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Abstract

Low temperature has been utilized to keep living cells and tissues dormant but
potentially alive for cryopreservation and biobanking with great impacts on scien-
tific and biomedical applications. However, there is a critical contradiction between
the purpose of the cryopreservation and experimental findings: the cryopreserved
cells and tissues can be fatally damaged by the cryopreservation process itself.
Contrary to popular belief, the challenge to the life of living cells and tissues during
the cryopreservation is not their ability to endure storage at cryogenic temperatures
(below —190°C); rather it is the lethality associated with mass and energy transport
within an intermediate zone of low temperature (—15 to —130°C) that a cell must
traverse twice, once during cooling and once during warming. This chapter will
focus on (1) the mechanisms of cryoinjury and cryopretection of human sperm in
cryopreservation, and (2) cryopreservation techniques and methods developed
based on the understanding of the above mechanisms.
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1. Introduction

The pioneering studies in cryobiological science starting from the middle of
the last century is based on the idea that whether life span and longevity could be
extended by storing various frozen tissues and organs or even human body for
many years. Possible cellular and tissue destruction during the freeze-thaw pro-
cesses became the subject of curiosity.

The male reproductive cell, spermatozoon, was first discovered in 1677 by Van
Leeuwenhoek and was called “Animalacula.” The early studies to obtain pregnancy
by artificial insemination were done by Lazzaro Spallanzani in 1776 [1, 2]. The stud-
ies with scientific basis and modern vital cell freezing studies began in 1949 after
the discovery of glycerol as a cryoprotectant by Polge et al. [3] and spermatozoon
became the first mammalian cell to be successfully frozen [4]. Following the suc-
cess in freezing spermatozoa, Whittingham et al. [5] successfully froze the mouse
embryo by using dimethylsulfoxide (DMSO) as a cryoprotectant, in 1972. Nowadays,
millions of children have been born from cryopreserved sperms or embroys.

Sperm cryopreservation has been successfully applied in various fields to
benefit the human kind and animals, including assisted reproduction, rescuing the
endangered species, and saving the ecosystem. However, we also know that damage
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can be caused to the cells during the cryopreservation process. In this review, the
mechanisms of damage to the sperm cells during the process of cryopreservation
will be taken under spotlight and we will try to elucidate them in a cause-

effect manner.

2. What is cryobiology?

Cryobiology is a multidisciplinary science, studying the physical and biologi-
cal behaviors of living materials (e.g., cells and tissues) at low temperatures.
Cryobiology contains many disciplines such as, cellular biology, theriogenology
and molecular biology, engineering and mathematics, veterinary and human
medicine, intensive and extensive farming on land and in watery environments
[6]. Optimization of the cryopreservation procedure of spermatozoa needs all the
above-mentioned disciplines because of the complex cellular structure, activation
and capacitation mechanisms of spermatozoon [7].

3. Dormant or dead? two aspects of freezing of cells

Freezing biological time occurs when the cells are cooled down in controlled
manner under temperatures lower than necessary for continuing their normal
physiological activities. Damaged or dying cells exhibit characteristic changes that
cause structural differentiation under destruction process and are dragged into a
possible death. In the present case, there are two types of scenarios, where cells may
be damaged or killed: necrosis and apoptosis.

3.1 Necrosis

The cell death takes place through one of the pathways such as necrosis, necro-
biosis, or apoptosis. In necrosis, a pathological cell death, the cell has been severely
damaged as a result of sudden and extreme trauma, and soon death occurs. Because
the cell loses control of permeability of plasmalemma, the cytosol rapidly swells by
excessive inflow of water and ions, and organelle becomes excessively swollen. As a
result, the cell lyses without spending energy. The cell contents and endotoxins leak
out of the collapsed or inflammatory cells into the area where inflammatory changes
begin. In this case, neighboring cells and tissue elements may also be exposed to
damage as well [8]. Factors causing damage by disrupting the local homeostatic bal-
ance of the cells and tissues such as hypoxia, viral, and bacterial infections, toxins,
radiation and changes in temperature are the main causes of necrosis. Necrosis, as
an irreversible process, is also defined as a transition of cell into a definite death and
loss of all of its physiological functions.

3.2 Apoptosis

Apoptosis, which is a programmed cell death differs from necrosis with a variety
of morphological, biochemical, and physical changes.

Essentially, apoptosis is a physiological cell death, a natural process that occurs
during embryonic development and periodically in organs such as mammary gland
and uterus, which undergo cyclic changes. In this case, the cell systematically ceases
all of its functions and breaks down by incorporating its structural components into
vesicles [9]. The main histological differences between apoptosis and necrosis are
summarized in Table 1.
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Cellular results

Necrosis

Apoptosis

General cellular

The cell is swollen, massive cell death

Cells die in groups, apoptotic bodies are

changes occurs in a very large area. formed.
Organelles Damaged Not damaged
Mitochondria Mitochondria, due to lack of ATP swell Mitochondria are swollen, cytochrome-C

and break down

is released.

Cell membrane

There is structural deterioration,
selective permeability control is lost.

It is intact, the surface takes a crater
appearance, vesicles are formed.

Nucleus

Chromatin loses its normal
organization and is in the form of
thick chromatin yarns. Pyknosis,
karyorrhexis, or karyolysis develops.

Chromatin is fragmented, it is
concentrated in the form of a hat,
nucleolus is dispersed

Causal factors

Anoxia, starving, physical and
chemical traumas that lead to ATP
deficiency.

They are physiological and pathological
conditions that do not lead to ATP
deficiency.

Effects on the The inflammatory events develop, There is no inflammation, the resulting
tissue degenerated cell debris is found in the apoptotic vesicles are phagocytosed by
environment and these are engulfed by neighboring cells and macrophages, a
phagocytes. There is a common tissue rapid involution occurs without collapse
destruction. in the tissue.
Table 1.

Comparison of the effects of necrosis and apoptosis on cells, organelles, and tissues [10, 11].

Apoptosis consists of three stages as, final decision, execution, and cleaning

phase. The cell receives a nonreversible lethal apoptotic stimulation beyond the time
of decision. In the execution phase, condensation of chromatin in the cell, shrinking
of the cytoplasm, formation of buds in the cell membrane, fragmentation of DNA,
and formation of apoptotic bodies occur.

These changes are affected by different enzymes such as proteases, lipases, and
nucleases. In the final stage of the cleaning process, apoptotic bodies are phagocytosed
by macrophages [tingible body macrophages (TBM)] or neighboring cells [9]. The
main difference between the consequences of apoptosis and necrosis is that the apop-
totic cell never leaks the cytoplasmic contents into the extracellular space and destroys
the genetic content before phagocytosis. All these events are of great importance in
the removal of cytotoxic T lymphocytes containing virus-infected cells and activated
harmful granules. In this respect, apoptosis is a clean way of cell death [12].

Stress factors such as heat and cold shocks, oxidative stress, ultraviolet light,
and ionizing radiation trigger the activation of stress-activated protein kinases
(SAPKs) such as c-Jun N-terminal kinase (JNK) and p38. JNK is an important
element of the signal pathway leading to apoptosis in response to stress conditions
[9, 13]. Apoptosis related to our subject arises as cold-induced apoptosis, rather
than the lethal effect of long-term storage, freezing damage or cold-struck damage
occurs [14]. Contrary to the assumption that very low temperatures are lethal to
cells, the cells are more severely damaged at moderate temperatures between —15
and—60°C. All chemical or biological reactions are almostly ceased at the liquid
nitrogen temperature (—196°C). The only reaction that can occur at —196°C is the
one arisen from cosmic radiation. A 200-400 rad dose of radioactivity can damage
63% of a cell population [15]. The earth is exposed to 0.1 rad cosmic radiation per
year [16]. This corresponds to the amount of radiation that the frozen mammalian
cell will be exposed to for 2000-4000 years at —196°C.

Cells that are stored at temperatures above —80°C, deteriorate over time and
continue their cellular activities due to presence of solutes with different ion
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concentrations in the environment that are not fully frozen. Death can occur
anytime, depending on temperature, animal breed, cell type, and freezing medium
[16]. For a cell, which can be stored theoretically for 4000 years at —196°C, it can be
considered that biological time has stopped [16].

4. Structure of biological membranes

All gamete cells, oocyte, and sperm, have a liquid mosaic membrane structure
that are mainly composed of various phospholipids and proteins [17]. The cell
membrane has at least three major tasks: to separate the cells from the external
environment, to ensure that they have a specific shape, and to control the exchange
of various solutes between the cell and the external environment.

