embryo, it will shrink in
response to the extracellular hypertonic dilution medium. It regains its normal volume
when at the end of the process the sucrose is removed from the dilution medium,
thereby returning the medium to isotonic conditions. The observed shrinkage and
swelling of embryos during a sucrose dilution treatment are preliminary indications that
they have survived freezing because they demonstrate that the cell membranes function
normally. Swelling of the cells, which usually can be seen between the steps in stepwise
dilution, does not occur to as great an extent in sucrose solution. Several authors have
reported an improvement in embryo survival after thawing in a sucrose gradient
compared to the stepwise method (Niemann et al., 1982). Nonpermeating CPs also
reduce the rate of permeation of other cryoprotectants (Niemann et al., 1982).

Additives with large molecular weights, such as disaccharides like sucrose or trehalose,
do not penetrate the cell membrane, but they can significantly reduce the amount of
cryoprotectant required as well as the toxicity of EG by decreasing the concentration
required to achieve a successful cryopreservation of oocytes and embryos. The
incorporation of nonpermeating compounds into the vitrifying solution and the
incubation of the cells in this solution before any vitrification help to withdraw more
water from the cells and lessen the exposure time of the cells to the toxic effects of the

cryoprotectants.
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Eroglu et al. published a novel method in 2000 concerning the intracellular use of non-
penetrating cryoprotectants. They reported greatly improved post thaw survival of
mammalian cells achieved by the introduction of intracellular trehalose. To overcome
the impermeability of cell membranes to sugars, the authors previously used a
genetically engineered mutant of wild-type Staphylococcus aureus haemolysin, which
forms two nm transmembrane pores upon introduction to lipid bilayers. This engineered
pole can be opened and closed by the removal or addition of micromolar concentrations
of Zn*" ions. By loading trehalose into the cells, the authors achieved increased survival
after the cryopreservation of fibroblasts and keratinocytes.

The application of macromolecules may also facilitate the process of
cryopreservation. The addition of a polymer with a high molecular weight such as
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), or Ficoll is sufficient to vitrify
extracellularly with the same cryoprotective concentration used intracellularly. It was
demonstrated that in certain circumstances, a polymer could reduce the minimal
concentration of the cryoprotectant that is required for vitrification by 7% on average
and by as much as 24% in combination with an increased hydrostatic pressure (Fahy et
al., 1984). Several studies evaluated the potential beneficial effects of adding
macromolecular solutes to the vitrification solution to facilitate vitrification (O Neill et
al., 1997; Dumoulin et al., 1994; Shaw et al., 1997). These polymers can protect
embryos against cryoinjury by easing the mechanical stresses that occur during
cryopreservation (Dumoulin et al., 1994). They do this through modifying the
vitrification properties of these solutions by significantly reducing the amount of
cryoprotectant required to achieve vitrification itself (Shaw et al., 1997). They also
influence the viscosity of the vitrification solution and reduce the toxicity of the
cryoprotectant through lowered concentrations.

Furthermore, the polymers may be able to build a viscous matrix for encapsulation of
the oocytes/embryos and prevent crystallization during cooling and warming (Kasai et
al., 1990; Kuleshova et al., 2001). Indeed, O'Neill et al. (1997) observed that addition of
PEG resulted in greatly improved viability of oocytes following cryopreservation and
vastly reduced the variability seen with vitrification solution alone. Shaw et al. (1997)
were able to show that PVP, Ficoll, and dextran interacted with an EG-based
vitrification solution with extreme variation. They concluded that Ficoll and dextran had

little or no effect on the glass transition of the solutions. In contrast, with the presence of
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PVP, the melting temperature and the glass transition temperature of the vitrification

solution increase with the PVP content of the solution (Liebermann et al., 2002).
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5. METHODS FOR CRYOPRESERVING EMBRYOS

According to the published studies there are two basic approaches to cryopreservation
of cells, both of which have been used successfully to preserve a wide variety of cell

types, including spermatozoa, oocytes, and embryos:

e Equilibrium cryopreservation by which cells are suspended in a relatively low
concentration of a cryoprotective additive (CP) (around 10% ~ 1.5 M solution) and
cooled at low rates of -0.5° to 2 °C/min. This cryopreservation technique include 1)
addition of cryoprotectant, 2) cooling of the embryo, induction of ice formation,
freezing and storage in liquid nitrogen, 3) thawing of the embryo, 4) removal of the
cryoprotectant. The method allows permeation of cryoprotectant at room temperature
and the dehydration of the embryos during the cooling and freezing processes before

being plunged into liquid nitrogen.
e Non-equilibrium cryopreservation by which cells are exposed very briefly (usually,

but not always) to high concentrations of a mixture of CPs (around 40% ~ 6 to 8 M

solution) and cooled at high rates of >500°C/min.

5.1.  Slow or conventional or “standard method” of cryvopreservation (equilibrium

cryopreservation)

The slow freezing method is the first method applied in the embryo
cryopreservation. Slow rates of freezing are utilized protecting in this way the cell from
intracellular ice formation. The other potential cell injury causes, namely the solution
effects, are handled with the addition of cryoprotectant(s) in the freezing medium.
During the initial phase, the embryos are exposed and equilibrated to the cryoprotectant.
Embryos exposed to a permeating cryoprotectant shrink by losing water until
equilibrium is reached (discussed previously). As the cryoprotectant permeates the
embryo, it gradually re-expands because of the re-entry of water, to maintain the
osmotic equilibrium (Mazur and Schneider, 1986; Schneider, 1986; Schneider and
Mazur, 1984). The rate of reexpandation depends on the species of the embryo, the

stage of embryonic development, the embryos’ surface area/volume ratio (SA/V), the
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characteristic features of the cryoprotectant and the temperature of the exposure (Leibo,
1989).

During cooling to the temperature of the seeding (speed ranges from direct transfer to 5-
12 °C / min), the aim is to dehydrate the embryos as much as possible thus preventing
intracellular ice formation while keeping the cytoplasm supercooled. After seeding
(temperature ranges from -4 to -7 °C), embryos are cooled further (speed ranges from
0.3 to 0.5 °C / min), after a possible holding time at the seeding temperature, to the
plunge temperature (the temperature, where the straws containing the embryos are
placed into LN;; ranges from around -30 - -40 °C to -60 - -89 °C), allowing to respond
osmotically to the concentration changes. The optimal cooling rate depends on the
SA/V of the embryo again, and on the water permeability/temperature coefficient of the
embryo. During this process a cattle embryo can shrink to 50% (at -15°C) or to 40% (at
-20°C) of its original volume (Lehn-Jensen et al., 1982).

Embryos cooled slowly to around — 60 °C dehydrate more than those do, which were
plunged to LN, at warmer temperatures (-30 - -40 °C): the latter ones still contain
vitrified residual water. To avoid recrystallization, those with warmer plunge
temperature need to be thawed rapidly (about 300 °C/min), while the ones with low
plunge temperature are thawed slowly (about 20 °C/min).

The final step after thawing is the removal of the cryoprotectants from the embryos,
which can be achieved by transferring the embryos to embryo holding solutions of
decreasing cryoprotectant concentrations to reduce osmotic shock.

Whittingham reported the first successful mammalian embryo freezing in 1972
and the first calf resulting from the transfer of a frozen bovine embryo was born the
following year. These early studies indicated that slow freezing of cattle embryos at low
subzero temperatures (-80°C) required slow thawing.

Subsequently it became evident that slow freezing could be interrupted at relatively high
subzero temperature —25 to —35°C before plunging into liquid nitrogen. In 1977,
Willadsen modified the original method of Whittingham et al. to freeze and thaw mouse
embryos. Using 1.5 M dimethyl sulfoxide (DMSO) as a cryoprotectant, Willadsen froze
sheep and cattle embryos at a low rate of 0.3°C/min but only to an intermediate subzero
temperature of -36°C instead of to -80°C, before plunging the samples directly into LN,.
Critical to the success of this method was that the frozen samples had to be warmed

rapidly at 360 °C/min, rather than slowly. Significantly, Willadsen was able to produce
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lambs and calves by transfer of embryos frozen by his modified procedure (Leibo and
Songsasen 2002).

Since 1977, Willadsen’s procedure has been widely adopted as a “standard method” to
cryopreserve embryos of many species.

In the literature, much attention has been paid to the specific low cooling rate used to
cool the embryos after seeding and to the specific intermediate subzero temperature to
which the samples were cooled before they were placed into LN, for storage. The
results in Fig. 2 suggest that these details of cooling rate and intermediate temperature
are rather unimportant. The figure shows survival of 8-cell mouse embryos and of
bovine blastocysts. In both cases, survival based on in vitro development is shown as a
function of cooling rate. The mouse embryos were cooled at controlled rates to -80°C
before being cooled to -196°C, whereas the bovine embryos were cooled only to -35°C
before being plunged into LN,. Despite these differences, it is clear that the response of
embryos of these two very different species is very similar. It must also be noted that
the volume of mouse embryos is 2.21 x 10° pm’ with a surface area/volume ratio (SA/V)
of 0.08. Bovine embryos have a volume of 1.77 x 10° pm® and a SA/V of 0.04. The
higher the SA/V, the more rapidly does a cell dehydrate when exposed to hypertonic
solutions, as occurs during cryopreservation. In principle, then, mouse embryos ought to
tolerate cooling at rates much higher than bovine embryos do. However, despite the fact
that mouse embryos have a SA/V twice that of bovine embryos, it is clear that this
fundamental characteristic has only a relatively minor effect on the response of embryos
to cooling rate (Leibo and Songsasen 2002).

Given the wide range of species and the differences between mouse and bovine
embryos in their physical dimensions and physiological characteristics, these data taken
together suggest that it ought to be possible to cryopreserve embryos of many species
using this technique. This is not to say that this method will work with all species or that
it will necessarily yield maximum survival. If the embryos are especially sensitive to
chilling injury, as is true of porcine embryos or very early cleavage-stage bovine
embryos (Leibo et al., 1996), then almost certainly slow cooling will produce poor or no
survival. This slow-cooling approach will also result poor results with oocytes because
of their extreme sensitivity to chilling injury (Zenzes, 2000; Parks, 1997; Parks and
Rufting, 1992; Leibo et al.,1996; Bernard and Fuller 1996). However, embryos of many

species are not damaged when cooled to near 0°C (Leibo and Songsasen 2002).
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Figure 2. Survival of mouse embryos and bovine embryos as a function of cooling rate.
The 8-cell mouse embryos were cooled at various rates to -80°C before being plunged
into liquid nitrogen (LN,); the data are those of Whittingham et al. (1972).The bovine
blastocysts were cooled at various rates to -35°C before being plunged into LNy; the

data are those of Hochi et al. (1996) (Leibo and Songsasen 2002).
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Figure 3. Relationship between temperature and time of the ,,standard method” for

cryopreservation of embryos (Leibo and Songsasen 2002).

The embryonic stage that was considered to be the most suitable for freezing was the
blastocyst stage.

Massip et al., in 1979 introduced the 0.25 ml plastic insemination straw as a freezing
container. It allowed easy storage and offered the possibility to dilute the cryoprotectant

within the straw by filling it with diluent (sucrose) and then cryoprotectant containing
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embryos, which were separated from the diluent by air bubbles. After thawing the two
fractions were mixed by shaking the straw before transfer (Leibo 1984.).

A simpler procedure avoiding the need for the dilution step after thawing was to
incorporate sucrose in the freezing medium (1.36 M glycerol) at a concentration of 0.25
M (Massip and Van der Zwalmen 1984). The embryos exposed to the glycerol-sucrose
mixture were pre-dehydrated prior to cooling; this means that slow cooling could be
terminated at —25 °C rather than at lower subzero temperatures (Massip et al. 1987). It
should be noted that with the mixture of glycerol-sucrose, seeding is initiated at —7.5 °C
because the freezing point is lower than with the glycerol alone. Seeding is considered
to be essential for embryonic survival this step has to be executed carefully.
Summarizing briefly the described method, embryos are exposed to the CP at around
+20°C, cooled to -7°C and seeded to induce ice formation. Then, they are cooled at
about 0.3° to 0.5 °C/min to an intermediate temperature of -30° to -35°C before they are
plunged into LN, for storage. For use, the frozen samples are warmed relatively rapidly
at around 300 °C/min. Figure 3. shows the time-temperature profile for Willadsen’s
method.

As summarized by Rall (2001) in a recent review, embryos of 22 mammalian species

have been successfully cryopreserved by this method.

5.2. Rapid / ultra-rapid freezing

Several rapid freezing methods have been described in which pre-implantation
embryos can be plunged directly from around 0°C into liquid nitrogen or liquid nitrogen
vapour. Rapid freezing method of cryopreservation includes a short equilibration of
embryos or oocytes with the cryoprotective agents, followed by holding the straws at -
5°C - -30°C for 25-30 min (Bui-Xuan-Nguyen, 1984; Chupin, 1986, 1987) or placing
them in the vapour of liquid nitrogen for one or two min before plunging into LN. It is
simple, less time consuming than other methods and does not require seeding of the
extracellular medium or elaborate and costly freezing units. It was attempted for the first
time, with mouse embryos by Wood and Farrant (1980). Miyamoto and Ishibashi
(1986), Takahashi and Kanagawa (1990) and Cseh et al. (1997) used liquid nitrogen
vapour for the rapid freezing of mouse embryos, stating that slow cooling rates are

unnecessary prior to freezing and survival rates are excellent at appropriate
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concentrations of sucrose and glycerol. This freezing procedure uses lower
cryoprotectant concentrations than the vitrification method consequently there are fewer
problems associated with cryoprotectant toxicity (Fahy, 1986; Rall, 1987).

The most important parameters being investigated by the researchers are the types and
combinations of cryoprotectants and their concentrations, the developmental stage of
the embryo and time of pre-exposure plus the degree of dehydration prior to plunging
(Cseh et al., 1997).

Partial dehydration or pre-equilibration with a low concentration of cryoprotectant
followed by partial permeation of a high concentration of cryoprotectant enables the
cells to supercool to —196°C during rapid freezing without the formation of damaging
intracellular ice. Using a very short exposure period (45sec), it is not expected that
complete permeation of the high concentration of the cryoprotectant takes place. Thus,
complete penetration of cryoprotectants is not necessary for the protection of embryos
during rapid-freezing (Nowshari and Brem 1998).

The simultaneous dehydration in a nonpermeating agent (sucrose) and permeation of the
cell membranes with a permeating agent (ethylene glycol) enables the cells to supercool
without the formation of lethal intracellular ice (Cseh et al., 1997).