The major structural components involved in the membrane structure are
phospholipids, glycolipids, transmembrane proteins, peripheral proteins, and
cholesterol. According to Parks et al. [18], membrane integrity is dependent on four
important factors as follows:

1. Preservation of membrane integrity by bonds between the lipids to prevent
lateral displacement of the lipids;

2.In order to preserve the stability of the lipids, they have to bond with the build-
ing blocks of the cell skeleton, with proteins forming a naturally occurring
column;

3.The presence of large integral membrane proteins which serve to provide dif-
fusion between the intracellular and the external environment and to stabilize
intracellular balances; and

4.The presence of phospholipids and aquaporins with selective permeability in
the membrane structure.

There are two layers, internal and external, formed by different types of phos-
pholipids linked together in a chain form in the cell membrane. Positively charged
phospholipids such as phosphatidylcholine and sphyngomyelin tend to be present in
the outer leaflet of the cell membrane, whereas anionic phospholipids such as phos-
phatidylethanolamine, phosphatidylserine, and phosphatidylinositol tend to be pres-
ent in the inner leaflet. The interactions between these two phospholipid layers work
to form the transmembrane channels by cholesterol and proteins [18]. Phospholipids,
which provide fluidic and variable membrane structure and are predominant in the
docosahexaenoic acid chain, constitute 65-70% of total membrane lipids [19].

In order to make a more detailed explanation of the biological membrane struc-
ture, the first necessity is to identify the phospholipid and the above-mentioned
sub-groups of phospholipids.

4.1 Phospholipids

Phospholipid consists of a phosphate group, one or two fatty acid groups
attaching to this group, an alcohol group, and the glycerol or sphingosine backbone
linking them. Phospholipids, which form the majority of the cell membrane, also
increase the resistance of the cell to cold shock. It was also found that resistance to
cold shock was higher in live sperm with high phospholipid/cholesterol ratio [20].
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4.1.1 Phosphatidylcholine

It is a membrane lipid that consists of a phosphate group, two fatty acids, and
the glycerol backbone of choline. Phosphatidylcholine, also known as lecithin, is
present in high amount in the membrane and plays an active role on membrane
stability. Simpson et al. [21] found that phosphatidylcholine exhibited protective
properties against cold shock and that phosphatidylcholine-rich spermatozoa
exhibited better motility levels than the spermatozoa deprived of phosphatidylcho-
line [21]. Sariozkan et al. obtained a higher level of motility in the group with 5%
lecithine compared to the control group for bull sperm [22] (Figure1).

4.1.2 Phosphatidylinositol

It is a membrane lipid that consists of a phosphate group, two fatty acids, and a
glycerol backbone of inositol. It has functions in the growth and division of the cell,
exchange of membranous materials, participating in the cytoskeleton structure and
binding to the target proteins (membrane proteins) to maintain membrane stability
and fulfilling their tasks [23]. Luconi et al. found that human sperm with phospha-
tidylinositol exhibited higher motility level [24] (Figure 2).

4.1.3 Phosphatidylserine

It is a membrane lipid consisting of two fatty acids and glycerol backbone of
serine. It causes the start of capacitance or apoptotic changes through displace-
ment between membrane foliage. Arrighi et al. [25] emphasized that phos-
phatidylserine is localized mainly in the head and middle region of a normal
spermatozoon, emphasizing phosphatidylserine externalization in apoptotic
spermatozoa, and 14% externally phosphatidylserine apoptotic spermatozoon in
normal semen. Removing these externalized phosphatidylserine apoptotic sper-
matozoa from the environment, results in an increase in fertility. Wilhelm et al.
[26] also investigated the effect of phosphatidylserine and cholesterol supplemen-
tation on sperm parameters after freezing/thawing, and consequently, samples
with phosphatidylserine and cholesterol showed higher motility and viability than
the control group (Figure 3).
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Figure 1.
Diagram of phosphatidylcholine molecule.
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Diagram of phosphatidylinositol molecule.
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Figure 3.
Diagram of phosphatidylserine molecule.

4.1.4 Phosphatidylethanolamine

It is a class of lipids that consist of two fatty acids and a glycerol backbone of
ethanolamine. It has the ability to build hydrogen bonds with other membrane
proteins with its two electrons. This ability contributes to membrane integrity and
plays a role in membrane reforming during phase transitions [27] (Figure 4).

4.1.5 Sphingomyelin

Unlike the other membrane lipids mentioned above, the backbone of sphingo-
myelin is formed by sphingosine (an unsaturated aminoalcohol) instead of glycerol.
It is a membrane lipid consisting of a fatty acid and a sphingosine backbone of
choline group (Figure5).

Although phospholipids constitute the great majority of membrane structure,
the most effective molecule is cholesterol that provides integrity to both the phos-
pholipids and other components. The effect of cooling and freezing on the sperm
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Diagram of phosphatidylethanolamine molecule.
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Figure 5.
Diagram of sphingomyelin molecule.

membrane is directly related to the cholesterol/phospholipid ratio in the membrane,
saturation in the hydrocarbon chains (the chain formed by the addition of hydro-
gen bonds between the hydrogen and carbon atoms of the lipids themselves), and
protein/phospholipid ratio [28]. At the same time, it was proven that cholesterol

in phosphatidylcholine, phosphatidylethanolamine, and cholesterol mixtures was
observed more intensely in the areas of phosphatidylcholine [29]. The cholesterol
molecule is considerably smaller in size than phospholipids and therefore has the
ability to move freely in the membrane. The cholesterol molecule is mostly concen-
trated in portions, where hydroxyl groups are rich in phospholipid ester carbonyls
[30]. If cholesterol was extruded from the spermatozoon plasma membrane, there
was an increase in fluidity, permeability, and fusion capacity in the membrane
structure, and the structure of the membrane was damaged [31, 32]. When cho-
lesterol was added into membrane, the membrane stability and motility increased,
whereas capacitance decreased.

Cholesterol plays an effective role in the phase transitions in the membrane
structure. As the cell membrane passes from the liquid crystal phase to the lamellar
gel phase, the membrane cholesterol densifies the structure of the hydrocarbon
chains of the fluid phospholipids and causes degradation of the lipids in the gel
phase [33]. There are various proteins along with lipids on the cell membrane.
Proteins, which have the functions of contributing to the membrane integrity
by forming the attachment area to the lipids, and allowing the cells to exchange
materials from the outside, are divided into two membrane proteins of, namely, the
peripheral membrane and the integral membrane.

Peripheral membrane proteins can be found both on the exterior and interior
of the cell. It has the task of forming protein-protein bonds and participating in
the skeletal structure of the membrane. Integral proteins, which are another type
of proteins, are opened both internally and externally of the cell and interact with
both environments. It has functions, such as creating a holding place for cytoskel-
eton and glycoproteins, generating responses by receiving signals from various
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A schematic representation of cell membrane components is shown.

chemical substances, and providing the exchange of substances between the inner
and outer environments of the cell.

During freezing and thawing, protein channels called aquaporins (AQP) have
functions to control the water inlet and outlet to the cell. Aquaporins are composed
of four different monomers, which are independent of each other, in many cell
types, from bacteria to plants and to mammalian cells. These four different mono-
mers combine and form a tetramer. While each monomer is only water-permeable,
the fifth channel in the middle allows passage of both water and various ions [34].
It is much faster and easier for water to pass through aquaporin channels when
compared to membrane lipid. Although, there are 200 kinds of aquaporins in all
living species, there are only 13 kinds of aquaporins in mammals. AQP7, AQPS8, and
AQP11 were identified on the spermatozoon membrane. While AQP?7 is responsible
for sperm glycerol metabolism, AQPS8 is responsible for the water exchange of the
cell. AQP11 is involved not only in the membrane structure, but also in the tail as
well as in the exchange of cellular matter [35].

Cells use oligosaccharide chains (sugar chains formed by combining 2-20
monosaccharides) that extend out of the membrane as a tentacle or an arm to
perceive various structures in the extracellular environment, interact with other
cells, and initiate the necessary physicochemical reactions. These sugar chains are
termed glycolipid chains when derived from lipids and glycoprotein chains when
derived from proteins. These glycolipids and glycoprotein chains extend outward to
bring a network-like structure around the cells. This network-like structure is called
glycocalyx (Figure 6).

4.2 Damage and phase changes in the membrane structure

The cell membrane is a fluidic mosaic structure with cholesterol, integral and
peripheral proteins, lipids, and many more.

There are many different types of phospholipids in the cell membrane. The
changes that occur during freezing-thawing also originate from the structural differ-
ences in these phospholipids. The main factor that drives the structural differences
is the dimensional changes between the head part forming the phospholipids and
the acyl chains. These dimensional changes directly affect the various changes in the
membrane structure at the later stage as well as lipids depending on the lipid type.