In the eighties, the combination of glycerol (1.0-4.5M) and sucrose (0.15-1.0M) was
most widely used and these first investigations reported that mouse embryos can be
cryopreserved effectively by this method (Wood and Farrant, 1980; Takeda et al., 1984,
Reichenbach et al,, 1988, Xu et al., 1988). It was shown that there is an interaction
between glycerol and pre-freeze sucrose concentrations and that elevated concentrations
of glycerol required additional sucrose for dehydration (Biery et al., 1986). Researchers
suggested that concentrations of glycerol and sucrose above 3.5M and 0.5M
respectively, appear to offer no further protection to mouse embryos cryopreserved by
rapid freezing. In addition, the combination of 3.5M glycerol and 0.5M sucrose was
reported as the optimal concentration in different experiments (Biery et al., 1986).
Recent experiments comparing different cryoprotectants report that the method can be
applied using glycerol, propylene glycol and DMSO, but the most successful one is
ethylene glycol (all together with sucrose) (Gutierrez et al., 1993). At rapid freezing
also, ethylene glycol seems to have a very low toxicity even when used in high
concentrations. Moreover, EG penetrates easily inside embryo blastomeres and restricts
ice crystal formation. The time required for penetration and removal of the

cryoprotectant is longer for glycerol, DMSO and propylene glycol than for EG.
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According to Kasai et al. (1981) EG is the least toxic compared to PG and GLY. So the
use of EG has two very important advantages over those of other cryoprotectants which
are its low toxicity and quick penetrating ability (Cseh et al., 1997).

The developmental stage in which mouse embryos are subjected to quick freezing
affects survival and development in vitro (Cseh et al., 1997). There is interaction
between the protocol and the developmental stage. In case of Cseh et al. 1997 it was
reported that most (80%) morula and early blastocyst stage embryos survive the
procedure. Nowshari and Brem (1998) reported that expanded blastocyst stage was the

best for their rapid freezing protocol.

5.3. Vitrification

Vitrification is an alternative form of cryopreservation, a simple, rapid technique
that requires minimal equipment. It is based on the fact that concentrated solutions of
cryoprotectants (vitrification solutions) don’t crystallize when cooled to Ilow
temperatures but rather become a non-structural solid, a very viscous glass-like state of

matter. This glassy state is not only within but also outside the cell and thus preventing

the formation of ice crystals during cooling (Vajta et al., 1999). Vitrification, unlike the
other methods of cryopreservation, eliminates ice formation. In addition, by passing the
embryos rapidly through the dangerous +15 to -5 °C zone the possibility of chilling
injury is reduced (Dobrinsky, 1996; Martino et al., 1996; Isachenko et al, 1998; Zeron et
al., 1999). The disadvantages of this strategy is the increased probability of nearly all
forms of injury except for those caused by ice crystal formation, like toxic, osmotic and
other injuries, and the reduced control on the level of dehydration of the cells.

The general outline of the technique is as follows:

a) equilibration of the embryos in diluted vitrification solution at 4 or 20°C for usually
10 min,

b) transfer to a more concentrated vitrification solution and

¢) direct plunging into liquid nitrogen.

The most important variables in vitrification are the speed of freezing, the concentration
of the cryoprotectants (the critical concentration that is required for vitrification),

sample size and carrier systems. The cooling rate is very high as well as the thawing
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rate. (At a cooling rate of approximately 107 °C / s even pure water vitrifies; Rall,
1987). The maximal cooling rate that can be achieved by plunging the commercial 0.25
ml sealed straw to LN; is around 2500 °C / min. This cooling rate requires 5 to 7 M
concentration of cryoprotectant solution, which is several orders higher than what is
needed for traditional equilibrium freezing.

Rall and Fahy in 1985 first reported vitrification as a new technique for
cryopreservation of embryos using a mixture of four cryoprotectants. In 1986 Massip et
al. developed the technique and achieved 53.8% success in vivo with bovine embryos.
The vitrification solution consisted of 25% glycerol and 25% propylene glycol. In 1987
Rall reported good results with 6.5M glycerol as vitrification solution. Later in 1992
Ishimori et al. compared 6 different vitrification solutions and concluded that glycerol
and DMSO as well as ethylene glycol and DMSO were successful, with EG and DMSO
being successful for both morulae and blastocyst stage embryos. In 1999 Cseh et al.
compared the efficiency of two vitrification solutions namely RALL (1987) and
MASSIP (1986) in mouse embryos of different developmental stage. They concluded
that the compacted morulae seem to be the most suitable for vitrification and reduction
in temperature is not required. They also stated that the survival rate of expanded
blastocysts can be increased up to 10-fold using MASSIP solution and equilibration at
4°C. Horlacher and Brem (1994) solidified previous conclusions by reporting that pre-
cooling of the vitrification medium gives significantly higher results for the MASSIP
method and that there is developmental stage-dependent success using the MASSIP or
RALL method, whereas the ISHIMORI (1992) method (EG and DSMO) is suitable for
both, compacted morulae and blastocysts.

The improvement of this technique lies in increasing further the cooling and warming
rates, through which the cryoprotectant concentration and toxicity and the chilling
injury can be reduced. Cells, samples being immersed in liquid nitrogen induce
extensive boiling, consequently a vapour coat forms around the cells or samples. As a
result, the vapour can create effective insulation that cuts down temperature transfer
resulting in the decrease of the cooling rate (Liebermann et al., 2002). To achieve
increased cooling rates, direct contact is needed between the cryoprotectant solution and
the liquid nitrogen or/and the volume of the vitrification solution shall be reduced (this
also prevents heterogeneous ice formation (Rall, 1987)). Nearly all the new techniques
are based on these principles. Landa and Tepla (1990) simply dropped the mouse

embryo directly into liquid nitrogen. This method can be named as “microdrop
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method”, and was used also successfully for bovine embryos and oocytes (Riha et al.,
1991; Yang and Leibo, 1999; Papis et al., 1999). This scheme was improved by
Steponkus et al. (1990) and utilized for bovine embryos by Martino et al. (1996), Arav
and Zeron (1997). The improved method contains the placing the embryos on electron-
microscope grid before submerging into liquid nitrogen. Vajta et al. published a novel
method in 1997. In his Open Pulled Straw technology the carrier of the embryos is a
narrow plastic tube and the approximate volume of 1 pl cryoprotectant. This method
was employed successfully in numerous trials (Lewis et al., 1999; Vajta et al., 1999;
Chen et al., 2000; Lopez-Bejar and Lopez-Gatius 2002). An alternative to OPS is the
glass micropipette technique (GMP), used fruitfully by Kong et al. (2000). The GMP
vessel permits higher freezing and warming rates than OPS due to the higher heat
conductivity of the glass and lower mass of the solution containing the embryos. Other
minimum volume cryopreservation techniques have been developed such as the
cryoloop or cryotop technique and have been used successfully with several species and
developmental stages (Hochi et al., 2004; Lane et al., 1999). Another novel method of
vitrification is the so-called solid surface vitrification, recently being investigated de
novo by Dinnyes. This method uses a metal surface cooled to the temperature of liquid
nitrogen (Dinnyes, 2000; Bagis et al., 2002, 2004).

Increasing the hydrostatic pressure of the vitrification solution has a theoretical
inportance that facilitates vitrification by elevating the glass transition temperature

(discussed later).

5.4. A brief summary to the thawing of frozen embryos

Thawing is the re-warming of the frozen embryos. With thawing, water
osmotically enters the dehydrated embryos until an osmotic equilibrium is reached
between the intracellular and extracellular compartment. During the thawing process
injuries might occur to the embryos as previously stated and for this reason thawing
protocols are developed.

The optimum thawing rate depends on the cryopreservation technique. When
embryos are plunged into liquid nitrogen between —-30 and —40 °C following
conventional freezing, rapid thawing is essential to prevent residual water in the cells re-

crystallising during warming. As a thawing rate, 250-500 °C/min is applicable, which
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can be achieved by placing the frozen sample to 25-37 °C water bath. If the thawing rate
was slow, the small-sized ice crystals formed by the minimal amount of residual water
inside the cell have the time to re-crystallize and form larger ice crystals, which are
detrimental to the cell (Whittingham, 1979; Willadsen, 1977).

When embryos are plunged into liquid nitrogen below - 60 °C following conventional
freezing, slow thawing is essential to provide the cells enough time for rehidration
during warming. As a thawing rate, 4-25 °C / min is applicable. During this freezing
process embryos dehydrate; residual water can not be found inside the cell. The
sufficient influx of water that promotes the rehidration of the cell and prevents osmotic
damage can only be achieved by slow thawing (Mauer, 1978; Whittingham, 1979;
Mazur, 1980).
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6. HYDROSTATIC PRESSURE EFFECTS ON BIOLOGICAL SYSTEMS

Introducing hydrostatic pressure in the practical process of embryo-cryopreservation
is a new idea, though Fahy et al. (1984) mentioned the possible use of considerably
increased hydrostatic pressure as an additional factor that may facilitate vitrification, but
also considered that it had few practical consequences in reproductive biology.

Our attention turned towards the possible benefits of the use of high hydrostatic
pressure (HHP) in embryo-cryopreservation based on two basically different

phenomena:

1) Solutions can be maintained unfrozen even at low subzero temperatures by
applying a certain pressure to them (Bridgman, 1911; Bridgeman, 1970): the phase
change temperature of water decreases with pressure from 0°C at 0.1 MPa to -21°C at
210 MPa and the opposite effect is observed above this pressure level.

Studies have been published about the application of this idea in the subzero
preservations of organs to be transplanted (Takahashi et al. 2000, 2001); but we

conducted experiments in this subject for the first time with embryos.

2) Amongst the several influences of HHP on biological systems, its effects on
the cells’ proteins gave us the idea to put effort in this subject. High hydrostatic pressure
was reported to induce the production of “shock proteins” in bacteria, which can
provide a possibility of cross-protection to other environmental stresses (Wemekamp-
Kamphuis, 2002; Welch, 1993). Food microbiologists study this phenomenon with
food-pathogen bacteria (Ritz et al., 2002; Spilimbergo et al., 2002; Butz et al., 1986);

but we conducted experiments in this subject for the first time with embryos.
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6.1. Physical aspects of hydrostatic pressure at freezing

Since 1912 it has been known that water undergoes different phases when
submitted to hydrostatic pressure at different temperatures (Bridgman, 1911). As shown
in Figure 4., the phase change temperature of water decreases with pressure from 0°C at
0.1 MPa to -21°C at 210 MPa and the opposite effect is observed above this pressure
level (Bridgeman, 1970).

Kanno et al (1975) concluded that the supercooling limit of water, which is -38
°C at room temperature, is lowered by initial increase of pressure, reaching a minimum
value of -92 °C at 200 MPa.

MacFarlane et al. (1986, 1987) demonstrated that the glass transition
temperature of the solutions rises with increased pressure. For example a solution of 35
% (w/w) DMSO at normal atmospheric pressure cannot be supercooled below -80 °C;
however the freezing point is rapidly depressed with increasing pressure up to 130 MPa,
at which the solution becomes glass forming (MacFarlane, 1981).

A recent study by Routray et al. (2002) showed that hydrostatic pressure (5
MPa) facilitated the uptake of DMSO in the experiment conducted with eggs and

embryos of medaka (Oryzias latipes), though there was a rapid loss in the viability.

fw W

Temgperaure (°C)
[ %]
=

\
—

] [0 200 300 400 SO0 &S00 TOD RO
Pressure (MFPa)

Fad

Figure 4. Phase transitions of water at different pressures.

Atmospheric pressure ice (known as ice-I) is less dense than water. Above about 250

MPa pressure ice does not have the same crystal structure as it has at lower pressures. In

fact, there are at least 13 other crystal forms.

Different crystal structures result from the application of high pressures causing

increasing hydrogen-bond deformation. In the very dense crystals ice-VII and ice-VIII,
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each oxygen atom is surrounded by eight nearest neighbours (coordination number is 8)
at 0.286nm (in contrast to four nearest neighbours at 0.275nm in ice-I). The hydrogen
bonds are lengthened in these dense ice crystals, but each oxygen atom remains
hydrogen-bonded to only four hydrogens. Ices II, VIII and IX cannot be obtained
directly from liquid water, but can only be obtained by cooling or decompressing ices
III, V, VI or VII. Cubic ice (ice-Ic) can be formed by cooling ices II, III, and V to liquid
nitrogen temperature and then warming. Ice II can be brought to liquid nitrogen

temperature with no changes in structure (Kalichevsky, 1995).

6.2.  Biological aspects of hydrostatic pressure

Hydrostatic pressure, as an important environmental factor, has immense effects on the
biological functions and viability of living organisms. For this reason, many fields of
science are currently focussing on it in order to research their adaptation mechanisms
(biologists observe piezophilies and mesophilies (Castellini, al., 2002; Macdonald,
1997), microbiologists study pressure effects for high pressure inactivation of food-
pathogen microorganisms (Ritz, et al., 2002; Spilimbergo et al., 2002; Butz and
Ludwig, 1986)). Studies show that hydrostatic pressure can damage biological
membranes (Macdonald, 1987; Schuster and Sleytr, 2002; Tauc et al., 2002; Aldridge
and Bruner, 1985; Yager and Chang, 1983; Péqueux and Gilles, 1978), proteins
(Schmid, et al., 1975; Sonoike, et al., 1993; Silva, et al., 2001; Gross and Jaenicke,
1994; Jaenicke, 1991; Weber and Drickamer, 1983), RNA and DNA (Murakami and
Zimmerman, 1973), and alter the cells' metabolism (Ernest, et al. 1966; Abe, et al.,
1999). After a certain time the changes are irreversible and lethal for the cells, but the
barotolerance of some pressurized organisms can be improved (Noma and Hayakawa,
2003; Seki and Toyoshima, 1998).

Hydrostatic pressure in the range of 30-50 MPa usually inhibits the growth of
various organisms: the initiation of DNA replication is one of the most pressure-
sensitive intracellular processes (Abe, et al., 1999). Uncharged ribosomes (ribosomes
without mRNA or tRNA) become dissociated at pressures >60 MPa, which also limits
cell growth under conditions of high hydrostatic pressure. The effects vary in severity
depending upon the magnitude and duration of compression (Weber and Drickamer,

1983).
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The cell membrane is noted as a primary site of pressure damage (Palou et al.,

1997). High hydrostatic pressure treatments can alter the membrane functionality such
as active transport or passive permeability and therefore perturb the physico-chemical
balance of the cell. The physical state of the lipids that surround membrane proteins
plays a crucial role in the activity of membrane-bound enzymes and there is
considerable evidence that pressure tends to loosen the contact between attached
enzymes and membrane surfaces, as a consequence of the changes in the physical state
of lipids that control enzyme activity.

The application of pressure can lead to a population of conformers of proteins,
including partially or completely unfolded conformations. Pressure can cause the
denaturation of proteins by the combined effects of breakage of intraprotein interactions
and release of cavities followed by the binding of water. Reports state that hydrostatic
pressure also enhances the production of shock proteins (Wemekamp-Kamphuis, et al.,
2002; Welch, et al., 1993). Recent studies describe, that instabilities caused by sublethal
cold shock in the normal protein synthesis in bacteria are overcome by the synthesis of
so-called cold-shock proteins (CSPs) (Phadtare et al., 1999). CSPs are suspected to have
many functions such as RNA chaperones (Graumann and Marahiel, 1999) or
transcription activators (LaTena et al., 1991); it is assumed, that they also play a role in
the protection against freezing (Wouters et al., 1999). Further investigations found, that
the production of CSPs is not only induced by cold shock, but by other environmental
stresses also. In E. coli, for example, a type of CSP is produced by nutritional stress
(Yamanaka et al., 1998). Another trial showed that high hydrostatic pressure treatment
provoked the production of certain cold-induced proteins and heat shock proteins
(Welch et al., 1993). Since cold-shock and high pressure-treatment both increases CSP
levels, trials were conducted about the possibility of cross-protection. Wemekamp-
Kamphuis et al. (2002) found, that the level of survival after pressurization of cold-
shocked Listeria monocytogenes was 100-fold higher than that of the cells growing at
37 °C. More and more attention is paid recently to study the role of shock proteins in
cryopreservation. Huang et al. (1999) published, that a substantial decrease of a shock
protein, HSP90, might be associated with a decline in sperm motility during cooling of
boar spermatozoa. Wen-Lei et al. (2003) reported that HSP90 in human spermatozoa
was decreased substantially after cryopreservation that may result from protein
degradation. Derzelle et al. (2003) have investigated the effect of overproducing each of
the three cold shock proteins (CspL, CspP, and CspC) in the mesophilic lactic acid
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bacterium Lactobacillus plantarum NC8. CspL overproduction transiently alleviated the
reduction in growth rate triggered by exposing exponentially growing cells to cold
shock, suggesting that CspL is involved in cold adaptation. The strain overproducing
CspC resumed growth more rapidly. They also found, that overproduction of CspP led
to an enhanced capacity to survive freezing. A Hungarian team reviwed the structure,
function and clinical application of HSPs (Csermely et al., 1998).

The effects of pressure on metabolic features in living organisms are thought to

be very complex. As a basic rule, the physical or biochemical processes at altered
pressure conditions are governed by the principle of Le Chatelier. The principle
maintains that pressure favours reactions, which result in a decrease in volume and
inhibits reactions with an increase in volume (Palou et al., 1997). All reactions that are
accompanied by a volume decrease speed up considerably. Elevated hydrostatic
pressure tends to shift equilibrium towards the production of ionized species. The
release of protons from weak acids such as H,PO4 or H,COj is enhanced, the hydration
and ionization of CO, (HCO; and H") are facilitated which potentially causes
intracellular acidification (Abe and Horikoshi, 1995, 1997, 1998). Pressure effects on
microbial ATPase can disturb the proton efflux from the cell interior, also causing
internal acidification (Murakami and Zimmerman, 1973; Welch et al., 1993).

The accumulation of the pressure effects is lethal beyond a certain level: while

irreversible changes of certain biomolecules take place at higher pressures, at 300 MPa
most bacteria and multicellular organisms die. However, tardigrades -in their active
state they die between 100-200 MPa- can survive up to 600 MPa if they are in a
dehydrated “tun” state (Seki and Toyoshima, 1998). Barotolerance of some bacteria can
also be increased through adaptation to low temperature during pre-incubation (Noma
and Hayakawa, 2003). The level of survival of pressurized Listeria monocitogenes
strikingly increased 100 fold after a previous cold-shock (Wemekamp-Kamphuis et al.,
2002).

While food-microbiologists study the above mentioned processes in order to kill
detrimental microorganisms, the aim of our studies was to lay down the basic features
of pressure-treated embryos and to try to prove its use —through the alleged principle of

cross-protection- in embryo-cryopreservation in order to improve survival.
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III. OWN EXPERIMENTS

1. SURVIVAL OF RAPIDLY FROZEN HATCHED MOUSE BLASTOCYSTS

1.1.  Abstract

The objective of the present study was to examine the effect of rapid freezing on
the in vitro and in vivo survival of zona-pellucida-free hatched mouse blastocysts.
Hatched blastocysts were rapidly frozen in a freezing medium containing either
ethylene glycol or glycerol in 1.5 M or 3 M concentration. Prior to freezing, embryos
were equilibrated in the freezing medium for 2 min, 10 min, 20 min or 30 min at room
temperature. To freeze them, embryos were held in liquid nitrogen vapour
(approximately 1 cm above the surface of the liquid nitrogen (LN;)) for 2 min and then
immersed into LN,. After thawing, embryos were transferred either to rehydration
medium (DPBS + 10% foetal calf serum + 0.5 M sucrose) for 10 min or rehydrated
directly in DPBS supplemented with foetal calf serum. In vitro survival of embryos
frozen with EG was higher than those frozen with GLY. The highest survival was
obtained with 3 M EG and 2 min or 10 min equilibration prior to freezing, combined
with direct rehydration after thawing. Frozen blastocysts developed into normal foetuses
as well as unfrozen control ones did, with averages of 30% (control), 26% (EG) and
15% (GLY). The results show that hatching and hatched mouse blastocysts can be
cryopreserved by a simple rapid freezing protocol in EG without significant loss of
viability. Our data indicate that the mechanical protection of the zona pellucida is not

needed during freezing in these stages.
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1.2.  Introduction

The first report on successful cryopreservation of embryos was published more
than 30 years ago (Whittingham, 1971). Since then, the attention of cryobiologists has
been mostly focused on freezing of oocytes and zona intact embryos. The culture
conditions are optimised for non-hatched embryos with intact ZP. Moreover, the
presence of ZP is required in the breeding animal embryo trade in order to minimize the
risk of disease transmission. Thus, the freezing protocols are designed and investigated
accordingly. Although, at the pioneer studies the first calf (Wilmut and Rowson, 1973),
lamb (Willadsen et al., 1976) and piglets (Kashiwazaki et al., 1991) from frozen

embryos were produced from hatched blastocysts.

Recently, more attention is paid to the cryobiology of embryos being in later
developmental stages such as hatching and hatched blastocyst. In human in vitro
fertilization (IVF) to lower the incidence of multiple gestations and improve
implantation rates, the embryos are cultured to the blastocyst stage, and transferred at
the hatching or hatched stages (Khorram et al., 2000; Gardner et al., 1998; Yoon et al.,
2001). Moreover, it is known, that cryopreserved embryos undergo physicochemical
changes that could inhibit hatching, thus contributing to unsuccessful conceiving
(Ouhibi et al., 2000). Consequently in the last years the interest is increasing in freezing

of hatched blastocysts.

In human IVF, a few reports have been published recently on successful transfer of
frozen-thawed hatched blastocysts using propanediol-sucrose method (Quintans et al.,
2001). Shaw et al. (1995) examined the survival of mouse expanded and hatched
blastocysts after conventional freezing with propanediol and ethylene glycol using
different thawing procedures. Expanded and hatched blastocysts were treated together
in the same groups with different freezing/thawing protocols. Results showed that
mouse blastocysts being in late developmental stages can be successfully cryopreserved
by conventional slow freezing, but no separate experiment was carried out on zona free
embryos.

In another study, Shaw et al. (1991) used simple rapid freezing for cryopreserving
different praeimplantation stage mouse embryos including hatching blastocysts with 4.5

M DMSO and found, that the developmental stage of embryo at the time of freezing and
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equilibration time influenced the post-thaw survival in vitro and in vivo. The in vitro
survival of hatching blastocysts equilibrated at 0 °C for 3 or 6 min and 10 to 60 min was
40 % and between 40-60 %, respectively. The 3 min equilibration at RT resulted in 20
% survival. The ratio of the normal foetuses at 15 days autopsy was 52 %.

The most complex experiment on the cryopreservation of hatched mouse blastocysts
was performed by Zhu et al. (1996). Embryos were equilibrated for 1.5 or 2 min in the
one-step, or 5-10 and 0.5 min in the two-step method and then vitrified in two
vitrification solutions containing EG or GLY, Ficoll and sucrose. The highest in vitro
survival rate (65%) with EG was obtained at the one-step method with embryos that
hatched earlier. The results were better with GLY (89-94%), obtained by two-step
method. The highest in vivo survival rate (40-44%) was achieved with embryos
transferred to recipients on Day 3 or Day 4 of pseudopregnancy.

The objective of our study was to examine the effect of rapid freezing with EG or GLY
on the in vitro and in vivo survival of zona-free mouse blastocysts. The influence of
different equilibration time prior to freezing and re-hydration methods after thawing

was also studied.

1.3.  Materials and methods

1.3.1. Animals
CBO6F1 (Charles River, Germany) mice were housed under standard conditions (22 +/-

2°C; 12 h dark / 12 h light; water and food ad libitum).

1.3.2. Embryo production

Females were superovulated by intraperitoneal injection of 10 IU of PMSG (Sigma,
USA) followed by 10 IU of hCG (Sigma, USA) 46 h later. After 6 hours of hCG
administration, females were mated with fertile males in monogamous pairs. One to two
cell stage embryos (Day 0 and Day 1) were harvested by flushing the oviduct with
FertiCult Flushing medium (FertiPro N.V., Belgium). Embryos were cultured at 37 °C
in thermostat with 5 % CO, and maximal humidity in air. Embryos, between one-cell
and compact morula stages, were cultured in G 1.2 medium (Vitrolife, Géteborg) under
Ovoil (Vitrolife, Goteborg). Then, the embryos were transferred and cultured in G 2.2
(Vitrolife, Goteborg) under Ovoil until the hatching/hatched blastocyst stage.

42



1.3.3. Freezing and thawing of embryos

Hatching and/or hatched blastocysts on Day 5 (140 -142 h after hCG injection; Day 0 =
plug formation) were randomly allocated into different treatment groups, including
control group. Embryos were equilibrated in DPBS + 10 % FCS + 0.25 M sucrose
containing either 1.5 or 3.0 M EG (Group 1.) or 1.5 or 3.0 M glycerol (Group 1) for 2,
10, 20 and 30 min at RT. Then, the embryos were loaded in freeze medium into 0.25 ml
straws (7-8 embryos/straw) and held 1 cm above the surface of liquid nitrogen in LN;
vapour for 2 min. Finally, the embryos were immersed into LN, (Cseh et al., 1997,
Takahashy and Kanagawa, 1990).

For embryo thawing, the straws were air-thawed for 20 seconds, and then dipped into
22-24 °C water bath for 2 min. After thawing, the embryos were transferred from the
freeze medium to re-hydration medium (DPBS + 10 % FCS + 0.5 M sucrose). After 10
min of re-hydration, embryos were rinsed three times in DPBS supplemented with 10 %
FCS (Washing Medium) at RT. Half of the embryos were re-hydrated directly in WM
(10 min) at RT. Finally, the embryos were transferred and cultured in G2.2, as above,

for 24 hours.

1.3.4. Assessment of in vitro and in vivo survival

Embryo quality was examined just after thawing, 12 h and 24 h later. The embryo
survival was evaluated upon morphological appearance: integrity of the blastomeres, re-
expansion of the blastocoel, and intactness of the blastomeres were the exact signs of
survival. Untreated hatched blastocysts kept in DPBS for 40 min in RT were used as
controls.

For in vivo evaluation, frozen/thawed embryos were cultured in G 2.2 for 1-2 hours
with 5% CO, and maximal humidity in air. Then, the embryos (7-12 embryos per
animal) with re-expanded blastocoel were transferred to Day 3 pseudopregnant
recipients. Untreated hatched blastocysts were transferred as controls. The recipients

were exterminated at 18-19 days of pregnancy.

1.3.5. Statistical analysis

Analysis was performed by ANOVA, when it was inappropriate, by logistic regression;

the survival rates were compared to control by chi-square test.
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1.4.  Results

In vitro and in vivo results of the experiments with EG are summarized in Table 1. A
total of 457 embryos rapidly frozen with EG were recovered after thawing. Embryos
frozen in 1.5 M EG showed significantly reduced survival compared to the control ones
(57% and 43% vs. 97%; p<0.01) and to the embryos frozen with 3M EG (57% and
43% vs. 94%, 84%, 85%, 95% and 98%; p<0.01). There was no significant difference
amongst the groups where the concentration of the cryoprotectant was 3M and 1.5M.
The equilibration and rehidration times only showed significant effect on the survival in
combination with the concentration of the cryoprotectant, but not on their own. No
significant difference was noticed between the survival rates at thawing, and 12 and 24
hours after thawing at each of the groups.

230 embryos were transferred to 25 recipients, 17 of which became pregnant. At the in

vivo studies no groups showed significant difference from the control.

Table 1.: In vitro and in vivo survival of zona free mouse blastocysts frozen rapidly in ethylene glycol

In vitro survival In vivo survival
No. | Concentration | Equilibration | Rehidration | n At 12 hafter| 24h Pregnant | offspring /
of the time time thawing | thawing after |recipients /| transferred
cryoprotectant thawing | No. of +
recipients
1 3M 30 min 10 min 66 64 62 62 3/4 717127
(97%)" | (94%)" (94%)* (26%)
2 3M 20 min 10 min 68 64 60 57 2/4 6/23
(94%)* | (88%)" [ (84%)*+* (26%)
3 3M 10 min 10 min 76 71 67 65 2/3 6/19
(93%)* | (88%)" [ (85%)*+* (31%)
4 3M 2 min direct 63 62 60 60 2/3 6/20
(98%)" | (95%)" (95%)* (30%)
5 3iM 10 min direct 58 57 57 57 3/4 7127
(98%)" | (98%)" (98%)* (26%)
6 1.5M 2 min direct 63 38 37 36 3/3 71723
(60%)*" | (59%)*° | (57%)*° (30%)
7 1.5M 10 min direct 63 29 27 27 2/4 5/21
(46%)*° | (43%)** | (43%)*" (24%)
Control kept in DPBS for 40 min | 78 - 76 76 3/3 8/27
(97%) (97%) (30%)

Values marked with * are significantly different from the control group (P<0.01) (**: P<0.05).

Values marked with *° are different from each other.