If in a phospholipid, the head and acyl chains are similar or identical in size,
the phospholipid molecule is in a cylindrical form. Phosphatidylcholine is as an
example for this kind of phospholipids. This kind of phospholipids is termed as
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bilayer lipids and are not significantly affected by phase changes during cell cooling.
In the homogeneous phospholipid distribution that occurs during the phase change,
these types of phospholipids in the form of bilayers are gathered together to form
the bilayer membrane model; in other words, they continue to create the lamel-

lar phase of the liquid crystal. If in a phospholipid the head and acyl chain are in
different sizes, the phospholipid is in an inverted or flat cone-like form. This kind of
phospholipids is called non-bilayer form phospholipids. Phosphatidylethanolamine
is as an example for this type of lipids.

When the cell starts to cool down, the non-bilayer form of phospholipids
undergoes a phase transition from the liquid crystal phase to the gel phase [36]. If
the head and acyl chains are of different sizes in a phospholipid, this kind of lipids
are also called non-bilayer lipids. During the phase changes, the non-bilayer lipids
in the aggregate come together to bring up the different structures, which will be
mentioned in the next section. Non-bilayer form phospholipids mainly consist of 2
types of phospholipids:

Type 1: Polar (+charged, hydrophilic) head in type 1 non-bilayer phospholipids
is larger than apolar (—charged, nonpolar) tail. For this reason, they are in the form
of an inverted cone. When the membrane is cooled, the negatively charged heads
are directed outward and the neutral apolar parts are inwardly arranged to form
micelle-like structures depending on temperature changes [37].

Type 2: For polarity of type 2 form phospholipids, the polar head is smaller than
the apolar tail. For this reason, they are in the form of a flat cone, and when tem-
perature changes, the negatively charged head part is arranged in the apolar neutral
part outwardly and called hexagonal II (H,, [38] (Figure7).

Non-bilayer lipids are distributed heterogeneously on the cell membrane and
carry out some vital tasks for the cell, including:

1. providing membrane flexibility,
2. participating in the barrier activity against the outer environment,

3. protecting their stability by binding to the membrane’s peripheral proteins
through creating a surface to attach to the proteins, and

4.building the structures that integral proteins can hold, etc.

C

Figure 7.

This schematic representation depicts phospholipid-shaped non-bilayer type 1 lipids as indicated by the letter A
and they ave schematized at the bottom just below. In B, bilayer form phospholipid is schematized and bifilar
lamellar form with a normally arranged phospholipid model was also depicted in the case where the cells were
not subjected to heating or cooling (at a 36°C temperature). In C, non-bilayer type 2 lipids and hexagonal form
II formulated due to heat exchange are schematized [37].
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In this schematic, the effect of cooling on the cell membrane structures is shown. The phospholipid-protein
components, which are in a heterogeneous structure starting from A, show clusterings due to cooling (B, C) as
mentioned above, and membrane proteins appear to be tight in the center while phospholipids appear to be like
honey pellets in the last stage (D).

Membrane phospholipids enter a phase transition generally between 36 and
5°C. These phase changes are species-specific and cause different responses to temper-
ature changes depending on the animal’s spermatozoa. When cell cooling starts, some
phospholipids in the membrane structure undergo phase changes. The phospholipids
in the non-bilayer form are bound to each other by hydrocarbon-chain bonds. As the
hydrocarbon chains undergo crystallization and hardening, the lipids passing through
the hexagonal Form II become more tightly bonded to each other, and the membrane
proteins weakly bound to phospholipids cause aggregation on the membrane. They
are tightly agglomerated to occupy less space than normal (Figure 8).

The phospholipids that are interlocked with the proteins and hydrocarbon
bonds that come together due to phase changes during cooling of the cells are in the
nonlamellar phase at —196°C. However, during thawing, proteins and phospholipids
do not return to their original situations. In this process, the membrane in the form
of non-bilayer phospholipids came together and converted into the structures in
the form of phospholipid micelles and hexagonal Form II. However, during thaw-
ing, these phospholipids cannot recombine to form bilayer phospholipids and turn
into a fluidic mosaic membrane structure; therefore, the membrane structure has
permanently been damaged (Figure 9). In this case, the non-bilayer phospholipids
interacting with proteins are separated from the proteins and converted into a
homogeneous form, different from the mosaic form.

Since proteins and various phospholipids are arranged in a heterogeneous structure
in the normal arrangement of cells, exchange of substances is achieved in almost every
region of the cell membrane. When the membrane structure is deteriorated in this
way, substance exchange occurs especially where protein aggregation is intense. In this
case, the non-bilayer phospholipids in specific interactions with proteins are separated
from proteins and transformed from fluidic mosaic to homogeneous form [40].

10
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Bilayer and non-bilayer phospholipid intevactions during cooling and after ve-thaw process [39]. The figure
shows the phase separations in biological membranes associated with cooling biological membranes from their
growth temperature (a) to a temperature below the gel (b) to liquid-crystalline phase-transition temperature
(c) and reheating to the growth temperature (d). Lipids that tend to form hexagonal-II phase ave indicated by
a solid head group.

Proteins are one of the basic building blocks of the cell and carry out many func-
tions in the cell metabolism. Hydrogen bonds in the water molecules play a very
important role in the denaturation of proteins. In the hydrophobic polar (HP) protein
model, amino acids are reduced to polar (represented by P, charge or dipole) or nonpo-
lar (H) point entities. Hydrophobicity is defined as the desire to reduce surface area of
proteins that are interacting with water, and is related to the conversion of neighboring
molecules into a similar energy-attractive structure. The hydrophobic molecules in
the solution produce a more energetically favorable structure compared to the water
bodies by forming ice-like cages in their surroundings at low temperatures. The cell
systematically tries to reduce the energy by increasing the number of cages. This is the
cold denaturation of proteins [41]. On the opposite side, at higher temperatures, water
molecules do not form cages. Irregular water molecules around the hydrophobic amino
acids in proteins are energetically less advantageous than the water bodies. Thus, the
proteins try to hide their hydrophobic parts in the building blocks. Biological structures,
especially proteins, undergo structural changes during temperature changes. For this
reason, nucleic acids and many polysaccharides need to stay in a certain temperature
range with specific ionic strength and pH value to fulfill their functions. Cold protein
denaturation occurs at a temperature range of 0 to —20°C, reversibly or irreversibly, but
mostly irreversibly. Globular proteins often undergo partially reversible denaturation.
During denaturation, the covalent bonds between the atoms forming the peptide bonds
between the amino acids of the proteins are not broken, but only hydrogen bonds
change their structure. Protein denaturation during freezing or thawing leads to prote-
ase leaks from liposomes presenting in the acrosome and loss of membrane integrity.

5. Cryoprotective agents (CPA)

Prior to the discovery of cryoprotective agents, some successful cooling proto-
cols relied on extracellular ice formation suppression and sustaining cell viability

11
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by various chemical agents [7]. Mammalian cells had not been successfully cryopre-
served until 1949 by Polge, Smith, and Parkes when glycerol was accidentally found
to have protective functions in freezing cells [3]. It has also been observed that if the
correct dose of cryoprotectant is used and the cells are cooled down at the optimal
cooling rate, the survival potency of cells is increased [42].

Cryoprotectants are used to avoid or decrease the cold shock damage and
intracellular ice formation during freezing, recrystallization during thawing, and
membrane destabilization. Cryoprotectants can reduce the freezing point and the
proportion of salts and solutes in the sample by increasing the amount of liquid
fraction, and suppress ice formation both outside and inside of the cells [43]. In bio-
logical structures, while the hydrogen bonds between the membrane phospholipids
are connected by the oxygen atoms contained in the water molecules, the cryopro-
tecting substances such as glycerol are replaced by water. These bonds have utmost
importance for membrane integrity [44]. It has been reported that supplementation
of 0.2 M sucrose or trehalose into bull semen during freezing and thawing increases
sperm viability [45]. A good cryoprotectant should be water-soluble and have
minimal toxic effects [46].

Cryoprotectants can be divided into two groups according to their mechanism of
action, as penetrating and non-penetrating cryoprotectants.

5.1 Penetrating cryoprotectants

Penetrating cryoprotectants have low molecular weight and therefore they
have the ability to enter the cells. In this way, they can affect both intracellular and
extracellular environments.

When cryoprotectant is added into the cell suspension, cytosolic water moves
to the exterior milieu of the cell due to the water chemical potential difference
between inside and outside of the cells. The penetrating cryoprotectant penetrates
into cells because of the concentration difference. This process lasts until an
equilibrium between intracellular and extracellular environments for both water
and cryoprotectant is reached. The freezing point of the intracellular medium is
decreased, and the intracellular ice formation (IIF) can be eliminated or prevented.
Penetrating cryoprotectants penetrate into the cells, form new hydrogen bonds
with water molecules by breaking the hydrogen bonds between them, and thereby
change the structure of water. In this way, the cryoprotective function exhibits by
preventing the cells from reaching high concentration of ions and avoiding extreme
dehydration due to water loss during freezing [47].