+: The numbers of transferred embryos represent the blastocysts implanted into those animals

that became pregnant.
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In vitro and in vivo results of the experiments with GLY are summarized in

Table 2. A total of 503 embryos frozen with GLY were recovered after thawing. The

survival in all of the groups was significantly reduced compared to the control (p<0.01).

The cryoprotectant concentration of 1.5 M proved to reduce significantly the survival

rate, while the re-hydration time and equilibration time alone had no significant effect.

At the in vivo studies, 190 embryos were transferred to 21 recipients, 11 became

pregnant. No result was significantly different from that of the control group; there was

no significant difference within the treated groups, either.

Table 2.: In vitro and in vivo survival of zona free mouse blastocysts frozen rapidly in glicerol.

In vitro survival

In vivo survival

No. | Concentration [ Equilibration | Rehidration | N At 12 h 24 h Pregnant | offspring /
of the time time thawing | after after | recipients | transferred
cryoprotectant thawing | thawing | / No. of +
recipients

1 3iM 30 min 10 min | 84 34 34 32 2/3 4/22

(40%)" | (40%)" | (38%)" (18%)

2 3iM 20 min 10min |76 40 40 39 2/3 4/20

(53%)" | (53%)" | (51%)" (20%)

3 3IM 10 min 10 min | 88 40 37 36 32/3 5/19

(45%)" | (42%)" | (41%)" (26%)

4 3M 2 min direct 40 9 7 7 0/3 (0%)
(23%)° | (18%)° | (18%)°

5 3iM 10 min direct 80 35 34 32 2/3 3/25

(44%)" | (43%)" | (40%)" (12%)

6 1.5M 2 min direct 72 54 51 15 1/3 1/10

(75%)° | (71%)° | (21%)° (10%)

7 1.5M 10 min direct 63 9 10 9 2/3 3/14

(14%)° | (16%)° | (14%)° (21%)

Control kept in DPBS for 40 min | 78 - 76 76 3/3 8/27

97%) | (97%) (30%)

Values marked with *® ¢ are different from each other.

+: The numbers of transferred embryos represent the blastocysts implanted into those animals

that became pregnant.

Comparing the in vitro survival rates, there was a significant difference between EG and

GLY. Figure 1. shows the differences between the two cryoprotectants at each group.

There was no significant difference between the different groups frozen with EG and

GLY in the in vivo survival rates (Figure 2).
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Figure 1.: In vitro development (24h) of zona free embryos rapidly frozen with EG or

GLY
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Figure 2. In vivo development of zona free embryos rapidly frozen with EG or GLY
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1.5.  Discussion

Rapid freezing is a simple and effective way for cryopreserving embryos. At quick
freezing the concentration of the cryoprotectant is higher than at controlled freezing but
lower than the level required for vitrification, thus the toxicity is reduced (Fahy, 1986).
The quick freezing method used in this study combines dehydration with non-
penetrating sucrose together with the penetrating EG or GLY (Leibo, 1989). In the
freezing experiments only blastocysts that hatched early were used, because viability of
the delayed embryos is lower, and the freezing might reduce it further.

Comparing the two cryoprotectants, EG proved to be superior to GLY. The best results
were obtained with direct re-hydration of embryos cryopreserved in 3M EG (98% and
95%). However these results did not show significant difference from the survival of the
other groups cryopreserved in 3M EG. Results indicate, that 2 min equilibration
provides enough time for EG to penetrate into the cells, also that the toxicity of EG in
3M concentration is negligible, since the 2 min and 30 min equilibration gave similar
survival rates (95% and 94%). The results support the hypothesis that permeability
increases as development proceeds (Mazur et al., 1976): EG penetrates into hatched
blastocyst faster than into the ones with intact zona. Zhu et al. (1996) found, that 5 min
of RT equilibration of hatched blastocysts in 40% EG solution reduced the survival rate
to 6%. It may be postulated, that the extremely high concentration of EG penetrating too
rapidly into the cells causes more expressed intracellular toxicity then a moderate
concentration of 3M. The significant drop in the survival rate when the concentration of
EG was reduced to 1.5M (43% and 54%) indicates that the optimal concentration for
rapid freezing of hatching/hatched blastocysts in EG is 3M.

Compared to the control group, all groups of embryos frozen with GLY showed a
significantly reduced survival. These results are in contrast with the findings of Zhu et
al. (1996), who found that vitrification with GLY was more effective than with EG,
though the concentration of the cryoprotectant in the vitrification solution was much
higher than at rapid freezing. According to our results, the equilibration time did not
affect the survival rates, indicating, that the toxicity of GLY might play a similar role in
the poor survival rates in each of the groups. But as Zhu et al. (1996) showed that 5 min
equilibration in 40% GLY at RT (that resulted in 68% survival vs. 6% for those
equilibrated in 40% EG) was less toxic than EG, our results also mean, that the 3M

concentration was not optimal for freezing zona-free blastocysts in GLY. The best result
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with GLY was obtained with 20 min of equilibration, supports the principle that GLY,
due to its higher molecular weight, penetrates slower into the cells.

Rapid freezing of hatched blastocysts with DMSO equilibrated at 0 °C gave similar
results as our 3M EG, but not with RT equilibration, where significantly reduced
survival was experienced (Shaw et al., 1991).

Transferring hatched blastocysts to Day 3 pseudopregnant recipients, we used 2 days
asynchrony, in order to give the embryo more time to resume the normal developmental
potential (Zhu et al., 1996; Landa, 1982; Tsunoda et al., 1982). Our results with EG
were better than those obtained with GLY, though the differences were not significant.
Zhu et al. obtained higher implantation rates with vitrified embryos transferred on Day
3 and Day 4, suggesting that vitrification may be less stressful than freezing (Zhu et al.,
1996). Although, the pregnancy results obtained in this study are lower than those ones
found in the literature. The poorer pregnancy rates could be explained with technical
difficulties connected with housing of the animals and in-experiences of the person
doing the transfer.

From the present study, it can be concluded, that zona-hatched mouse blastocysts can be
successfully cryopreserved by a simple rapid freezing method in 3M EG based freezing
medium, using as short as 2 min equilibration time (that is conveniently enough to load
the blastocysts into straws and seal them) at RT. The results also indicate that the
mechanical protection of the zona pellucida (ZP) is no longer needed during freezing in

these stages.
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2. MODEL EXPERIMENTS ON PRESERVING MOUSE BLASTOCYSTS BY USING HIGH

HIDROSTATIC PRESSURE

2.1. Abstract

Cryoinjuries are almost inevitable during the freezing of embryos. The present
study examines the possibility of using high hydrostatic pressure to reduce substantially
the freezing point of the embryo holding solution, in order to preserve embryos at
subzero temperatures, thus avoiding all the disadvantages of freezing. 210 MPa pressure
lowers the phase transition temperature of water to -21 °C. According to our results,
embryos can survive in high hydrostatic pressure environment at room temperature; the
time embryos spend under pressure without significant loss in their survival could be
lengthened by gradual decompression. Pressurization at 0 °C significantly reduced the
survival capacity of the embryos; gradual decompression had no beneficial effect to
survival at that stage. Based on the present findings, the use of the phenomena is not
applicable in this form, since pressure and low temperature together proved lethal for
the embryos; though the experiences of this study can be useful applied to other species
in different circumstances.

The purpose of the second set of experiments was to study the effect of high
hydrostatic pressure treatment prior to freezing to the survival of expanded mouse
blastocysts. High hydrostatic pressure has been reported to induce the production of
“shock proteins” in bacteria, which can provide a possibility of cross-protection to other
environmental stresses. The possible beneficial effects of this alleged principle was
examined on embryo freezing: pressure treatment was combined with a
cryopreservation protocol. We demonstrated that a preceding pressure-treatment
strikingly increases the survival of the frozen blastocysts as well as the speed of

resumption of the development, and hatching rate.
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2.2. Introduction

The process of cryopreservation is harmful to the embryos. Attempts were made
to improve survival after freezing: at vitrification highly concentrated aqueous solutions
of cryoprotective agents supercool to very low temperatures, allowing intracellular and
extracellular vitrification (Rall and Fahy, 1985). Other studies report the use of
antifreeze proteins (AFPs) which non-colligatively lower the freezing point of aqueous
solutions, block membrane ion channels and thereby confer a degree of protection
during cooling. (Baguisi et al., 1987) The toxic effects of the cryoprotectants and the
harmful consequences of the osmotic changes are not negligible at any of the described
methods.

Since 1912 it has been known that water undergoes different phases when
submitted to hydrostatic pressure at different temperatures (Bridgman, 1911). Solutions
can be maintained unfrozen even at low subzero temperatures by applying a certain
pressure to them (Bridgeman, 1970): the phase change temperature of water decreases
with pressure from 0°C at 0.1 MPa to -21°C at 210 MPa and the opposite effect is
observed above this pressure level.

High hydrostatic pressure (HHP) was previously used by Takahashi et al. (2000,
2001) at subzero preservation of rat livers for transplantation in order to reduce
cryoinjuries.

One aim of the present study was to use high hydrostatic pressure (HHP) in order to
reduce substantially the freezing point of the embryo culture medium, thus attempting to
preserve embryos —under pressure- at subzero temperature without any of the negative
effects of cryopreservation. Though the cryopreservation of mouse embryos is well-
established (Shaw et al., 1991, Dinnyes et al., 1995, Rall et al., 2000, Shaw and Kasai,
2001), our experiments can serve as a model in the application of this phenomena to
other biological material (embryos of different stages of other species, sperm, etc..).

First we investigated the behaviour of embryos under high pressure environment. We
attempted to find a way to improve the survival of pressurized embryos by using
gradual decompression, and then we investigated embryo survival when HHP was

combined with low temperature.

The physiological mechanisms by which microorganisms adapt to sublethal

stresses are not yet understood well. Recent studies describe, that instabilities caused by
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sublethal cold shock in the normal protein synthesis in bacteria are overcome by the
synthesis of so-called cold-shock proteins (CSPs) (Phadtare et al., 1999). These CSPs
are suspected to have many functions such as RNA chaperones (Graumann and
Marahiel, 1999) or transcription activators (LaTena et al.,1991); it is assumed that they
also play a role in the protection against freezing (Wouters et al.,1999). Further
investigations found, that the production of CSPs is induced not only by cold shock, but
also by other environmental stresses. In Escherichia coli, for example, a type of CSP is
produced by nutritional stress (Yamanaka et al., 1998). Another trial showed that high
hydrostatic pressure treatment provoked the production of certain cold-induced proteins
and heat shock proteins (Welch et al., 1993). Since both cold-shock and high pressure-
treatment increase CSP levels, trials were conducted about the possibility of cross-
protection. Wemekamp-Kamphuis et al. (2002) found, that the level of survival after
pressurization of cold-shocked Listeria monocytogenes was 100-fold higher than that of

the cells growing at 37 °C.

Food-microbiologists study the above mentioned processes in order to kill detrimental
microorganisms (Butz and Ludwig, 1986; Wemekamp-Kamphuis et al., 2002;
Spilimbergo et al., 2002). However, the objective of our second experiments was to
investigate the effect of high hydrostatic pressure on the survival of cryopreserved
(vitrified) mouse embryos. The aim of our experiments was to test whether or not high
pressure treatment prior to vitrification -through the alleged principle of cross-

protection- can improve survival of cryopreserved mouse blastocysts.

2.3.  Materials and Methods

2.3.1. Experimental animals and embryo production

CB6F1 (Charles River, Germany) mice were housed under standard conditions (22 +/-
2°C; 12 h dark / 12 h light; water and food ad libitum).

Females were superovulated by intraperitoneal injection of 10 IU of PMSG (Sigma,
USA) followed by 10 IU of hCG (Sigma, USA) 46 h later. After 6 hours of hCG
administration, females were mated with fertile males in monogamous pairs. One to two
cell stage embryos (Day 0 and Day 1) were harvested by flushing the oviduct with
FertiCult Flushing medium (FertiPro N.V., Belgium). Embryos were cultured at 37 °C

in thermostat with 5 % CO, and maximal humidity in air. Embryos, between one-cell
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and compact morula stages, were cultured in G 1.2 medium (Vitrolife, Sweden) under
mineral oil, Ovoil (Vitrolife, Sweden). Then, the embryos were transferred and cultured
in G 2.2 (Vitrolife, Sweden) under Ovoil until the expanded blastocyst stage.

Procedures were approved by the Animal Care and Use Committee of the Faculty.

2.3.2. Pressurization

Blastocysts were loaded into plastic straws without air-bubbles (7-9 embryos / straw),
with M2 (Sigma, USA), then straws were heat-sealed. Straws were placed into the
pressure-chamber filled with water as pressure medium. The custom-made pressurizing
device, which was capable of providing precisely controlled pressure in the range of 1
to 150 MPa was made of stainless steel with the inner diameter of 2 cm, and was
connected to a pressure-gauge. Hydrostatic pressure was generated by pushing a piston
into the pressure chamber through the manual control of screws. Achieving the desired
amount of pressure took from 20 seconds to 5 min (10 MPa to 150 MPa, respectively);
the duration of pressure release was 3 seconds. At the experiments where the effects of
gradual decompression were investigated, release time was between 30-210 min. At
experiments conducted at 0°C, the pressure chamber was simmered in the cooling bath

of Bio-cool (FTS-Systems, NY, USA).

2.3.3. Cryopreservation with previous pressurization

Embryos were randomly allocated to three groups. Blastocysts of Group I. were
cryopreserved as mentioned below, in a vitrification solution containing 7 M Ethylene
glycol (EG) according to Nowshari and Brem (1998). Embryos of Group II. were
treated with 60 MPa pressure for 30 min, then were frozen in the same way. Group III.

served as untreated control. After thawing, embryos were cultured in vitro for 24 hours.

2.3.4. Cryopreservation

Embryos were equilibrated for 5 min in a solution containing 1.5 M ethylene glycol
(EG) (Sigma, USA) and 0.25 M sucrose in M2 (Sigma, USA), supplemented with 10 %
Fetal Calf Serum (FCS) (Sigma, USA), then transferred into a vitrification solution (7
M EG, 0.5 M sucrose in M2 with 10 % FCS) pre-loaded in a 0.25 ml plastic straw (7-9
embryos / straw). Finally, straws were heat-sealed. After 1 min exposure to the
vitrification solution, the straw was slowly immersed in liquid nitrogen. Straws were

thawed by transfer into 30 °C water for 30 sec and then the embryos were recovered and
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placed in rehydration medium (0.5M sucrose in M2 supplemented with 10% FCS) for 5
min. Embryos then were cultured in medium G 2.2 as described above (Nowshari and

Brem, 1998).

2.3.5. Embryo transfer

Embryos were cultured in G 2.2 for 2 hours as above. Then, they were separated in each
experimental group as “dead” and “survived” and were transferred separately (7-12
embryos per animal) to Day 3 pseudopregnant recipients. Untreated blastocysts were

transferred as controls.

2.3.6. Evaluation and statistical analysis

Embryo quality was examined just after releasing the pressure or after thawing and after
2,3,4,6, 12,20 and 24 hours. The embryo survival was evaluated upon morphological
appearance: intactness of the blastomeres re-expansion of the blastocoel, and hatching
from the zona pellucida were the signs of survival. Untreated blastocysts were used as
controls.

For in vivo evaluation, pressurized embryos were cultured in G 2.2 for 2 hours as
above. Then 7-12 embryos per animal were transferred into Day 3 pseudopregnant
recipients. Untreated blastocysts were transferred as controls. Birth of healthy pups was
proof of in vivo survival of the embryos.

The survival rates were compared to control by chi-square test.

2.4.  Results

In the first set of experiments embryos were exposed to different hydrostatic
pressures from 10 to 150 MPa (by 10 MPa increments) for various times (1s, 5 min, 15
min and 30 min to 300 min by 30min), at room temperature. In each group 14-16
embryos were used and each experiment was repeated 3 times.

The treatment exceeding a certain amount of pressure and time (e.g. embryos
challenged by 90 MPa for 30 min or 30 MPa for 3h) caused reversible morphological
changes. The expanded blastocysts compacted inside the zona pellucida: the blastocoel
disappeared, the size of the blastomeres reduced but their structural integrity showed no

alteration. After 4-5 hours of in vitro culture these blastocysts re-expanded and hatched
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from the zona pellucida in 24 hours as controls (p<0.05) (a). Embryos receiving less
impact (e.g. 90 MPa for 1 s or 30 MPa for 2 h) showed no morphological change and
hatched within 24 hours of in vitro culture such as controls (p<0.05) (b), while embryos
challenged with a greater impact (e.g. embryos challenged by 90 MPa for 2 h or 30 MPa
for 5 h) did not re-expand from the compacted stage and disintegrated within 2 hours, or

were already disintegrated after decompression (c) (Figure 1.).

O Survival rate not significantly different
250 A from 0%. (a+c)

O Survival rate significantly reduced
compared to control (a+c)

@ Survival rate not significantly different
from the control (compacted) (a)

Time (min)

Bl Survival rate not significantly different
from the control (no change in

T T T T morphology) (b)
1 3 5 7 9 11 13 15

Pressure (10 MPa)

Figure 1. Survival rate of embryos at different pressures between 10 MPa and 150 MPa
for different times, between 1 sec to 300 min, at room temperature. 14-16 embryos were
used in each group; each experiment was repeated 3 times. The survival and hatching
rates of embryos in the fields marked with “a” and “b” are not different from the
untreated control (p<0.05). The survival rates of the in vitro control groups were
between 99 and 97 % (hatching rate: 93-94%) (n=10-12 / group).

The survival rates of the in vitro control groups were between 99 and 97 % (hatching
rate: 93-94%) (n=10-12 / group).

For in vivo evaluation, challenged embryos were judged “survived” (a&b) and “dead”
(c) after 2 hours of in vitro culture after decompression and were transferred into
recipients separately. Out of 170 transferred “a” and “b” embryos, 145 healthy pups
were born (85%), but 0 were born from 49 “c” embryos (0%). 36 untreated embryos
were transferred as controls, 30 embryos were born (83%).

There were no significant differences between the survival rate, hatching rate (in vitro)
and birth rate (in vivo) of the non pressurized control, the compacted and the non-

compacted pressurized “a” and “b” embryos (p<0.05).
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In the second experiment we investigated whether the survival rate of the
pressurized embryos could be improved by gradual decompression. Expanded
blastocysts were kept at 90 MPa for 30, 60 and 120 min, (where the survival rate at
room temperature with instant decompression was 50%, 0% and 0%, respectively) then
the pressure was gradually released in 9 steps for 30, 60, 90, 120 and 150 min. The
results showed that survival significantly improved by gradual decompression, which
had an optimal range depending on the time the embryos had spent under pressure. The
optimal come-up time rose the longer the time embryos spent under pressure. The
maximal survival rate, achievable by decompression, reduced as the time of the

pressurization increased. (Figure 2.)

100% T—-T”’ W____ == ]

75% 4

A 30
d Time spent under
120 90 Mpa (min)

180

Retrieval time (min)

Figure 2. Survival rates of embryos pressurized with 90 MPa for 30, 60, 120 min and
decompressed for 30-180 min. (With instant decompression survival at 30, 60 and 120
min was 50%, 0%, 0%, respectively). Survival rates marked on the figure with different
superscripts are significantly different from each other (p<0.05).

At in vivo evaluation 54 “survived” and 35 “dead” embryos were transferred to
9 recipients. 47 embryos (87%) implanted out of 54 “survived”, and O embryos
implanted out of the 35 “dead” embryos at the 18 days dissection. The implantation rate

of the “survived” group was not different from the control (p<0.05).

In the third part of the experiment the role of temperature was investigated on
the survival capacity of the pressurized embryos: 30, 60 and 90 MPa pressure was
applied to embryos for 1 sec, 5, 10, 15, 30 and 60 min at low temperature (0 °C). While

non-pressurized embryos can live at 0 °C for a substantial amount of time without any
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significant change in their survival, simultaneous pressure treatment with 30, 60, 90
MPa was lethal for 100 % of the embryos after 45, 10, 5 min, respectively. A
significantly reduced survival rate was observed with the embryos pressurized at low
temperature compared to the groups treated at room temperature (P<0.01%) (Figures 3a,

3b).

100%
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Figure 3a. Survival of embryos pressurized with 30, 60 and 90 MPa for 1 sec to 45 min,
at room temperature.
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Figure 3b. Survival of embryos pressurized with 30, 60 and 90 MPa for 1 sec to 45 min,
at 0 °C. 12-15 embryos were used in each of the groups; each experiment was repeated
3 times. Significant differences are seen between the groups pressurized at room
temperature and at 0 °C (p<0.01).

At the in vivo evaluation 40 “survived” and 28 “dead” embryos were transferred to 7
recipients. 34 embryos (85%) implanted out of the 40 “survived”, and 0 embryos
implanted out of the 28 “dead” embryos at the 18 days count. The implantation rate of

the “survived” group was not different from the control (p<0.05).
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Embryos kept at 0 °C under 90 MPa pressure for 30 min were also
decompressed gradually. No embryos survived at any of the retrieval times we used (30
60, 90, 120, 150, 180 min). 8-12 embryos were used in each group, experiments were

repeated for three times.

In the fourth study we explored whether the survival rate of cryopreserved
expanded mouse blastocysts could be improved by pressure treatment before the
freezing procedure. 30 -39 embryos were used in each experimental group, experiments

were repeated 3 times. Results are presented in Table 1.

Table 1. Survival of frozen-thawed embryos cryopreserved with/without previous pressure

treatment
n  Signs of survival after 6 Signs of survival after 20 hours
hours
s Fully vz 2/3 Fully Hatched
expanded  expanded  expanded expanded expanded
Group 1. (Frozen 115 10 0 20 12 22 0
without pressure (9%) (0%)" (17%) (10%) (19%) (0%)"
pre-treatment)
Group II. (Frozen 95 - 93 - - 3 90
with pressure pre- (98 %)* (3%) (95%)"
treatment)
Untreated Control 107 - 106 - - 5 101
(99%)* (5%) (94%)"

Letters with different superscript are significantly different from each other (p<0.01).

Significant differences were observed in the survival rate between the pressurized and
non-pressurized groups (p<0.01). The re-expansion was faster (4-6 hours vs. 20 hours)
and the survival rate was higher (98% vs. 46%) in those embryos that received pressure
treatment before cryopreservation (Table 1.). There was no significant difference

between the control and the pressure treated group in the survival and hatching rate.

2.5.  Discussion

We explored HHP in the process of cryopreservationon on two separate grounds. As

shown in Figure 4., the phase change temperature of water decreases with pressure from

0°C at 0.1 MPa to -21°C at 210 MPa and the opposite effect is observed above this

pressure level. Similarly, we reduced the phase transition temperature of the embryo
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holding solution through the application of high hydrostatic pressure with the aim to
preserve embryos in their culture medium at temperatures below 0 °C, for a substantial

period without freezing.

Freezing point

70 80

Freezing point (C°)
o

Hydrostatic pressure (MPa)

Figure 4. Freezing points of water at different pressures.

Hydrostatic pressure in the range of 30-50 MPa usually inhibits the growth of various
organisms: the initiation of DNA replication is one of the most pressure-sensitive
intracellular processes (Abe et al., 1999). The effects vary in severity depending upon
the magnitude and duration of compression (Murakami and Zimmerman, 1973). The
cell membrane is noted as a primary site of pressure damage (Palou et al., 1997). High
hydrostatic pressure treatment can alter the membrane functionality such as active
transport or passive permeability and therefore perturb the physico-chemical balance of
the cell (Yager and Chang, 1983; Aldridge and Bruner, 1985; Macdonald, 1987;
Schuster and Sleytr, 2002). The application of pressure can lead to a population of
conformers of proteins, including partially or completely unfolded conformations.
Pressure can cause the denaturation of proteins by the combined effects of breakage of
intraprotein interactions and release of cavities followed by the binding of water
(Schmid et al., 1975; Weber and Drickamer, 1983; Jaenicke, 1991; Gross and Jaenicke,
1994; Silva et al., 2001). Recent reports state that hydrostatic pressure enhances the
production of shock proteins (Welch et al., 1993; Wemekamp-Kamphuis et al., 2002).
The physical or biochemical processes at altered pressure conditions are governed by
the principle of Le Chatelier: all reactions that are accompanied by a volume decrease
speed up considerably (Murakami and Zimmerman, 1973; Welch et al., 1993; Palou et
al., 1997).
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The accumulation of the pressure effects is lethal beyond a certain level: while
irreversible changes of some biomolecules take place at higher pressures, at 300 MPa
most bacteria and multicellular organisms die. However, tardigrades -in their active
state they die between 100-200 MPa- can survive up to 600 MPa if they are in a
dehydrated "tun’ state (Seki and Toyoshima, 1998).

In an early publication (Johnson et al., 1954) the authors showed, that biological

systems are able to tolerate high pressures as long as the pressure is reduced slowly.

In order to find out if embryos survive at altered pressure conditions we studied the
behaviour of embryos under pressure at room temperature. As highly developed
eukaryotic organisms, mouse embryos are more susceptible to the effect of hydrostatic
pressure than tardigrades and bacteria. The first set of experiments lays down the basic
features of mouse embryos under pressure concerning their morphology and survival.
As Figure 1. shows, embryos can survive a substantial amount of pressure without any
visible change in their morphology (e.g. 90 MPa for 1 s or 30 MPa for 2 h). As it is
shown, embryos compacted depending on the magnitude and the duration of the applied
pressure treatment. Since pressure cannot be directly responsible for squeezing the
water out of the blastocysts, we assume, based on the cited documents that the
compaction of the embryos was due to the consequences of pressure induced production
of different proteins (CSPs), reversible alterations in protein structure and metabolic
processes. Compacted embryos could regain their normal morphology after 4-5 hours of
in vitro culture, and resume development similarly to controls (e.g. embryos challenged
by 90 MPa for 30 min or 30 MPa for 3h). The higher the magnitude of the pressure, the
less time the embryos survive. Pressure impact exceeding a certain magnitude and
duration caused irreversible changes: embryos became disintegrated after 2 hours of in
vitro culture or were already disintegrated after decompression (e.g. embryos challenged
by 90 MPa for 2 h or 30 MPa for 5 h).

As for the second step, we tried to improve the survival rate of the pressurized
embryos by gradual decompression. Our studies showed that the survival rate of the
pressurized embryos increased strikingly if they were retrieved gradually. While 60 min
at 90 MPa was lethal for all of the embryos, 80 % survived when 120 min gradual
decompression was used. A possible explanation of this feature could be that a
considerable amount of CO; is generated under pressure (Abe and Horikoshi 1995). The

hydration and ionization of CO, (HCO; and H") are facilitated by elevated pressure
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because the reaction is accompanied by a decrease in volume (-0.26 ml/mol) in a
manner dependent on the magnitude of the pressure applied (Palou et al. 1997, Welch et
al. 1993). The intracellularly produced carbon dioxide instantly dissolves then
dissociates to give HCO; and H', thus also reducing the intracellular pH (Abe and
Horikoshi 1995, 1997, 1998, Abe et al. 1999.). We can assume that the equilibrium
maintained by elevated pressure is lethal for the embryos at atmospheric pressure. It
may be hypothesized that the instant decrease of pressure causes elevated release of
CO; from its hydrated and ionized form from the cytoplasm, causing immediate death
of the embryos. On condition of a certain decompression time, the plasma membrane
proteins (H'-ATPase) (Schmid et al. 1975, Péqueux and Gilles 1978) reversibly
inactivated by elevated hydrostatic pressure, start to function again, (together with
passive diffusion) shifting the equilibrium gradually towards the physiological state.
Experiments conducted at zero temperature sowed, that the survival of embryos
pressurized at 0 °C reduced significantly. While at room temperature embryos had an
average survival rate of 90% at 30 MPa for 45 min, none of the embryos survived the
same impact at 0 °C. After 10 min or 5 min at 0 °C, none of the embryos survived at 60
MPa and at 90 MPa respectively, though at room temperature the survival rate was
around 90 % in both cases.

The higher was the pressure at a low temperature the less time the embryos survived. It
can be hypothesized that the metabolism of the embryos plays a more significant role in
the adaptation to high hydrostatic pressure as the pressure rises.

Embryos pressurized at 0 °C were also decompressed gradually. Assuming that a
slowed metabolism needs more time to restore the normal atmospheric equilibrium we
also tried to lengthen the retrieval times, used successfully in the second experiment.
The application of gradual decompression at low temperature did not have a beneficial
effect on the embryo-survival.

We conclude that gradual decompression of the pressurized embryos
significantly increases the survival rate. Pressurization at low temperature (0 °C)
significantly reduces the survival capacity of the embryos, and gradual decompression
has no effect at this stage. Based on the present experiments the storage of embryos at
subzero temperatures under high pressure is not applicable, since the two effects
(pressure and low temperature) together significantly reduces survival even at 0°C.
These experiments can serve as examples in the application of this phenomena to other

biological material.