Penetrating cryoprotectants such as glycerol, dimethyl sulfoxide (Me,SO or
DMSO), ethylene glycol, formamide, 1,2-propanediol, 2,3-butanediol, and propylene
glycol affect spermatozoa during cryopreservation by changing the physical proper-
ties of intracellular solution, decreasing the intracellular ice formation, increasing the
resistance to cold shock, regulating the protein and lipid structure of the cell mem-
brane, and increasing membrane fluidity[48]. In the following part, two most widely
used penetrating cryoprotectants, glycerol and DMSO, will be discussed.

5.1.1 Glycerol

Many penetrating cryoprotectants have been tested, giving different results in
cryopreservation of gamet cells of different species. However, the most commonly
used penetrating cryoprotectant is still glycerol, which was discovered in 1949 by
Polge et al. [3] as a result of sperm vitrification.

As shown in Figure 10, a glycerol molecule contains three hydroxyl groups. Each
glycerol molecule is capable of binding to three water molecules. Because of the
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Figure 10.
Diagram of a glycerol molecule.

smaller molecular size, glycerol can easily pass through the membrane pores. With
the decrease of temperature, the hydroxyl bonds formed between water molecules
get hardened and solidified. For this reason, the frozen water expands and damages
the cell. As a cryoprotectant, glycerol exerts its function by preventing water mol-
ecules from becoming large-volume ice crystals by binding to the hydrogen atom of
the water molecules and interlocking during freezing.

In addition to the osmotic effect on cells, glycerol directly acts on the cell
membranes. Amann and Picket [49] have shown that glycerol exerts its primary
effect in the extracellular environment, but it also intracellularly affects the cell
membranes and organelle membranes. It binds to phospholipid groups in the
plasma membrane, reduces the membrane fluidity, [50] and also forms a particu-
late clump in the membrane by interacting with membrane proteins and glyco-
proteins [51, 52]. At the same time, it creates structures similar to gap junctions
(small connection channels between cells) in the membrane, reduces the electrical
capacitance of the membrane, and causes large-scale rearrangement of membrane
structure [53]. Glycerol causes a decrease in the membrane fluidity by providing
interactions between the inner and outer layers of the membrane through regulat-
ing the structure of fatty acid acyl chains. Glycerol also affects the polymerization
(creating multiple monomers to form larger and differently shaped macromole-
cules, called polymers) and depolymerization (decomposition of large macromol-
ecules into smaller monomers) of microtubules, which indirectly affect the plasma
membrane. Changes in the microtubule structures in the tail of spermatozoon
influence the interactions between microtubule-associated proteins [54].

While glycerol has many benefits as a cryoprotectant, its use in high dose has a
detrimental effect on the cells. These harmful effects appear in at least seven cel-
lular activities:

* It denatures proteins [46].

* It increases the viscosity of cytosol.
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* It causes changes in the polymerization and depolymerization of « and f tubu-
lins, the basic proteins of the microtubules found in the spermatozoon tail.

* It causes structural changes in the microtubuli.
* Itacts on the bioenergetic balances.

* Itacts directly on the plasma membrane and glycocalyx (a meshwork cell coat
that is formed mainly by external proteins, externally-located glycoproteins
and glycolipids providing various chemical interactions between the cell and
the external milieu) [55].

* It creates osmotic stress due to slow penetration through the cell membrane
than other cryoprotectants [56].

Si et al. measured the motility and integrity of both sperm and acrosomal
membranes that were frozen with different concentrations of glycerol (2, 5, 10, and
15%) and dimethyl sulfoxide (2, 5, 10, and 15%) in their study on Rhesus monkeys.
The highest motility was measured as 45.5% in the 5% glycerol group. In terms of
membrane integrity, the control group had the highest score (77.9%), while the 5%
glycerol group had lower value (61.6%). Values of acrosomal integrity were 91.2
and 82.4% for the control group and 5% glycerol group, respectively. When these
two parameters taken into consideration, DMSO had lower augmenting effects on
Rhesus monkey semen than glycerol [57].

Awad and colleagues compared glycerol, ethylene glycol, and methanol as
cryoprotectants and measured the sperm motility post thawing. The best result
was obtained with 3% glycerol (72.4% motility). Motilities of sperm cryopreserved
with 3% ethylene glycol or 3% methanol were significantly lower (56.9 and 22.6%,
respectively) [58].

5.1.2 Dimethyl sulfoxide (DMSO)

Dimethyl sulfoxide (DMSO) is a liquid at room temperature with color scale
changing from colorless to yellow. It is soluble in water, ethanol, acetone, diethyl
ether, benzene, chloroform, as well as in aromatic compounds. Apart from being a
cryoprotectant for semen, DMSO also has anti-inflammatory properties, bacterio-
static and tranquilizing effects, diuretic and local analgesic activity. It is a penetrant
and carrier, and it can strengthen the effect of insulin [59] (Figure 11).

When used in concentration of 5-10%, DMSO protects against damage on
mouse T and B lymphocytes [60], human embryos [61], and many cellular sys-
tems during freezing and thawing. Sometimes, DMSO has even higher protective
potential than that of glycerol in freezing sperm of some animal species, such as
elephants [62, 63]. Despite that DMSO has the same mechanism of action with
glycerol, DMSO has lower penetrability in human and porcine spermatozoons [64].
At the same time, DMSO has better protective capacity than glycerol and ethylene
glycol in sperm freezing/thawing process and is more active in testicular tissues
than glycerol and 1,2-propanediol [7].

O
I
CH3;—S—CH3

Figure 11.
Diagram of DMSO molecule.
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Anchordoguy et al. used different cryoprotectants (DMSO, glycerol, proline,
sucrose, and trehalose) for shrimp sperm and measured the viability. DMSO
showed the highest viability (56.3%), followed by glycerol (29.3%). Proline and
sucrose gave similar viability (24.5%), whereas trehalose gave relatively lower
viability (16.2%). The group without cryoprotectant did not show any viability
after thawing [65].

Two used different concentrations of DMSO and glycerol in this study of cryo-
preservation of semen of black grouper fish and graded the motility scores from
0 to 4. The level 0 means no motility, 1 means 0-25% motility, 2 means 25-50%
motility, 3 means 50-75% motility, and 4 means 75-100% motility. Results of the
study revealed that 10% DMSO resulted in level 3 of motility, 20% DMSO resulted
inlevel 4, and 30% DMSO resulted in level 1. However, glycerol solutions with
different concentrations showed level 0 motility [66].

5.2 Non-penetrating cryoprotectants

Non-penetrating cryoprotectants cannot penetrate through the sperm mem-
brane and only act in the extracellular environment. They also function by incorpo-
rating the membrane structure or reducing the freezing point of the medium [48].
They are generally divided into two groups: low molecular weight cryoprotectants
and high molecular weight cryoprotectants [45]. Non-penetrating cryoprotectants
with low molecular weight include three subgroups as monosaccharides (glucose
and galactose), disaccharides (sucrose and trehalose), and trisaccharides (raffinose
and melezitose). Cryoprotectants with high molecular weight [e.g., polyethylene
glycol (PEG), ficoll 70, polyethylene oxide (PEO), polyvinyl alcohol (PVA), poly-
vinyl pyrrolidone (PVPP), etc.] exert their functions by reducing the ice crystals
formed externally during the freezing/thawing process to decrease cellular damage.
As a special and effective cryoprotectant, trehalose will be discussed as follows.

Sugars used during sperm cryopreservation serve as an energy source and an
osmotic pressure regulator, cryoprotectant, and cellular ice formation reducer [67].
As a disaccharide formed by binding two D-glucose molecules, trehalose extends
the distance between the membrane phospholipids by binding to the polar part of
the phospholipids in the cell membrane. These cavities formed in the membrane
prevent the formation of ice in the cell by helping the outflow of water from the cell
during freezing, preventing harmful effect of cellular dehydration, and stabilizing
the cell membrane.

Phospholipids accumulate due to van der Waals forces when energy is drawn
from the environment by cooling sperm and transition occurs from liquid crystal
phase to gel phase. During thawing, irregular voids occur in the cell membrane.
This causes damage in the membrane structure, irregular ion and water leakage
both into and out of the cell [68]. When trehalose is added into the medium, it
forms gaps between phospholipids in the cell membrane and these gaps prevent the
phospholipids from aggregation during freezing and protect the entity of mem-
brane structure after thawing [69] (Figure 12).

In a study by Bucak et al. on freezing ram semen, two different doses of gluta-
thione (5, 10 mM), taurine (50, 100 mM), and trehalose (50 and 100 mM) were
used as cryoprotectants, and motility of the semen samples were measured at 0, 6,
24 and 30 h post thawing. The highest motility was obtained in samples containing
50 mM trehalose [67]. Hu et al. investigated cryopreservation capacity of trehalose
on five different groups of bull sperm. Group 1 was the control group without
trehalose, whereas groups 2-5 contained trehalose with concentrations of 25, 50,
100 mM trehalose, and 200 mM. The group with 100 mM trehalose had the highest
semen motility, mitochondrial activity, acrosome integrity than those of the other
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Schematic drawing of cryoprotective effect of trehalose on membrane phospholipids.

groups [70]. Oztiirk et al. studied the effect of arginine and trehalose on bovine
sperm samples in their study. Trehalose showed higher (50.5% subjective, 64.7%
CASA) motility than arginine (29% subjective, 12.2% CASA) when compared to
the control group [71]. Uysal and Bucak studied rapid (10°C/min from 5 to —25°C,
50°C/min from —25 to —130°C) and slow (0.5°C/min from 5 to —25°C, 50°C/min
from —25 to —130°C) cooling rates with different doses of trehalose (0, 50, 100,
150 mM), and investigated sperm motility, survivability, membrane integrity, and
morphologically abnormal sperm rates after thawing. Evaluations showed that

the medium with 100 mM trehalose resulted in the best scores (sperm motility
72.0%, morphologic sperm abnormalities 25.5%, sperm viability 75.9%, and sperm
membrane integrity 68.2%) [72]. Bucak and his colleagues also used trehalose

(50, 100 mM), taurine (25, 50 mM), cysteamine (5, 10 mM), and hyaluronan (0.5,
1 mM) as antioxidants in their study of ram sperm cryopreservation. Motility,
acrosomal damage, viability, and total abnormality parameters were examined. The
group with 50 mM trehalose, 25 mM taurine, and 5 or 10 mM cysteamine provided
the best results [73].

6. Molecular structure of water in liquid and solid phases

As the main source of life, water is different from most of the other molecules
in the nature. Depending on the amount of energy in the environment, the water
molecules undergo changes in their structure and phase transitions occurring
between liquid, solid, and gas phases. Water molecules are in the liquid phase at the
mammalian body temperature and perform very important tasks in almost every
living cell.

The water molecule consists of two hydrogen atoms binding to a negatively
charged oxygen atom at an angle of 104.52° with covalent bonds of 95.84 picometer
in length [74] (Figure 13). Hydrogen bonds are formed between water molecules
(Figure 14). The fluid structure of the water at room temperature is based on the
fact that these bonds are constantly breaking and re-bonding [75].
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Figure 13.
Schematic drawing of the hydrogen bridge bond.

Polar covalent bond

Hydrogen bridge bond

Figure 14.
Schematic drawing of water molecules.

As mentioned earlier, water molecules are in liquid form in living organisms.
However, during cooling, the covalent bonds between oxygen and hydrogen are
shortened and the hydrogen bonds become hardened and extended. So, they tend
to line up in a symmetrical manner and to expand. Important effects on water-
based biological molecules should not be overlooked. The water itself is described
as a biomolecule, even as the 21st amino acid [76]. In some cases, the ability of
protein molecules to perform their normal functions depends on the presence of
water molecules on their surface [77]. The bond between water and protein surface
is formed by giving the proton in the hydrogen atom of water to the protein or by
taking the proton in the hydrogen of the amine group and its derivatives (NH,
NH,, NHj3), which forms the backbone of proteins. Water molecules also build
bridges (“water bridges”) to provide interactions between the atoms of different
protein molecules [78].

7. Cryobiological events during freezing and thawing

During cooling and thawing, spermatozoa undergo various changes in their
chemical and physical status. The first one is the phase change of lipids in the sperm
membrane, generally happening between 17 and 36°C. Different lipids have dif-
ferent phase transition temperatures. Proteins are normally found in asymmetric
position between the membrane lipids in the liquid crystal structure. When the
lipids transform to gel phase, membrane structures are disrupted and ion metabo-
lism is regulated. When the membrane lipids are in liquid crystal or gel phases, the
leakage of liquid electrolyte through the membrane is minimal. However, during
phase changes of lipids, the member permeability is increased [79], which causes
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solute leakage. Lipid phase changes occur not only during cooling but also during
thawing. Fluorescent diacetate leaching was observed in the spermatozoa treated
with fluorescent diacetate and re-dissolved by cooling to —5, —10 and—20°C [19].

The second change that takes place is the transformation of the cytosolic water in
the cell into ice. Spontaneous ice formation occurs between —5 and—15°C. Generally,
above —5°C, the internal and external milieu of the cell are supercooled, and no ice
formation is observed. At the temperature between —5 and—10°C, ice formation
starts in the extracellular environment, then cells are dehydrated and intracellular
environment is supercooled. The fate of the cryopreserved cells, life or death,
depends on the following cooling and thawing process [28].

7.1 Cryobiological damages during freezing

As mentioned in the two factor hypothesis proposed by Peter Mazur, damage
arising from freezing occurs through two components. The first one can be defined
as the direct damage caused by ice (ice injury), and the second one as the effect of
the solution ion concentration on the cell (solution injury) [2].

However, this situation appears in different manners in male and female
gametes. While intracellular ice formation is observed in mammalian oocytes and
embryos at different degrees of cooling [80], the case is not the same for sperma-
tozoa [81]. The main factors include the pressure on spermatozoa caused by ice
crystals formed in the external environment and the harmful effect of the high
concentration of salt and mineral inside the cell.

7.2 Two-factor hypothesis of cryoinjury

The two-factor hypothesis suggested by Peter Mazur can be explained as follows:

Factor 1: During cooling, extracellular ice formation happens first, which leads
to the increase of solute concentration outside of cells. If the cooling rate is slow
enough, the cells will have enough time to dehydrate and the cytosolic water will
outflow from the cells until it is balanced with extracellular water. Dehydration of
cells may include a few steps: separation of water molecules from the cytoplasmic
liquid environment to the lipid part, diffusion in the lipid bilayer, and migration
from lipid to external fluid, all of which are associated with activation energy
(threshold energy value for a chemical reaction to takes place) (Figure 15). In this
case, injury to the cells is majorly from the highly concentrated solutes in the cells
[16]. Some biological constructs (e.g., eight-cell embryos) may be resistant to
solution effects [82].

Factor 2: 1f the cooling rate is rather high, the cells will not have enough time to
discharge cytosolic water into the extracellular environment, and water will freeze
inside the cells [16] (Figure 16).

+ +
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Figure 15.

Schematic of factor 1 in “two-factor” hypothesis of cryoinjury. During slow cooling procedure, intracellular
water has enough time to outflow from the cells.
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Figure 16.
Schematic of factor 2 in “two-factor” hypothesis of cryoinjury. If cells are cooled rapidly, water does not have
time to outflow and freezes both inside and outside of the cells.

In more detail, when the cells are cooled slow enough, the cells dehydrate and
an increase in the intracellular solute concentration is observed before reaching the
freezing temperature. In long term, the cells are damaged due to severe dehydra-
tion and the increased intracellular ion concentration, which allows the exchange
of some critical ions (e.g., potassium) via channels in the membranes [83]. The
increase in the ion concentration causes the water-insoluble proteins in the cell
to interfere with these ions and transit into a soluble form. The osmotic pressure
remains unchanged as these ions bound to proteins causing an artificial decrease
in intracellular ion concentration. Protein concealment of intracellular potassium
and chloride ions allows the entry of sodium from exterior, and the cytosolic ion
concentration increases again. During defrosting, the extracellular ice first melts,
dilutes the outer environment, and water enters the cells. As the amount of cyto-
solic water increases, the potassium and chlorine-binding proteins liberate from the
bonds and the hidden potassium and chloride reappear. As the amount of intracel-
lular ions increases, the cells begin to rehydrate, during which process cracks in the
cell membrane and cell lysis were observed [82].

On the other side, if the cells are cooled down too quickly, the intracellular water
will not have enough time to balance with the extracellular environment, freeze
inside the cells, and damage the intracellular structure and cell membrane [6]. The
inhibition of intracellular ice formation by cryoprotectants is undoubtedly helpful
on the survival of the cell [84]. However, the increase in the amount of intracellular
solution leads to damages such as protein denaturation, cell lysis (cell membrane
breakage), and mitochondrial and nucleus damage [85].

The morphological and physiological differences in the spermatozoa of differ-
ent animal species must be taken into consideration. Thus, the sperm of different
species will have different responses to cryopreservation; therefore, the optimal
cryopreservation protocol would be different for them. For example, the optimal
cooling rate was 100°C/min for the bull sperm, whereas 1-10°C/min for human
[84], 30-50°C/min for pig [85], and 50-60°C/min for ram [45, 86].