62



In the fourth study, our aim was to explore the effect of a simple sublethal shock -
hydrostatic pressure- to the survival capacity of the expanded mouse blastocysts to an
other “shock™ cryopreservation. We explored whether the survival rate of
cryopreserved expanded mouse blastocysts could be improved by a certain pressure
treatment (a sublethal shock) before the freezing procedure. For the above-mentioned
reasons only blastocysts that compacted after pressurization were used in the
experiment. We applied a pressure impact of 60 MPa for 30 min — where approximately
90% of the embryos became compacted and survival was not different from the
untreated control. According to the results, the applied pressure treatment strikingly
improved the in vitro development of the embryos after freezing. After 6 hours 98 % of
the pressure treated blastocysts were morphologically (diameter, structural integrity, and
general morphology) exactly identical to the control embryos and 95% of the
blastocysts fully hatched within 20 hours, together with the controls (Figures 5a & 5b).
Embryos frozen without pressure treatment reexpanded only 20 hours after thawing.
The proportion of the re-expanded blastocysts was significantly inferior to those
receiving pressure treatment (only 29 % was at least 2/3 expanded). In addition, no
embryos hatched from this group.

The survival and hatching rate of embryos frozen without pressure treatment in our
experiment were also inferior to the results gained by Nowshari and Brem (1998) with
the same freezing protocol, supposedly because of lab conditions (room temperature
was 30 °C), but the circumstances of all of our experiments were identical.

We also cryopreserved embryos that were not compacted after the pressurization. The
developmental speed, survival and hatching rates were not significantly different from

that of the embryos cryopreserved without pressurization.
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In vitro embryo development 6 hours after thawing
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Figure 5a. In vitro development of mouse blastocysts 6 hours after thawing of the

groups frozen with or without hydrostatic pressure pre-treatment.
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Figure 5b. In vitro development of mouse blastocysts 24 hours after thawing of the

groups frozen with or without hydrostatic pressure pre-treatment.

2.6. Conclusion

The cryopreservation of blastocyst stage mouse embryos had been well-
established (Shaw et al., 1991, Dinnyes et al., 1995, Nakao et al., 1997, 1998, Rall et al.,
2000, Shaw and Kasai, 2001). Our aim was not to invent another protocol for the

cryopreservation of mouse embryos, but to put down a model experiment based on
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novel bases, which can serve as an example to other cryobiological studies where
success rates need to be improved. We showed that embryos can survive a substantial
amount of pressure; that the survival of embryos can be improved by gradual
decompression, and that 0 °C together with the pressure treatment considerably reduced
survival. We also showed, that the applied pressure treatment prior to freezing could
improve the in vitro developmental speed, survival and hatching rates of the embryos.
Knowledge of this experiment can be useful in improving success rates in embryo-
cryopreservation (and embryo-manipulation) of other mammalian species including the
human.

Further studies are required to support the deeper understanding of pressure assisted
metabolic and structural changes of the pressurized embryos and its role in cross-

protection.

2.7.  References

Abe, F. and Horikoshi, K. (1995): Hydrostatic pressure promotes the acidification of
vacuoles in Saccharomyces cerevisiae. FEMS Microbiol. Lett. 130, 307-312.

Abe, F. and Horikoshi, K. (1997): Vacuolar acidification in Saccharomyces cerevisiae
induced by elevated hydrostatic pressure is transient and is mediated by vacuolar H+-

ATPase. Extremophiles 1, 89-93.
Abe, F. and Horikoshi, K. (1998): Analysis of intracellular pH in the yeast
Saccharomyces cerevisiae under elevated hydrostatic pressure: a study in baro- (piezo)

physiology. Extremophiles 2, 223-228.

Abe, F., Kato, C. and Horikoshi, K. (1999): Pressure-regulated metabolism in

microorganisms. Trends Microbiol. 7, 447-453.

Aldridge B.E., Bruner L.J., (1985). Pressure effects on mechanisms of charge transport
across bilayer membranes. Biochim Biophys Acta 817, 343-354.

65



Baguisi, A., Arav, A., Crosby, T.F., Roche, J.F. and Boland, M.P. (1987): Hypothermic
storage of sheep embryos with antifreeze proteins: development in vitro and in vivo.

Theriogenology 48, 1017-1024.

Bridgeman, P.E. (1970): The physics of high pressure. New York: Dover

Bridgman, P.W. (1911): Water in the liquid and five solid forms under pressure.
Proceedings of the American Academy of Arts and Science 47, 441-558.

Butz P. and Ludwig H. (1986). Pressure inactivation of microorganisms at moderate

temperatures. Physica B+C 139-140, 875-877.

Dinnyes A., Wallace G.A. and Rall W.F. (1995). Effect of genotype on the efficacy of
mouse embryo cryopreservation by vitrification or slow freezing methods. Mol Reprod

Dev. 40, 429-35.

Graumann P.L. and Marahiel M.A. (1999). Cold shock proteins CspB and CspC are
major stationary-phase-induced proteins in Bacillus subtilis. Arch Microbiol 171, 135-

138.

Gross M. and Jaenicke R. (1994). Proteins under pressure. The influence of high
hydrostatic pressure on structure, function and assembly of proteins and protein

complexes. Eur J Biochem 221, 617-630.

Jaenicke R. (1991). Protein stability and molecular adaptation to extreme conditions.

Eur J Biochem 202, 715-728.

Johnson F.H., Eyring H. and Polissar M.J. (1954). The cinetic basis of molecular
biology. Wiley, New York

LaTena A., Brandi A., Falconi M., Spurio R., Pon C.L. and Gualerzi C.O. (1991).
Identification of a cold-shock transcriptional enhancer of the Escherichia coli major
cold shock gene encoding nucleotide protein H-NS. Proc Natl Acad Sci USA 88,
10907-10911.

66



Macdonald A.G. (1987). The role of membrane fluidity in complex processes under
high pressure. In: Jonnasch H.W., Marquis R.E., Zimmerman A.M., editors. Current

Perspectives in High Pressure Biology. London: Academic Press pp. 207-223.

Murakami T.H. and Zimmerman A.M. (1973). DNA syntheseis in Tetrahymena: a
pressure study. Cytobios 7, 171-181.

Nakao K., Nakagata N. and Katsumi M. (1997). Simple and efficient vitrification

procedure for cryopreservation of mouse embryos. Exp. Anim. 46, 231-234.

Nakao K., Nakagata N. and Katsumi M. (1998). Production of chimeric mice from
cryopreserved blastocysts. Exp. Anim. 47, 167-171.

Nowshari M.A. and Brem G. (1998). Effect of cryoprotectants and their concentration
on post-thaw survival and development of expanded mouse blastocysts frozen by a

simple rapid-freezing procedure. Theriogenology 50, 1001-1013.

Palou E., Lopez-Malo A., Barbosa Canovas G.V., Welti-Chanes J. and Swanson B.G.
(1997). Kinetic analysis of Zygosaccharomyces bailii inactivation by high hydrostatic
pressure. Lebensm-Wiss U Technol 30, 703-708.

Péqueux, A. and Gilles, R. (1978). Effects of high hydrostatic pressures on the activity
of the membrane ATPases of some organs implicated in hydromineral regulation.

Comp. Biochem. Physiol. B Biochem. Mol. Biol. 59, 207-212.

Phadtare S., Alasina J. and Inouye M. (1999). Cold-shock response and cold-shock
proteins. Curr Opin Microbiol 2, 175-180.

Rall W.F., Schmidt P.M., Lin X., Brown S.S., Ward A.C. and Hansen C.T. (2000).

Factors effecting the efficiency of embryo cryopreservation and rederivation of rat and

mouse models. ILAR J. 41, 221-227.

67



Rall, W.F. and Fahy, G.M. (1985): Ice-free cryopreservation of mouse embryos at -196
°C by vitrification. Nature 313, 573-575.

Schmid, G., Liidemann, H. D. and Jaenicke, R. (1975): High pressure effects on the
activity of glycolytic enzymes. Biophys. Chem. 3, 90-98.

Schuster B. and Sleytr U.B. (2002). The effect of hydrostatic pressure on S-layer-
supported lipid membranes. Biochim Biophys Acta 1563, 29-34.

Seki K. and Toyoshima M. (1998). Preserving tardigrades under pressure. Nature 395,
853-854.

Shaw J.M. and Kasai M. (2001). Embryo cryopreservation for transgenic mouse lines.

Methods Mol Biol. 158, 397-419.

Shaw J.M., Diotallevi L. and Trounson A.O. (1991). A simple rapid 4.5 M dimethil-
sulfoxide freezing technique for the cryopreservation and one-cell to blastocyst stage

preimplantation mouse embryos. Reprod Fertil Dev. 3, 621-626.
Shaw J.M., Diotallevi L. and Trounson A.O. (1991). A simple rapid 4.5 M dimethil-
sulfoxide freezing technique for the cryopreservation and one-cell to blastocyst stage

preimplantation mouse embryos. Reprod Fertil Dev. 3, 621-626.

Shaw J.M. and Kasai M. (2001). Embryo cryopreservation for transgenic mouse lines.

Methods Mol Biol. 158, 397-419.

Silva J.L., Foguel D. and Royer C.A. (2001). Pressure provides new insights into
protein folding, dynamics and structure. Trends Biochem Sci 26, 612-618.

Spilimbergo S., Elvassore N. and Bertucco A. (2002). Microbial inactivation by high-
pressure. The Journal of Supercritical Fluids 22, 55-63.

68



Takahashi, T., Kakita, A., Takahashi, Y., Yokoyama, K., Sakamoto, I. and Yamashina,
S. (2001): Preservation of rat livers by supercooling under high pressure. Transplant.

Proc. 33, 916-919.

Takahashi, T., Kakita, A.,Takahashi, Y., Sakamoto, I., Yokoyama, K., Fujiu, T.,
Yamashina, S., Tamaki, T., Takazawa Y. and Muratsubaki, R. (2000). Functional
integrity of the rat liver after subzero preservation under high pressure. Transplant.

Proc. 32, 1634-1636

Weber G. and Drickamer H.G. (1983). The effect of high pressure upon proteins and
other biomolecules. Q Rev Biophys 16, 89-112.

Welch T.J., Farewell A., Neidhardt F.C. and Bartlett D.H. (1993). Stress response of
Escherichia coli to elevated hydrostatic pressure. J Bacteriol 175, 7170-7177.

Wemekamp-Kamphuis H.H., Karatzas A.K., Wouters J.A. and Abee T. (2002).
Enhanced levels of cold shock proteins in Listeria monocytogenes LO28 upon exposure

to low temperature and high hydrostatic pressure. Appl Environ Microbiol 68, 456-63.

Wouters J.A., Jeynov B., Rombouts F.M., de Vos W.M., Kuipers O.P. and Abee T.
(1999). Analysis of the role of 7 kDa cold-shock proteins of Lactobacillus lactis
MG1363 in cryoprotection. Microbiology 145, 3185-3194.

Yager P. and Chang E.L. (1983). Destabilization of a lipid non-bilayer phase by high
pressure. Biochim Biophys Acta 731, 491-494.

Yamanaka K., Fang L. and Inouye M. (1998). The CspA family in Escherichia coli:
multiple gene duplication for stress adaptation. Mol Microbiol 27, 247-255.

69



IV.  FINAL CONCLUSIONS

Recently, more attention is paid to the cryobiology of embryos being in later
developmental stages. As the result of the developed embryo culturing conditions, in
human in vitro fertilization (IVF) to lower the incidence of multiple gestations and
improve implantation rates, the embryos can be cultured to the blastocyst stage, and
transferred at the expanded, hatching or hatched stages (Khorram et al., 2000; Gardner
et al., 1998; Yoon et al., 2001). In domestic animals, the extended culture of embryos
gives a possibility to better pre-transfer evaluation; besides in some species (pig) later
stages provide improved post thaw results. It was published (Ouhibi et al., 2000), that
cryopreserved embryos undergo physicochemical changes that could inhibit hatching,
thus contributing to unsuccessful conceiving, which also underlines the possible
importance of transferring the embryos even later, at the hatched stage. Consequently,
in the last years the interest is increasing in freezing of hatched blastocysts, though only

a few papers have been published in this subject.

The quick freezing method used in our study combined dehydration with non-
penetrating sucrose together with the penetrating EG or GLY. In the freezing
experiments we used only those blastocysts that hatched early (140 -142 h after hCG
injection) because viability of the delayed embryos is lower, and the freezing procedure
might reduce it further.

As the outcome of the trial, ethylene glycol (EG) proved to be superior to glycerol
(GLY). The best results were obtained with direct re-hydration of embryos
cryopreserved in 3M EG (98% and 95%). However, these results did not show
significant difference from the survival of the other groups cryopreserved in 3M EG.
Results indicate, that 2 min equilibration provides enough time for EG to penetrate into
the cells, also that the toxicity of EG in 3M concentration is negligible, since the 2 min
and 30 min equilibration gave similar survival rates (95% and 94%). The results support
the hypothesis that permeability increases as development proceeds. The significant
drop in the survival rate when the concentration of EG was reduced to 1.5M (43% and
54%) indicated that the optimal concentration of EG for rapid freezing of
hatching/hatched blastocysts is 3M.

Compared to the control group, all groups of embryos frozen with GLY showed a

significantly reduced survival.
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According to our results, the equilibration time did not affect the survival rates,
indicating, that the toxicity of GLY might play a similar role in the poor survival rates
in each of the groups. The best result with GLY was obtained with 20 min of
equilibration, supports the principle that GLY, due to its higher molecular weight,
penetrates slower into the cells.

At the in vivo experiments, we relied on the results of Zhu et al., (1996) and transferred
the embryos to Day 3 pseudopregnant recipients, using 2 days asynchrony, in order to
give the embryo more time to resume the normal developmental potential. Our results
with EG were better than those obtained with GLY, though the differences were not
significant. The pregnancy results obtained in our study were lower than those ones
found in the literature, which can be explained with technical difficulties connected with
housing of the animals and in-experiences of the person doing the transfer.

From the present study, it can be concluded, that zona-hatched mouse
blastocysts can be successfully cryopreserved by a simple rapid freezing method in 3M
EG based freezing medium, using as short as 2 min equilibration time (that is
conveniently enough to load the blastocysts into straws and seal them) at room
temperature. The results also indicate that the mechanical protection of the zona
pellucida is not vital during freezing in these stages.

Though our results with EG seem optimal, further experiments should be conducted
using larger concentrations of non-permeating cryoprotectants applied either directly or
step by step to dehydrate the embryos more before plunging. Pre-freeze equilibration of
the embryos in the cryoprotectant solution at 0 °C instead of room temperature may also
improve survival. At transfer, numerous embryos have been lost; main reason was that
they attached to the wall of the glass pipette. Their shape also changed during moving
them in between the drops (culture mediums), and in the straws and transfer pipettes. In
my opinion, developing a standardised procedure for the transfer of zona-free

blastocysts would improve in vivo success rates.

The cryopreservation of blastocyst-stage mouse embryos is well established.
However we chose this developmental stage as a model to study the possible beneficial
effects of high hydrostatic pressure (HHP) in the process of embryo-(cryo)preservation.
Our investigations in this subject were based on the following two separate

hypothesises:
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1 HHP reduces substantially the freezing point of the pressure medium.
Based on this phenomenon, we tried to build up a protocol, through
which we would be able to keep and preserve embryos in their
optimal culture medium, under pressure, unfrozen even around — 21

°C.

2 HHP induces the production of shock proteins in biological systems.
Based on the alleged principle of cross-protection we tried to treat
embryos with HHP prior to the procedure of freezing in order to

improve their ability to resist the “shock” of freezing.

The phase change temperature of water decreases with pressure from 0°C at 0.1 MPa to
-21°C at 210 MPa and the opposite effect is observed above this pressure level. In the
first set of experiments, similarly, we intended to reduce the phase transition
temperature of the embryo holding solution through the application of HHP with the
aim to preserve embryos in their culture medium at temperatures below 0 °C, for a
substantial time without freezing. We calculated that the freezing point of the embryo-
holding medium at 200 MPa would be around minus 30°C — 35°C. We postulated that
this range of temperature, without all the deleterious effects of the freezing process,
would successfully preserve embryos provided, that they tolerate pressure of this
magnitude well.

In order to find out if embryos survive at altered pressure conditions we studied the
behaviour of embryos under pressure at room temperature. We found that embryos
could survive a substantial amount of pressure without any visible change in their
morphology (e.g. 90 MPa for 1 s or 30 MPa for 2 h). The maximum time the embryos
survived under pressure reduced (>6 hours to 1 sec) with increasing pressure (from 10
MPa to 150 MPa). We also experienced a reversible morphological change after
retrieving the embryos from the pressure chamber: embryos compacted depending on
the magnitude and the duration of the applied pressure treatment. As for the next stage,
we tried to improve the survival of the pressurized embryos, postulating that the
pressure itself is not detrimental, but the sudden change of biophysical and biochemical
features during the coming-up. We also intended to observe the effects of the two

impacts, namely low temperature and high-pressure environment, jointly.
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In the second series of trials, we tried to improve the survival rate of the pressurized
embryos by gradual decompression. Our studies showed that the survival rate of the
pressurized embryos increased strikingly if they were retrieved gradually. While 60 min
at 90 MPa was lethal for all of the embryos, 80 % survived when 120 min gradual
decompression was used. These findings convinced us that high pressure itself was not
lethal. On the other hand, the survival of embryos pressurized at 0 °C reduced
significantly. While at room temperature embryos had an average survival rate of 90%
at 30 MPa for 45 min, none of the embryos survived the same impact at 0 °C. After 10
min or 5 min at 0 °C, none of the embryos survived at 60 MPa and at 90 MPa
respectively, though at room temperature the survival rate was around 90 % in both
cases.

The higher the pressure at a low temperature the less time the embryos survived;
consequently we hypothesized that the metabolism of the embryos plays a more
significant role in the adaptation to high hydrostatic pressure as the pressure rises.
Embryos pressurized at 0 °C were also decompressed gradually. Assuming that a
slowed metabolism (due to low temperature) needs more time to restore the normal
atmospheric equilibrium we also tried to lengthen the retrieval times, used successfully
in the second experiment. The application of gradual decompression at low temperature
did not have a beneficial effect on the embryo-survival.

Based on the present experiments the storage of embryos at subzero temperatures under
high pressure is not applicable, since the two effects (pressure and low temperature)

together significantly reduces survival even at 0°C.

In the second set of experiments, our aim was to explore the effect of a simple
sublethal shock -hydrostatic pressure- to the survival capacity of the expanded mouse
blastocysts to another “shock™: cryopreservation. Based on the results of previous
publications conducted with microorganisms we postulated that HHP induces the
production of shock proteins in the embryos, too. We also postulated, that similarly to
the studies with bacteria, these changes would “cross-protect” the embryos at the
“shock” of freezing.

Since pressure cannot be directly responsible for squeezing the water out of the
blastocysts, we assumed, based on literature data that the compaction of the embryos
was due to the consequences of pressure-induced production of different proteins

(CSPs, HSPs), reversible alterations in protein structure and metabolic processes. For
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this reasons only blastocysts, which compacted after pressurization, were used in the
experiments. We applied a pressure impact of 60 MPa for 30 min — where
approximately 90% of the embryos became compacted and survival was not different
from the untreated control. According to the results the applied pressure treatment
stunningly improved the in vitro development of the embryos after freezing. After 6
hours 98 % of the pressure treated blastocysts were morphologically (diameter,
structural integrity, and general morphology) exactly identical to the control embryos
and 95% of the blastocysts fully hatched within 20 hours, together with the controls.
Embryos frozen without pressure treatment reexpanded only 20 hours after thawing.
The proportion of the re-expanded blastocysts was significantly inferior to those
receiving pressure treatment (only 29 % was at least 2/3 expanded). In addition, no
embryos hatched from the non-treated group.

(Comment: we also cryopreserved embryos that were not compacted after the
pressurization. The developmental speed, survival and hatching rates were reduced
compared to the compacted ones. Due to the low number of embryos in this experiment,
data is not presented.)

Our results showed that the applied pressure treatment prior to freezing could
improve the in vitro developmental speed, survival and hatching rates of the embryos.
Knowledge of this experiment can be useful in improving success rates in embryo-
cryopreservation (and embryo-manipulation) of other mammalian species including the
human. It can also be a model in improving the success rates with other type of cells,

such as sperm, oocytes, stem cells, etc.

Further studies are required to support the deeper understanding of pressure assisted
metabolic and structural changes of the pressurized embryos. The possible production
of shock proteins and their role in cross-protection shall also be proved and studied,
since our possibilities unfortunately did not include the tools of molecular biology.
Similarly, more experiments are needed with different developemental stages of
embryos, different cell types, different pressure/time parameters. Also, experiments
should be conducted with expanded blastocysts which are non-compacted after the
pressure treatment, because the compaction can also be a result of pressure-altered
permeation and diffusion properties: the production of shock proteins may also be
independent from this feature (in this case compaction can be a sign of the “sub-lethal

zone™).
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As an addition, there is even more to the use of HHP than this. By the application of
pressure-shift freezing (sudden release of pressure, when the sample is cooled just close
to the freezing point belonging to that magnitude of pressure) the ice nucleation rate can
be greatly improved. As a result, numerous and fine ice nuclei are obtained, which grow
into a massive number of small ice crystals, which are much less damaging. Also it
would be interesting to observe the effects of other forms of ice in cryopreservation, for
example ice-IIl., that has a higher density than water and also a finer texture.
Nevertheless, this ice form is only stable under pressures (around 250 MPa) that limit its

practical application.
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V. RESEARCH ACHIEVEMENTS

Zona-hatched mouse blastocysts can be successfully cryopreserved by a simple rapid
freezing method in 3M EG based freezing medium. As short as 2 min equilibration time
provides sufficient time for the ethylene glycol to penetrate the cells because of the
increased permeability of the hatched blastocyst stage.

Introduction of high hydrostatic pressure in the process of cryopreservation.

Embryos can survive a substantial amount of pressure without any visible change in
their morphology. The maximum time the embryos survive under pressure reduces with
increasing pressure. Transferring the survived pressurized embryos, they develop into
healthy pups as well as controls.

Embryos go through a reversible morphological change after the retrieval from the
pressure chamber: they become compacted depending on the magnitude and the
duration of the applied pressure treatment.

The survival rate of the pressurized embryos increases strikingly if they are retrieved
gradually.

The survival of embryos pressurized at 0 °C reduces significantly. The higher is the
pressure at a low temperature the less time the embryos survive.

We showed that pressure treatment prior to freezing stunningly improves in vitro the

speed of reepandation, survival and hatching rates of the embryos.
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VI. BRIEF SUMMARY IN HUNGARIAN

Az elso sikeres embridfagyasztasrdl szold kozlemény tobb mint 30 évvel ezelott,
Whittingham (1972) tolldbdl jelent meg. A kriobiolégusok érdeklddése elsdsorban a
még zona pellucidéval rendelkezd (ki nem bujt) embridk fagyasztasara iranyult. Ennek
hatterében az all, hogy a gyakorlatban a haszonallatok embrid-atiiltetésénél a zona
pellucida (ZP) megléte fontos tényezd példaul a fert6zd betegségek atvitelének
csokkentése szempontjabol, tovabba az embridtenyésztés feltételeit a korai stadiumu,
ZP-val rendelkezd embridkra kisérletezték ki a legnagyobb alapossaggal. Korabban az
embridkat csak rossz hatdsfokkal lehetett az expandalt illetve kibujt blasztociszta
stadiumig tenyészteni, ennek ellenére az elsd fagyasztott embridobol szarmazd borja,
barany és malac ilyen stadiumu fagyasztott embridk sikeres atiiltetésébdl sziiletett.

Az utdbbi években, a tenyésztési koriilmények lényeges javuldsdval mind nagyobb
hangsuly helyezddik a késobbi fejlodési szakaszban 1€vo, illetve a ZP-val nem
rendelkezd embridk fagyaszthatésagaval kapcsolatos vizsgalatokra. A human
gyakorlatban egyre nagyobb teret nyer a blasztociszta embridk beiiltetése, amitol a
szakemberek - a beiiltetett embridk kisebb szdma miatt- az ikerterhességek ritkabb
elofordulasat varjak. Ugyanakkor a fagyasztott, ZP-val rendelkez6 embridk
betiltetésével kapcsolatban Ouhibi (2000) azt irja, hogy a fagyasztas sordn olyan fiziko-
kémiai folyamatok mennek végbe, amelyek gatolhatjdk a blasztociszta kibujasat, ezaltal
akaddlyozva az embrid0 megtapadasat. Human embridk fagyasztdsara daltalaban
propilénglikolt (PG) és szahardzt tartalmazod oldatot hasznalnak. Shaw (1995) PG és
etilénglikol (EG) alkalmazéasaval sikeresen fagyasztott expandalt és kibujt egér
blasztocisztdkat hagyomanyos modszerrel. Vizsgalataiban azonban egy csoportban
kezelte az emlitett fejlodési stddiumokat, kiilon kisérletet nem végzett ZP nélkiili
embriokkal. Egy korabbi (1991) kisérlet-sorozatban 4,5 M-os DMSO-t haszndlva Shaw
egyszerl gyors-fagyasztasos modszert alkalmazott kiilonb6z6 fejlédési szakaszban 1évo
embridkon. Azt tapasztalta, hogy az embrid kora illetve az ekvilibraltatds hdmérséklete
¢s ideje befolydsolja az embridk felengedés utani talélését: 0 C°-on 3 illetve 6 perces
ekvilibraltatassal 40%-o0s, 10 és 60 perces ekvilibraltatdssal 40-60%-o0s tulélést ért el
kibujt blasztocisztdkon, mig szobahdmérsékleten 3 percig ekvilibralva az embridkat
csak 20 %-uk fejlodott a felmelegités utan.

Zhu ¢s munkatdrsai 1996-ban kibujt egér blasztocisztdkat ekvilibraltak egy vagy két
1épésben kiilonbozd ideig, majd vitrifikaltdk Oket kétféle, etilén-glikolt (EG), vagy
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glicerint (GLY), valamint ficollt és szahardzt tartalmazé oldatokban. Etilén-glikollal a
legmagasabb tulélési aranyt (65%) az egylépéses ekvilibraltatassal érték el, olyan
embriokkal, amelyek a leghamarabb bujtak ki a ZP-bol. Glicerint haszndlva jobbak
voltak az eredmények (89-94%) a kétlépéses ekvilibraltatdskor. A legmagasabb in vivo
tulélés 44% volt, 3, illetve 4 napos alvemhes recipienseket hasznalva.

A jelen dolgozatban kozolt kisérletek célja az EG-al, illetve GLY-nel torténd
gyorsfagyasztasnak a kibujt egér blasztocisztdk in vitro és in vivo tulélésére gyakorolt
hatdsanak a tanulmanyozasa volt. A fagyasztas eldtti kiilonbozo ekvilibréltatasi idok és

a fagyasztas utani rehidracids idok hatdsat is vizsgaltuk.

A gyors fagyasztas egyszerli €s hatékony modja az embridfagyasztasnak. Gyors
fagyasztaskor a felhasznalt krioprotektiv anyag toménysége a fagyasztd oldatban
magasabb a hagyomdnyos fagyasztasban hasznaltndl, viszont alacsonyabb a vitrifikacid
soran alkalmazottndl, ezaltal a toxicitdsa is csekélyebb. A leirt kisérletben hasznalt
gyors fagyasztasi modszer Osszeflizte a nem penetralodd fagyallo vegyiilet — szaharoz -
dehidralo hatasat a penetralodé EG vagy GLY hatasaval.

Vizsgalatainkban csak a ZP-bdl elsdként kibujt blasztocisztakat (140-142 draval a hCG
beadésa utan) hasznaltunk, mivel a lassubb fejlodésti embriok életképessége csekélyebb,
¢s ez még tovabb romlik a fagyasztasi folyamat soran.

A kisérletiinkben hasznalt két krioprotektiv anyagnak az embrid-tulélésre gyakorolt
hatdsat Osszehasonlitva az EG lényegesen jobbnak bizonyult a GLY-nal. A
legmagasabb talélést (98% és 95%) kozvetlen rehidraldssal értiikk el 3 moélos EG-t
hasznalva, noha ez az eredmény nem mutatott szignifikans kiilonbséget a tobbi 3 M EG
csoporthoz hasonlitva.

Az eredmények azt mutattak, hogy az EG szamara két perc is elegendd id6 a sejtekbe
vald penetraldddsra, valamint azt is, hogy a 3 modlos toménység toxicitasa
elhanyagolhato, mivel a 2 perces ¢€s a 30 perces ekvilibraltatds hasonld tulélési
eredményeket hozott (95% és 94%).

Vizsgélataink adatai tdmogatjak azt a feltevést, miszerint az embridknak a kiillonb6zo
anyagokkal szemben mutatott membran-permeabilitdsi tulajdonsaga a fejlodésiik
elérehaladtaval valtozik, 4ltaldban noévekszik: EG gyorsabban bejut a kibujt
blasztocisztakba, mint a ZP-vel rendelkezokbe.