Morris used different cryoprotecting agents (CPAs) in the sperm cryopreser-
vation with both rapid and slow cooling procedures (Figures 17 and 18) [87].
Bucak et al. studied the protective effects of different antioxidants added to the
diluent medium on cryopreserved spermatozoa (supported by the Scientific and
Technological Research Council of Turkey, project No: 1140642). In this study,
sperm cryodamages were ultrastructurally demonstrated. In the Scanning Electron
Microscopy (SEM), vacuole-like structure and head, neck, tail deformations were
visualized (Figure 19) [88]. In the Scanning Transmission Electron Microscopy
(STEM), membrane deformations, head, axoneme, acrosome, mitochondrium
damages, and double tail were observed (Figure 20) [88].

Ice crystals formed in the extracellular medium also act on the cytosol and may
result in intracellular ice formation. When cells are in close proximity or in contact
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Figure 17.

In (a) and (b), samples with added glycerol (3 volumes of 0.1 M sodium citrate to 1 volume of 0.33 M fructose
and 1 volume of 0.33 M glucose + 4 ml of egg yolk +3 ml of glycerol) were frozen at 10°C/min visualized with
a Cryo-scanning electron microscope. In (c) and (d): Glycerol added samples were frozen at 3000°C/min. In
(e) and (f), sperm were frozen at 3000°C/min without glycerol. In (a), there are channels occurs (in which
the spermatozoa can be protected) under the effect of glycerol, whereas (c) shows narrow channels as opposed
to (a). In (e) no cryoprotectant substance is added and it is observed that the formed ice does not leave enough
space for spermatozoa. This is illustrated in more detail in Figure 18 [87].

with any of extracellular ice crystals, the aquaporin channels in the cell membrane
are also affected. Small ice crystals penetrate through the aquaporins into the
cytosolic milieu and may trigger intracellular ice formation [34].

7.3 Damage during thawing

Rapid cooling causes the formation of small intracellular ice crystals. Such
small ice crystals have higher energy than large ice crystals because of their small
radius curves and they are thermodynamically more irregular. Due to this free
energy difference, they show melting at lower temperatures than large ice crystals.
Recrystallization is a phenomenon that small ice crystals combine together into
larger ones, which cause defects such as various cuts and defects on organelles and
membranes in the cell by physical pressure or crystals [87, 90]. Damage due to
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Figure 18.

In the above photographs, glycerol was added and frozen at a vate of 10°C/min (a), glycerol added and frozen
at 3000°C/min (b), frozen at 10°C/min without glycerol (c), and frozen at 3000°C/min without glycerol (d)
samples are illustrated. In the photo shown with the letter A, there is an unfrogen section between the ice masses
(ved arrow), where cells locate themselves, in the photograph b, the same frozen part is observed but in this part
there ave small pieces of ice in pieces and it poses a danger to the cells. While there ave much smaller frozen
canals on ¢ photo, there is small ice crystals in the d picture, even in the unfrozen canals (black arrow) [87].

Figure 19.

SEM micrographs of frozen-thawed spermatozoa. (a) Vacuole-like structures (green arrow), head damage
(blue arrow). (b) Tuil damage (yellow arrow). (c) Vacuole-like structuves (green arrow), neck damage
(black arrow). (d) Normal sperm (orange arrow). a, c: 10,000x, b: 5000x, d: 3000x [88].
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Figure 20.

STEM micrographs of frozen-thawed spermatozoa, (a) nucleus (ved star), membrane damages (black arrow),
neck damage (green arrow), membrane fragments (yellow arrow). (b) Mithochondrial damage (purple
arrow), undamaged middle vegion (blue arrow). (c) Membrane damages (black arrow), mitochondrial
damage (purple arrow), damaged middle region (ved arrow). (d) Membrane damages (black arrow),
axoneme damage (orange arvow). (e) Membrane damages (black arrow), membrane fragments (yellow
arrow), undamaged middle vegion (blue arvow). (f) Undamaged middle region (blue arrow), axoneme
damage (orange arrow) [88, 89].

intracellular ice formation and recrystallization has been demonstrated in yeast,
plant cells [91], hamster tissue culture cells [92], and turkey sperm [93]. During
defrosting, recrystallization generally starts at —40°C, and it becomes intense at the
temperature range of —25 to —20°C.

The recrystallization mechanism consists of three types, isomass, active, and
migratory.
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1.Isomass: Isomass is a form of recrystallization that changes the shape of ice
crystal. It can also be defined as the tendency of uneven rough surfaced or pro-
truding ice particles combined to form larger particles having a more oval and
smooth surface (Figure 21).

©
Figure 21.

Schematic drawing of isomass recrystallization.

2. Active: In the active recrystallization model, two or more smaller ice crystals
combine to form a larger ice crystal (Figure 22).
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Figure 22.

Schematic drawing of active recrystallization.

3. Migratory: In the migratory recrystallization model, small crystals around a
large crystal melt into a large crystal structure (Figure 23).
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Schematic drawing of migratory recrystallization [91].

Results of the previous studies revealed that the effect of ice formation or recrys-
tallization depends on the crystal size [93] and on the total amount of ice in the cell
[94]. In this context, rapid thawing protocol is more beneficial in terms of motility,
viability, and membrane-organellar integrity, since small ice crystals do not have
enough time to recrystallize when a fast warming protocol is applied. However,
Mackenzie has shown that yeast cells cooled in optimal rate do not survive if they
are quickly thawed, but sustain vitality when they are slowly thawed [92].

Another damage during thawing is due to the osmotic stress. This is especially
true in frozen thawed rabbit [95], mouse [96], and bovine embryos and also freeze-
thawed lymphocytes [97] and hematopoietic cells [16, 98]. In addition, remaining
cryoprotective agents inside the cell are incorporated into the cytosolic water, lead to
cell swollen, and cause various damage in the cell membrane, possibly cell lysis [99].

In the fertilization process, when the sperm reaches the fertilization zone,
it enters between oviductal epithelial cells, infiltrates into the oocyte zona
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pellucida, undergoes acrosome reaction, opens a pore in the zone pellucida,

and finally reaches oolemma. Disturbances in sperm membrane function due to
cryopreservation directly affect this entire fertilization mechanism. In this case,
fertilization cannot occur under vivo conditions. A spermatozoon with poor
motility will have difficulty reaching the fertilization zone, hence has a poor
ability to fertilize ovum.

It has been found that after the freeze-thaw procedure, human and bull sperma-
tozoa contain more calcium than unprocessed samples, due to impairment of the
selective-membrane permeability of the spermatozoa. Also, the affected spermato-
zoa cannot exert normal capacitation and fertilization due to high calcium con-
centration of the cytosolic environment, which also leads to premature acrosomal
defects and sperm hyperactivation, causes losses in both capacitation and acrosome
reaction [100].

7.4 The DNA damage

Spermatozoa with DNA damage have relatively limited fertilization ability [101].
These cells have fertilization defects and potentially transfer abnormal genetic
materials to the offsprings. These genetic disorders might result in abnormality
in embryonic development and aneuploidies (a numerical chromosomal disorder
in which the chromosome number differs from the normal, diploid (2n) [102].
Because the spermatozoa with serious genetic damage have low in-vivo and in-vitro
tertilization scores, a limited number of embryo could be harvested and embryos
will have many of the developmental problems. In the light of these findings, it was
concluded that sperm chromatin/DNA integrity is an important prerequisite for
healthy fertilization and embryonic development [103]. In addition to abnormal
DNA /nuclear protein interactions arising from intracellular ice crystals [104],
scientists attributed the DNA damage during freeze-thaw processes to two different
mechanisms:

The first mechanism proposed by Zribi et al. [105] is due to DNA damage in
cryopreservation, and is thought to be caused by the activation of caspases and
apoptosis. According to this hypothesis, apoptotic body-like structures are formed
in the sperm cells during the freezing process. Apoptotic changes show themselves
as nuclear fragmentation, chromatin condensation, mitochondrial expansion, and
unusual changes in the cell membrane [106]. These changes produce the enzymes
from cysteine protease group, called caspases, which play an important role during
apoptosis. These enzymes are found in the cytoplasm as pro-caspases in zymogen
granules and their activation requires a two-step cleavage in the specific aspartic
acid residues to form active holoenes [9]. The caspases activate sequentially (water-
fall-like reaction sequence), leading to a proteolytic helmet. Initiator caspases
transduce death signals initiated by apoptotic stimulation to effector caspases. The
effector caspases are related proteins, for example, actin or fosdrin from cytoskel-
etal proteins, lamin-A, the nuclear membrane protein, and poly (ADP-ribose)
polymerase (PARP) involved in DNA repair break down apoptotic cell morphology
[8]. DNA fragmentation is the latest sign of apoptosis, which occurs due to cas-
pase-3 activation. The caspase-3 enzyme inhibits DNA repair by inactivating DNA
repairing enzymes namely poly ADP-ribose polymerase (PARP) Table 2.

Current studies have shown that there is a positive correlation between the
presence of PARP protein and sperm maturation. PARP homologs PARP-1 (75 kDa),
PARP-9 (63 kDa), and PARP-2 (60 kDa) were found in injected sperm [107].

In another study [108], oxidative stress and PARP inhibition occurred in early
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Subgroup Function Member

I Activator (initiator caspases) Caspase 2

Caspase 8

Caspase 9

Caspase 10

II Executioner (Effector caspases) Caspase 3

Caspase 6

Caspase 7

III Inflammatory mediators Caspase 1

Caspase 4

Caspase 5

Caspase 11

Caspase 12

Caspase 13

Caspase 14

Table 2.
Caspase family subgroups and their members [8].

apoptotic spermatozoa, with water leakage, cell shrinking, and picnosis (volume
reduction of the cell nucleus and chromatin condensation). The apoptosis-inducing
factor released by the mitochondria (flavin), an enzyme that contains adenine
dinucleotide helps oxidization during oxidative phosphorylation, causes DNA
fragmentation in flavoprotein [109, 110]. During freezing and thawing, an increase
in apoptosis markers was observed. Changes in the apoptotic membrane permeabil-
ity, membrane potential, caspase activation, and phosphatidylserine externalization
due to cryopreservation are also observed [111].

The second mechanism proposed by Thomson et al. [112] is that DNA damage
is caused by caspase activation and oxidative stresses in the apoptotic cells exposed
to extreme hostility. It is highly possible that freeze-thaw process results in the
formation of free oxygen radicals that damage the nuclear DNA [113, 114]. With the
weakened DNA repair mechanism [115], the frozen-thawed sperms are vulnerable
to oxidative attacks [116]. An increase in the mitochondrial membrane potential
due to changes in its membrane fluidity during sperm cryopreservation was also
observed, which leads to the formation of free oxygen radicals. Accordingly, DNA
damage to the spermatozoon single and double strand breaks by the released free
oxygen radicals are very common. The formation of free oxygen radicals reaches
peak level in human sperm and seminal leukocytes at 4°C [117]. Frozen semen
samples containing high percentage of sperm are more prone to DNA damage.
Although the cryopreservation adversely affects antioxidant activity, interestingly,
it makes spermatozoa less vulnerable to free oxygen radical damage [118].

The DNA damage in the cryopreserved spermatozoa mainly occurs at early
stages during/after thawing. In a previous experiment [119], the highest DNA dam-
age score was observed within the first 4 h after thawing. Therefore, freeze-thawed
semen samples should be used immediately in the clinical settings [119]. However,
Isachenko et al. [120] suggested that freezing or cryoprotectant did not make any
difference in DNA integrity in their study Table 3.
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Spano et al. [122], Donelly et al.

[123], Gandini et al. [124], Zribi

et al. [105]

Equilibration at 37°C, freezing in
liquid nitrogen at —80°C, storage
in liquid nitrogen at —196°C

The freezing/thawing
procedure causes DNA damage
in the sperm.

De Paula et al. [125] Freezing up to —20°C, freezing in
liquid nitrogen, storage in liquid

nitrogen at —196°C

Petyim and Choavaratana [126] Freezing with liquid nitrogen

under computer control

Ngamwuttiwong and
Kunathikom [127]

Freezing in liquid nitrogen vapor

Thomson et al. [112] Programmable freezer

Steele et al. [128] Freezing in liquid nitrogen vapor

Duruet al. [129] Equilibration at 37°C, freezing in
liquid nitrogen at —80°C, storage

in liquid nitrogen at —196°C

Isachenko et al. [130] Programmable slow cooler +

vitrification

Paasch et al. [131] Cooling to —20°C, freezing in
liquid nitrogen at —100°C, storage

in liquid nitrogen at —196°C

Table 3.
Different studies showing the effects of freezing/thawing protocols on DNA damage [121].

7.5 The mitochondrial damage

Mitochondria and other membrane-bound organelles are found in the major-
ity of eukaryotic cells and the mitochondria have a vital role in ATP synthesis in
cells via oxidative phosphorylation [132]. Mitochondrion is found in nine fibrous
columns located in the body of the spermatozoon and serves as an energizing
engine for the semen [133]. Plasma membranes and mitochondrial membranes
show similar sensitivity to cryopreservation. High levels of cholesterol and poly-
unsaturated fatty acids cause the membrane to become more fluidic under cold
conditions.

Mitochondrion is unique double membrane-bound organelle in the cell.

There is an intermembraneous space between the inner and outer mitochondrial
membranes. Matrix facing surface of the inner membrane have oxidative-
phosphorylation enzyme system and the cytoplasmic part consisting of structural
and functional subunits in which many enzymes are organized. These proteins are
crucial for the metabolic processes required by the cell and for the maintenance of
the cellular structure. Morphologically, the mitochondria show different charac-
teristics in the sperm of different animal species. While in humans, rhesus mon-
key, dogs and other mammals, the mitochondria are in oval form, whereas they
are cylindrical in fish [134]. The size and number of mitochondria in a given cell
may vary according to the bioenergetic needs of species. Mitochondrion has its
own DNA (mtRNA) involved in the synthesis of messenger RNA, ribosomal RNA,
and transfer RNA, which are highly needed for the internal metabolism of the cell
[135]. In the mammalian spermatozoa, mitochondria are located at the middle
part of the cell and will form multiple disulfide bonds to form the mitochondrial
capsule [136, 137].
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Sperm mitochondria, unlike those of the somatic cells, include cytochrome c,
cytochrome c oxidase subunits, protein isoforms, and isoenzymes. Mitochondria
play a very fundamental role in ATP production by oxidative phosphorylation.

In the production of mitochondrial ATP, glycolysis uses carbon fuels such as
pyruvate, glutamine, and amino acids [135]. At the same time, mitochondria are
involved in other processes such as production of free radicals and apoptosis. The
release of free oxygen radicals such as superoxide anion, hydrogen peroxide, and
nitric oxide is important. If the free oxygen radical release exceeds the capac-

ity of the antioxidant defense system of a cell, peroxidation of the biological
membranes, especially sperm plasma membrane and undesirable conditions can
induce oxidative stress, DNA-related aging, and apoptosis [138]. Most impor-
tantly, the mitochondria create the activation energy required for the movement
of the sperm [139].

ATP formed by oxidative phosphorylation in mitochondria allows motility
through microtubules. For this reason, any disorder in the mitochondrion metabo-
lism leads to decreased motility. Oxidative phosphorylation in the mitochondrion
requires two basic components in the inner membrane of the mitochondrion, the
ATP synthase, and the respiratory chain [140].

During cryopreservation, two types of damage occur in mitochondria. The
first is the direct damage in the mitochondrial DNA, deteriorations in the inner
and outer membranes of the mitochondrion. The second is the indirect damage
caused by losing ability to carry out genetic coding for mitochondrial activity [141].
According to Irvine et al. [142], motility and velocity decrease in sperm with high
DNA damage. The nuclear DNA segments damaged during freeze-thawing process
may be responsible for the loss of mitochondrial functions.

A change in the mitochondrial membrane fluidity also causes changes in the
membrane potential and in exchange and release of free oxygen radicals through
the mitochondrial membrane [107]. Peroxidative damage caused by an increase in
the concentration of free oxygen radicals is associated with sperm plasma mem-
brane damage and disruption of the aczonemal structure [143].

7.6 Free oxygen radicals and lipid peroxidation damage

Cryobiological events that occur during freezing not only cause physical dam-
age but also disrupt the chemical structures. The cooling of the cell results in the
production of free radicals, and it also suppresses the natural defensive mechanism
that the cell develops against the formation of free radicals.

Depending on their low activation energy, the free oxygen radicals are more
difficult to be removed at low temperatures than the normal enzymatic cleansing.
Increasing amounts of free oxygen radicals affect various biomolecules including
membrane lipids, proteins, and nucleic acids through nonenzymatic pathways and
cause the formation of new free oxygen radicals in the environment. Transition metals
such as copper and iron, which are highly effective in intracellular metabolism, such as
the cytochromes of the mitochondrial electron transport chain, are important catalysts
for the radical chain reactions. In particular, when catalysts are present in the species
capable of redox cycling, they exchange electrons mutually between the oxidation sites.