Zhu és munkatarsai (1996) egyik kisérletében a 40%-0s EG-ban, szobahdmérsékleten

végzett 5 perces ekvilibraltatds 6 % -ra csokkentette a kibujt blasztocisztdk tulélését.
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Osszevetve a sajat és az idézett vizsgalatot valdsziniisithetjiik, hogy a rendkiviil magas
koncentracioju, gyorsan penetralddo EG toxikus hatdsa 1ényegesen kifejezettebb, mint a
kevésbé tomény 3M-os oldaté.

A talélési arany jelentds csokkenése (43 illetve 54 %-ra) az EG toménységének 3M-rol
1.5 M-ra csokkentésekor azt sugallja, hogy a kibujt blasztocisztdk fagyasztdsdhoz
kisérletiinkben az optimalis tdménység a 3M.

A glicerollal fagyasztott embriok talélése lényegesen rosszabb volt a kontroll
csoportéhoz képest. Ezen eredményeink ellentétesek Zhu €s munkatarsai (1996) altal
tapasztaltakkal, akik gy talaltdk, hogy glicerinnel jobb tulélési eredmények érhetodk el,
mint etilén glikollal; noha az altaluk hasznalt krioprotektiv anyag koncentracidja
lényegesen nagyobb volt, mint a mi kisérletiinkben. Abbol, hogy eredményeink szerint
az ekvilibraltatasi idonek nem volt befolyésa a tulélésre, arra kovetkeztethetiink, hogy a
GLY toxicitasa lehet a legfobb oka az embriok szerény tulélési ardnyanak ezekben a
kisérleti csoportokban. Zhu vizsgélatainak a tiikrében az eredményeink azt mutatjak,
hogy az altalunk hasznalt 3 mdlos toménység nem optimalis kibujt blasztocisztak
glicerinnel torténd gyors fagyasztdsara. A glicerin, a nagyobb molekulastlya
kovetkeztében, lassabban jut be a sejtekbe; ezt tdmasztotta ald az a megfigyelés,
miszerint a csoportok koziil a 20 perces ekvilibraltatdsi id6 adta a (nem szignifikans)
legjobb eredményt.

Shaw é€s munkatarsai (1991) DMSO-val végzett kisérleteikben 0 C°-os ekvilibraltatas
mellett tapasztaltak a mienkéhez hasonld eredményeket, viszont szobahdmérsékleten
tortént ekvilibraltataskor esetiikben a tulélés szamottevoen csokkent.

Az in vivo értékeléskor a kibujt blasztocisztdkat, 2 napos asszinkronitast hasznalva 3
napos alvemhes recipiensekbe {iltettiik be. Kisérletiinkben az EG-al elért in vivo talélési
arany, noha nem szignifikdnsan, de jobb volt a glicerinnel elért eredményeknél. Zhu és
munkatarsai nagyobb tulélési aranyrol szamoltak be kibujt blasztocisztakkal 1 illetve 2
napos aszinkronitassal torténé belltetéseket kovetden, ami azt jelentheti, hogy a
vitrifikacio kevesebb karosoddssal jar, mint a gyors fagyasztas (az irodalomhoz képest
szerényebb in vivo eredményeinkhez a beliltetéssel €s dallattartdssal jard technikai
nehézségek is hozzajarultak).

Kisérleteink alapjan kijelenthetjiik, hogy a gyors fagyasztasi eljaras alkalmas a kibujt
egér blasztocisztak fagyasztasara; ezen beliill is j6 eredmények érhetok el 3 M
toménységli EG-t tartalmazo fagyasztd oldattal, minddssze 2 perces ekvilibraltatasi

idovel (mely elegendd az embriok miiszalméaba toltésére), akar szobahdmérsékleten.
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Eredményeink szerint ebben a fejlodési szakaszban mar nem szamottevd fagyasztaskor

a zona pellucida mechanikai szerepe az embrié védelmében.

Egér-blasztocisztak sikeres fagyaszthatdsdgarol szamos cikk beszamol. A masodik
kisérletsorozatunkkal tehdt nem egy jol mikodd rendszert szerettiink volna még
hatékonyabbd tenni, hanem egy 1j, eddig ilyen formdban embriofagyasztissal
kapcsolatban még nem kozolt valtozd, a hidrosztatikus nyomas (HHP) lehetséges

hasznositasat vizsgaltuk, két, egymastol alapvetden kiilonbozo alapon:

1, HHP hatasara a folyadékok fagyaspontja csékken: 210 MPa nyomas alatt a tiszta
viz fagyaspontja -21C°. A folyadékok e fizikai tulajdonsagat felhasznalva célunk az
volt, hogy nyomas alatt, a tdpfolyadék fagyaspontjat szamottevden lecsokkentve, hiitve
kiséreljiik meg az embriok jo hatasfoku, tartos tarolasat. Ezaltal az embridkat optimalis
kozegben, a fagydssal jard osszes karosodastol mentesen lehetne tarolni, feltéve, hogy a

jelentdsen megemelkedett hidrosztatikus nyomast kdrosodas nélkiil képesek elviselni.

2, HHP hatasara biologiai rendszerekben sokk-fehérjék termelddhetnek, melyek
més kiilsé behatasokkal szemben is javithatjak az adott rendszer tulélését. Elelmiszer-
mikrobiologia témakorben szamos dolgozat jelent meg e témaban. A kisérletek
kozéppontjaban az a megfigyelés volt, hogy szubletalis nyomads-sokk és hd-sokk
egylittes alkalmazdsa nemhogy csokkentette egy adott élelmiszer patogén csira
tartalmat, hanem épp ellenkezobleg, javitotta a baktériumok tulélését. A hidrosztatikus
nyomas ¢ bioldgiai hatdsat kihasznalva azt vizsgaltuk, hogy egy, a fagyasztasi eljaras
eldtt alkalmazott nyomds-impulzus javitja-e az embridk fagyasztas utani tulélését, az

emlitett feltételezett ,,kereszt-védelem” alapjan.

Kisérleteink soron kovetkezd 1€péseit mindig az elézd vizsgalatok eredményei
alapjan terveztiik, mivel kordbbi kézleményekre tamaszkodni nem tudtunk.

Elsd 1épésként azt kellett megvizsgalnunk, hogy az egér embridk (blasztocisztak)
tulélését, tovabbfejlodését miképp befolydsolja a megnovekedett hidrosztatikus nyomas.
A blasztocisztakat tapfolyadékban buborék nélkiil mliszalmaba szivva nyomaskamraba
helyeztiik, ahol a nyomadst kozvetitd kézeg viz volt. Ezt kovetden, kb. 10 MPa/perc
sebességgel 10-150 MPa nagysdgd hidrosztatikus nyomdést generdltunk a

nyomaskamraban, melyet 1 s — 3 ordig fenntartottunk (szobahdmérsékleten), majd kb. 2
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masodperces dekompressziot kovetden az embridkat normal 1égkoéri nyomasra hozva
tapfolyadékban, Petri csészében termosztatba helyeztiik €s tovabbfejlodésiiket egészen a
kibujt stadiumig figyelemmel kisértiik.

A kisérlet sordn a kovetkezoket figyeltiik meg:

1. Az embridk talélését az alkalmazott hidrosztatikus nyomas illetve a nyomads alatt
eltoltott 1dO jelentdsen befolyasolja. Az embridk tulélése €s tovabbfejlodésiik
aranya nem kiilonbozott szignifikdnsan a kezeletlen kontrollhoz viszonyitva az
150 MPa/l s, 90 MPa/30 min, 60 MPa/120 min illetve a 10 MPa/180 min
beavatkozasoknal kevesebb ideig tartd vagy kisebb nyomdsu behatdsoknal. Ezen
értékeket meghaladd behatds az embridk talélését szignifikdnsan rontotta (pl.
150 MPa/15 min —nél 0% tulélés).

2. A blasztocisztdk egy bizonyos nyomas/idd értékig (pl. 60 MPa/10 min)
morfoldgiai valtozas nélkiil jottek eld; ezt meghalado kezelésnél viszont (pl. 60
MPa/30 min) morfoldgiai véltozdson mentek at: a blasztocol eltint, a
blasztociszta ,.kompaktalodott”. Ebbol az allapotbodl, az 1. pontban leirt értékek
alatt, 3-4 oras in vitro tenyésztéssel visszaalakultak, €és a kontroll embriokkal
azonos iddben és aranyban kibujtak.

3. Az 1. pontban leirt <értékekkel kezelt embridk (kompaktalodott és
aranyban tapadtak meg, mig a morfoldgiailag ,,nem tulélt”-nek itélt embriok

koziil megtapadas nem volt az in vivo kisérletekben.

Az elso kisérletsorozatbol megtudtuk, hogy az embridk képesek nagy nyomast is ttlélni,
viszont a szamunkra megcélzott nyomdstartomanyban (> 100MPa) a 90 % kortili tulélés
csak nagyon rovid ideig tart behatassal tarthaté. Igy a kovetkezd sorozatban azt
probaltuk kideriteni, hogy fokozatos dekompresszidval javithato-e az embridk tulélése.

A fent emlitett koriilményeket annyiban valtoztattuk meg, hogy 2 masodperces
dekompresszid helyett 30-180 percet alkalmaztunk. Az eredmények alapjan
kijelenthettiik, hogy a fokozatos felhozatal jelentdsen novelte az embriok tulélését. Mig
90 MPa/30 min kb. 50%-o0s tulélést eredményezett 2 s dekompresszioval, addig 90 és
120 perces dekompresszidt kovetden 98 % talélést sikeriilt elérniink.

A harmadik sorozatban a két ,,sokk”, a nyomas és az alacsony homérséklet egylittes
hatasat vizsgaltuk. Tobb kisérletet végeztiink 90 MPa, 60 MPa illetve 30 MPa nyomast

hasznalva -8, -5 és -2 C°-on, de egyetlen embrid sem élte tul a beavatkozast. 0 C°-on
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végzett vizsgalatok azt mutattdk, hogy 30, 60 és 90 MPa nyomas hatdsara at embriok
30, 10 illetve 5 perc utan elpusztulnak, noha szobahOmérsékleten a tulélésiik nem
befolyasolt. A masodik kisérletben hasznalt szakaszos visszahozatalnak tulélést javitd
hatdsa nem volt.

A tapasztalatok alapjan megéllapithatjuk, hogy az adott gondolatmenet alapjan az
embridk tartds taroldsa ily modon nem ésszerli, hiszen a nyomas illetve az alacsony
homérséklet egyiitt til nagy sokknak bizonyult. A negativ eredmények ellenére a

kisérlet tanulsagai felhasznalhatdak egyéb bioldgiai anyag fagyasztési kisérleteihez.

A sokk-fehérjek termelddésének indukalasan alapuld kisérletekben az elsd sorozatra
alapozva kivalasztottunk egy paraméter-part, melynél a morfoldgiai atalakulasa a
blasztocisztdknak mar 90-100 %-ban megtortént, viszont az in vitro (és in vivo) tulélés
¢s tovabbfejlodés a kontroll embriokétdl nem kiilonbozik (90-100%). Arra a
feltételezésre alapoztuk a valasztast, hogy mivel a hidrosztatikus nyomas a
folyadékokban minden ponton, minden iranybol hat, ezért nem lehet oka a
blasztocisztadk morfoldgiai atalakulasanak: tehat a kompaktalodast a fehérjék nyomas
hatdsara torténd reverzibilis atalakulasanak illetve fehérjék (sokk-fehérjék)
termelddésének kovetkezményeként értékeltiik.

Hatvan MPa nyomast alkalmaztunk szobahon, 30 percig. A két madasodperces
dekompressziot kovetden a kompaktalddott blasztocisztakat Nowshari és Brem altal
1998-ban kozolt mddszer szerint fagyasztottuk (7 M etilén glikol, 0,5 M szahardz),
majd a felengedés utdn termosztatban tenyésztettiik a kibujt stadiumig.

Az eredmények azt mutattdk, hogy a nyomassal elokezelt embridk a felengedést kovetd
6 oraval mar 98 %-ban re-expandalodtak, 20 draval pedig 95 % kibujt, mig a nyomas
elokezelés nélkiil fagyasztott embrioknak 6%-a a felengedést kovetd 6. 6rdban volt még
csak 2 expandalt, 20 ora elteltével 29 % volt legalabb 2/3 expandalt és 0 % kibujt.
Nyomas elokezeléssel tehat az embriok visszaalakuldsanak sebessége gyorsult, a tulélés
illetve a kibujas aranya jelentdsen javult. Mivel eredményeink illetve a feltételezett
biologiai hattér nincsenek molekular-bioldgiai modszerekkel alatdmasztva, indokolt
lenne a nyomds hatasara bekovetkezett bioldgiai, biokémiai valtozasok behatobb
vizsgalata (nyomas hatasara bekovetkezd anyagcsere valtozasainak vizsgalata, fehérjék
tulajdonsagainak vizsgalata..); illetve a mddszer szélesebb korii (nagyobb esetszam, mas

fejlodési stadium, mas faj, mas bioldgiai anyag) kiprobalasa.
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EREDMENYEK, UJ MEGOLDASOK OSZEFOGLALASA

1 Kibujt egér-blasztocisztdk jo hatdsfokkal fagyaszthatok egyszerli gyors-
fagyasztasos modszerrel, 3 molos toménységili etilén glikol alkalmazasaval.
Ketto perces ekvilibralas elegendé id6t biztosit a krioprotektansnak a sejtekbe
torténd penetralddasra.

2 Hidrosztatikus nyomads beillesztése a krioprezervacio folyamataba.

3 Expandalt blasztocisztdk minden lathaté morfoldgiai véltozas nélkiil igen nagy
hidrosztatikus nyomast képesek elviselni. A nyomasérték illetve a nyomas alatt
eltoltott 1d6 novekedésével az embridk tulélési aranya csokken. Nyomadssal
kezelt embridk, melyek in vitro tovabbfejlodtek, beiiltetve a kezeletlen
kontrollokhoz hasonlé ardnyban sziilettek meg.

4 Az alkalmazott nyomds nagysagatol ¢s idejétol fliggden az embridk reverzibilis

morfoldgiai valtozdson mennek at: kollabalnak.

5 A nyomassal kezelt embriok tulélése szakaszos dekompresszidval szignifikansan
javithato.
6 Ha a nyomaskezelés alacsony homérsékleten (0 °C —on) zajlik, az embridk

tulélése szignifikdnsan rosszabb.
7 A fagyasztasi protokollt megel6z6 nyomas-impulzus szignifikdnsan noveli az
embridk felengedést kovetd tulélését, in vitro tovabbfejlodését (reexpandalodas

sebessége és hatching).
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