The disruption of the homeostatic balance of the metal inlet and outlet of the
cell during cooling leads to the formation of free oxygen radicals, damages the cell
wall by thickening. Under normal conditions, while the formation and decomposi-
tion of free oxygen radicals are in equilibrium, the disruption of this equilibrium
causes continuous formation and association of free oxygen radicals. Restricted
free oxygen radicals cause damage to the cellular membrane by impairing lipid
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peroxidation. Under normal conditions, the cells have ways to repair such damage,
but irreversible damage during storage and thawing can lead to cell death.

During irreversible cell damage or cell death, calcium is an important agent in
the cell necrosis. Due to the cold shock, unbalanced free radical formation causes an
increase in intracellular calcium. All of these events have increased the importance
of antioxidants and calcium channel blockers (calcium enters and exits through the
calcium channels in the membrane from the extracellular medium, and this entry-
exit mechanism is controlled by the so-called calcium channel blockers) during
freezing and thawing. These blockers consist of three prototype agents, dilithazem,
verapamil, and nifedipine, and many sub-agents such as amlodipine, benidipine,
cilnidipine, felodipine, isradipine, nilvadipine, etc.

Free oxygen radicals are separated into three groups;

1. Oxygen free radicals: superoxide anions (O,), hydroxyl radical (OH), and
hyperoxyl radical (HOO).

2. Non-radical species: hypochloric acid (HOCI) and hydrogen peroxide (H,0,).

3. Reactive nitrogen species and free nitrogen radicals: nitroxylon, nitrogen oxide,
peroxynitrite, etc. [144].

Chemically, radicals are molecules having one or more unpaired electrons. This
chemical state causes an excessive amount of reactivity with an electrically irregular
structure in the predominant molecules. As in the other cells, energy is also produced
aerobically in the spermatozoa. Energy is produced by oxidative phosphorylation in
mitochondria and by oxidation of nicotinamide adenine dinucleotide (NADH) and
is stored in the form of adenosine triphosphate (ATP). In this whole electron trans-
fer chain, oxygen is reduced to free radicals in high electroactivity by taking four
electrons. As a result of this reduction reaction, water becomes clear (Figure 24).

7.6.1 Lipid peroxidation
Reactive oxygen groups, which occur during the electron transport chain in

the mitochondria, act on membrane lipids, rich in unsaturated fatty acids, causing
deterioration of their structure. This is called lipid peroxidation.

O,: Ground-state level 'E_J

*Q,-. Superoxide anion radical |(:) -

Hydrogen

0,2 Peroxide ion ;
272 Peroxide

*O- and 0% Hydroxyl
-OH Radical
H,O

2 O%: Oxide anion 101’ — 2 H,O

Figure 24.
Formation of reactive oxygen species [145].
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Figure 25.
Formation stages, propagation, and end products of lipid peroxidation [145].

Lipid peroxidation is exerted in three phases, initiation, propagation, and
termination:

Initiation phase: In the initial phase, the highly reactive OH™ or hydroxyperoxyl
radical (-HO,) removes a proton (H*) from the medium by affecting the polyun-
saturated fatty acids in the lipid layer and converts their existing structure into a
lipid radical and releases water. Low reactivity oxygen groups such as H,O, cannot
initiate this reaction [146]. In the present case, lipid radicals can be in various
forms with electrons in delocalized state. At this stage, lipid radicals can react with
molecular oxygen and are converted to lipid peroxides.

Propagation phase: During the propagation phase, the lipid radical formed in the
previous phase merges with the oxygen in the molecular state and forms the lipid
peroxide radical. The lipid peroxide radical reacts with a neighboring fatty acid to
form a new lipid peroxidase and becomes itself a lipid hydroperoxyl. The ongoing
reactions in this way are also referred to as the “radical chain reaction.” The lipid
peroxidation event affects 60% of the membrane lipids [147].

Termination phase: In the last phase, two or more lipid radicals bind to
each other to form hydroperoxyl radicals such as malandialdehyde (MDA),
4-hydroxy-2-alkene, and 2-alkenal, which have dangerous properties in the last
stage (Figure 25).
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8. Antioxidants as cellular defense mechanism

In the previous sections, we mentioned about the free oxygen radicals formed in
the cell and the antioxidants those produced by the cells to protect themselves from
diverse effects of free radicals.

Antioxidants exert their effects by:

* Preventing free oxygen radicals from starting chain reactions,
 Stopping chain reactions that have begun,
* Preventing the formation of free oxygen radicals, and

* Performing peroxides by breaking down and reducing local oxygen concentra-
tion [148].

Under normal conditions, spermatozoa reduce antioxidants to counteract with
free oxygen radicals that are produced metabolically. These molecules are mainly
enzymes. The most known antioxidant enzymes are superoxide dismutase (converts
the superoxide anion to H,0,), glutathione peroxidase (detoxifies the organic per-
oxides), and catalase (converts H,0, to water) [149, 150]. However, an abnormally
high amount of free oxygen radicals released by the freeze-thaw procedure, damage
the cell by overcoming its antioxidant defense capacity. In such cases, different
antioxidants are supplied into the diluent solutions [151].

Antioxidants are divided into primary and secondary antioxidants.

Primary antioxidants: The antioxidants which blocks the chain reaction by cut-
ting in the half enter this group. Antioxidants of this group are mainly: tocopherols
(vitamin E), butyl-hydroxyl-anisole (BHA), butyl-hydroxy-toluene (BHT), and
ethoxiquine.

Secondary antioxidants: These kinds of antioxidants prevent oxidation of lipids
by delaying their oxidation. They act by binding to metal ions, which catalyze the
oxidation of lipids, by binding oxygen itself, and by absorbing UV rays. Some anti-
oxidants such as citric acid, amino acids, ethylene diamine tetra acetic acid (EDTA)
and certain phosphoric acid derivatives, ascorbic acid (Vitamin C), ascorbyl
palmitate, sulfites, erythorbic acid and sodium erythorbate, and glucose oxidase are
examples of secondary antioxidants [152]. Bucak et al. obtained better spermato-
logical parameters in the Ankara goat [153-155] and bull [156] spermatozoa frozen
in the antioxidants added to the dilution solutions after thawing.

9. Discussion

The membrane structure in the semen cells is complex. Several types of phos-
pholipids and proteins, cholesterol and oligosaccharides are involved in cell mem-
brane structure in a manner appropriate for the cell structure and are effective in
providing intracellular and extracellular balance.

The osmotic balance between the intracellular and extracellular environment,
DNA integrity, the mitochondrial energy system, and many other systematic ovum
fertilization by spermatozoa and the transfer of genetic material are all due to the
complete and orderly functioning of this biological system as a whole. Although
freezing and storing the semen samples at —196°C has been a groundbreak in artifi-
cial insemination, despite all the precautions taken, a slight decrease in the motility
and vitality caused by cold shock occurred during freezing procedure.
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Rapid cooling of the cells disrupts the membrane structure, and cells are sub-
jected to physical pressure from both inside and outside due to the formation of
intracellular and extracellular ice. Although the slow cooling of the environment
removes the physical impression of the ice, the cells are trapped in the solutes with a
high ion concentration due to excessive water loss. For this reason, they are exposed
to chemical deterioration.

To avoid these two situations, scientists have made efforts to determine the
optimum cooling rate, and finally, optimal cooling rates have been determined for
the semen of different mammalian species. In addition, various cryoprotectants have
been used to prevent ice formation and deterioration of membrane integrity, but these
substances with various side effects have also damaged the cells when supplemented.

DNA, which has a highly complex structure, is damaged even when the cool-
ing rate and cryoprotectant are applied at optimal levels. The free oxygen radicals,
which are formed as a result of slow metabolism, terrorize the cellular milieu,
deteriorate the metabolism, and disrupt almost all functions of the cell. Against
these toxic agents, cells produce protective mechanisms called antioxidants, but
they are ineffective against high concentrations of free radicals, which are formed
excessively in the cold environment. Artificial antioxidants added into the solu-
tions do not provide the desired success so far. Sperms can also be damaged due to
recrystallization during thawing.

10. Conclusion

In this chapter, we provide detailed information about cryobiology and cryo-
preservation of sperm. Necrosis and apoptosis of the cell during freezing are
described. The structure of the biological membranes is detailed, the damages of
the membranes during the cryopreservation process are mentioned and some cryo-
protectants used against membrane damages are given. The structure of water, the
mechanism of freezing and ice formation, and the effect of intracellular/extracel-
lular water presence on cryopreservation were explained. These data were enriched
with electron microscope images. Apart from physical damage, DNA damage,
mitochondrial damage, ROS formation, lipid peroxidation damage, and antioxida-
tive defense mechanism are mentioned. A comprehensive section on cryobiology
and freezing of spermatozoa has been tried to be prepared, and it is aimed to give
detailed information about cryopreservation.
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